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ABSTRACT 

 

SYNTHESES OF CONJUGATED POLYMERS AND INVESTIGATION  

THE EFFECT OF GOLD NANOPARTICLE - THIOL INTERACTION  

FOR ORGANIC SOLAR CELL APPLICATION 

 

 

 

Gülmez, Selin 

Master of Science, Chemistry 
Supervisor : Prof. Dr. Ali Çırpan 

 
 

August 2022, 95 pages 

 

 

In this thesis, five benzo[c][1,2,5] thiadiazole-based conjugated polymers were 

synthesized. Four of them were synthesized via Stille and Suzuki coupling reactions 

and the remaining one was synthesized by post-polymerization. The effect of 

functional groups of the tip of the alkyl chain was analyzed. Moreover, thiol group 

and gold nanoparticle interaction on the organic solar cell efficiency for P1-SH were 

investigated. Electronic and optical band gaps of polymers were found as 1.85/1.81, 

1.95/1.85, 1.83/1.95, 1.87/1.87, and 1.83/1.85 eV respectively for P1, P1-Br, P1-SH, 

P2, and P3. Furthermore, the effect of the addition of gold nanoparticles to the active 

layer of organic solar cells on photovoltaic properties was investigated. Gel 

permeation chromatography (GPC), thermal gravimetric analysis (TGA), differential 

scanning calorimeter (DSC), and UV-Vis-NIR spectroscopy were used to evaluate 

the synthesized polymers. By using the cyclic voltammetry (CV) technique, redox 

behaviors and electronic band gaps of polymers were examined. In a nitrogen-filled 

glovebox setup, device manufacture and current/voltage property measurements 

were performed. Synthesized polymers served as the donor units for the typical type 
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device structure of ITO/PEDOT:PSS/polymer:PC71BM/LiF/Al, with PC71BM 

serving as the acceptor unit. Under 100 mW cm -2 light, the photovoltaic 

characteristics of the built-in devices were measured. Best device performances in 

terms of PCE were found as 2.06 % for P1, 1.52 % for P1-Br, 1.22 % for P1-SH. 

Photovoltaic studies of P1-SH:AuNPs were investigated and the best device 

performances in terms of PCE were found as 1.08 %.  

Keywords: Conjugated Polymers, Gold Nanoparticles, Benzothiadiazole, Power 

Conversion Efficiency 
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ÖZ 

 

ORGANİK GÜNEŞ HÜCRELERİ UYGULAMASI İÇİN KONJÜGE 

POLİMER SENTEZİ VE ALTIN NANOPARTİKÜL - TİOL 

ETKİLEŞİMİNİN İNCELENMESİ 

 

 

 

Gülmez, Selin 

Yüksek Lisans, Kimya 
Tez Yöneticisi: Prof. Dr. Ali Çırpan 

 

 

Ağustos 2022, 95 sayfa 

 

Bu tezde beş adet benzo[c][1,2,5]tiadiazol bazlı konjuge polimer sentezlenmiştir. 

Bunlardan dördü Stille ve Suzuki kenetlenme tepkimeleri ile sentezlenmiştir ve geri 

kalan polimer, post-polimerizasyon ile sentezlendi. Alkil zincirinin ucundaki 

fonksiyonel grupların etkisi analiz edildi. Ayrıca, P1-SH için organik güneş pili 

verimliliği üzerindeki tiyol grubu ve altın nanoparçacık etkileşimi araştırıldı.  

Polimerlerin elektronik ve optik bant aralıkları P1, P1-Br, P1-SH, P2 ve P3 için 

sırasıyla 1.85/1.81, 1.95/1.85, 1.83/1.95, 1.87/1.87 ve 1.83/1.85 eV olarak 

bulunmuştur. Ayrıca, organik güneş pillerinin aktif tabakasına altın 

nanoparçacıkların eklenmesinin fotovoltaik özellikler üzerindeki etkisi 

araştırılmıştır. Sentezlenen polimerleri değerlendirmek için jel geçirgenlik 

kromatografisi (GPC), termal gravimetrik analiz (TGA), diferansiyel taramalı 

kalorimetre (DSC) ve UV-Vis-NIR spektroskopisi kullanıldı. Döngüsel voltametri 

(CV) tekniği kullanılarak polimerlerin redoks davranışları ve elektronik bant 

boşlukları incelenmiştir. Nitrojen dolu bir eldivenli kabin sisteminde cihaz üretimi 

ve akım/gerilim özelliği ölçümleri yapılmıştır. Sentezlenen polimerler, 

ITO/PEDOT:PSS/polimer:PC71BM/LiF/Al'nin tipik tip cihaz yapısı için verici 
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birimler olarak görev yaptı ve PC71BM alıcı birim olarak hizmet etti. 100 mW cm-2 

ışık altında, cihazların fotovoltaik özellikleri ölçüldü . PCE açısından en iyi cihaz 

performansları P1 için %2.06 , P1-Br için % 1.52, P1-SH için %1,22 bulundu. P1-

SH:AuNP'lerin fotovoltaik çalışmaları araştırılmış ve PCE açısından en iyi cihaz 

performansları % 1.08 olarak bulunmuştur.  

Anahtar Kelimeler: Konjuge Polimerler, Altın Nanopartiküller, Benzothiadiazole, 

Güç Dönüştürme Verimliliği 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Renewable Energy 

According to International Energy Agency, renewable energy is the energy produced 

from natural processes that are continually renewed [1]. Renewables, such as solar, 

wind, hydro, biofuels, and others, are at the heart of the transition to a lower-carbon, 

more sustainable energy system. Increasing the amount of variable renewable energy 

(VRE) technologies in power systems, such as wind and solar photovoltaic, is critical 

for decarbonizing the power sector while meeting rising energy demand [2]. 

Electricity is tried to generate using all renewable energy sources. Furthermore, 

geothermal steam is directly used for heating and cooking. Biomass and solar energy 

are also utilized to heat buildings and water. Transportation fuels include ethanol and 

biodiesel. Renewables have developed quickly in recent years, owing to regulatory 

backing and significant cost reductions for solar photovoltaics and wind generation. 

With the rapid expansion of solar photovoltaics and wind in recent years, the energy 

industry remains the brightest place for renewables [3]. 

1.1.1 Solar Energy and Solar Technology 

The sun is an unlimited supply of free energy (i.e., solar energy) for the Earth. Solar 

energy resources are abundant and widely available, and they may be exploited any 

place there is sunlight. The quantity of solar radiation, also known as insolation, that 

reaches the Earth's surface every hour is greater than the total energy utilized by all 

human activities in a year. A variety of elements, such as geographic location, time 



 

 
2 

of day, and weather conditions, all influence the quantity of energy that can be 

harvested for electrical production or heating [3]. 

A solar cell, also known as a photovoltaic cell, is a device that uses the photoelectric 

effect to convert sunlight into energy. This phenomenon happens in semiconductor 

materials, which have two energy bands, one of which allows the presence of 

electrons (valence band) and the other of which does not, i.e., the band is fully 

"empty" (conduction band) [4]. 

Moreover, photovoltaic technology harbored many advantages compared to 

traditional power-generating sources that use fossil fuels. Photovoltaic technology 

does not generate the major environmental issues that these sources do during 

generation, such as climate change, global warming, air pollution, acid rain, and 

something that. Another benefit of solar energy over fossil fuels is that it does not 

need to be harvested, processed, or transported to the generation site, which is located 

near the load. Furthermore, solar-generated power generates no greenhouse 

emissions [4]. 

Solar photovoltaics are the fastest increasing source of power. Roughly 139 GW of 

worldwide capacity was installed in 2020, bringing the total to around 760 GW and 

providing nearly 3% of the world's power [3]. 

Based on the raw material utilized and the level of commercial development, 

photovoltaic cell technologies are often classified into three generations.  First-

generation solar panels use mono and multi-crystalline silicon cells, whilst second-

generation solar panels use thin films such as amorphous silicon or CdTe. Organic 

and tandem solar cells are examples of novel material solar cells of the third 

generation. Organic cells have shorter lives and lower efficiency than inorganic cells, 

but they have advantages in terms of flexibility and the potential for reduced 

production and installation costs [5]. In recent years, a monocrystalline silicon cell 

achieved a peak efficiency of 26.7 %, a multi-crystalline silicon cell achieved a peak 

efficiency of 23.3 %, a CdTe cell had a peak efficiency of 22.1 %, and an organic 

cell achieved a high efficiency of 18.2 % in the lab [6].  
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1.2 Conjugated Polymers 

A polymer is described as a molecule with a high relative molecular mass whose 

structure consists mainly of many repetitions of units generated from molecules with 

a low relative molecular mass [7]. If the polymer chains are formed with monomers 

that allow the π molecular orbitals to delocalize, this type of macromolecule is known 

as a conjugated polymer. They are organic semiconductors exhibiting 

semiconducting behavior associated with delocalized molecular orbitals along the 

polymer chain [8]. Alan J. Heeger, Alan MacDiarmid, and Hideki Shirakawa 

reported in 1977 that oxidized iodine-doped polyacetylene had better conductivity 

than undoped polyacetylene. They were awarded the Nobel Prize in Chemistry in 

2000 for this work "for the invention and development of conductive polymers" [9]. 

Although polyacetylene itself did not find practical uses, it piqued the interest of 

scientists and fuelled the conductive conjugated polymer field's fast expansion. In 

Figure 1.1, the structures of some prevalent examples of conjugated polymers are 

demonstrated. Currently, monomer units have chosen more complicated structures 

to obtain a narrow bandgap to enhance solubility, conjunction, and absorption of 

conjugated polymers. 

 

Figure 1.1. Common examples of conjugated polymers 

Conjugated polymers are a more intriguing subject due to their low-cost production 

technique, appropriate stability, optical and electrochemical characteristics. 

Furthermore, they can be solution-processed to enable the production of flexible and 
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lightweight devices with broad application areas such as OLED (Organic Light 

Emitting Diode), OFET (Organic Field Effect Transistor), and OSC (Organic 

Semiconductor) [10]. 

1.2.1 Band Theory 

Electron energy levels are divided into two groups: the 'valence band' and the 

'conduction band.' The valence band has the highest occupied electron energy levels 

that confine π orbital, whereas the conduction band has the lowest unoccupied 

electron energy levels that confine π* orbital. The energy difference between the top 

of the valence band and the bottom of the conduction band is named the 'bandgap 

(Eg) [11]. Moreover, the matters are divided into three groups according to their 

conductivity, which is affected by a bandgap, metal, insulator, and semiconductor, 

as demonstrated in Figure 1.2.  

 

Figure 1.2. Illustration of band gap energies for a) metal, b) semiconductor and c) 
insulator 

There is no bandgap in a conductor because the valence band is not entirely filled, 

enabling electrons to pass freely through the material. Insulators have huge band 

gaps (>4 eV) that need a lot of energy to bridge - as a result, electrons cannot travel 

from the valence band to the conduction band [12]. In semiconductors, on the other 
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hand, the bandgap is relatively small (<3 eV), allowing some electrons to shift to the 

conduction band by infusing modest amounts of energy [12]. In other terms, the 

bandgap is defined as the smallest amount of energy required to excite an electron 

from the valance band to the conduction band [13]. 

1.2.2 Donor-Acceptor Approach 

 

Figure 1.3. Generation of new HOMO-LUMO energy levels in donor-acceptor 

approach 

Electrically conjugated polymers are designed using a molecular approach to provide 

minimal band gaps. In 1993, employing donor moieties that are electron-rich and 

acceptor moieties that are electron-deficient, Havinga and his colleagues developed 

a novel structural idea for the polymer backbone [14]. Interchain charge transfer 

between nearby molecules causes the band gap to decrease when electron donors 

with greater HOMO and electron acceptors with lower LUMO are combined. 

According to the new theory shown in Figure 1.3, the polymer lowest empty 

molecular orbital of polymer corresponds to the acceptor group's LUMO level and 

its highest occupied molecular orbital to the donor group's HOMO level [14]. It has 

been demonstrated that the D-A method gives conjugated systems additional optical 
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and electrical features, such as improved charge mobility and longer wavelength 

absorption, in addition to decreasing Eg [15]. 

1.2.3 Synthesis of Conjugated Polymers 

Two different methodologies can be followed for the production of conjugated 

polymers on the basis of synthesis chemically and electrochemically. Chemically 

synthesis of conjugated polymers can also be divided into two polymerization 

methods, chemical oxidative polymerization and organometallic couplings. 

Moreover, the electrochemical oxidative polymerization method is used for the 

synthesis of conjugated polymers electrochemically [16]. 

Conjugated polymers synthesized by the organometallic coupling method can  

demonstrate proper structural characteristics that high molecular weight, low failure 

rate, and superior purity. Because the optical, electrical, and mechanical 

characteristics of conjugated polymers are substantially influenced by their 

molecular structure and material quality, the polycondensation process has been 

widely employed to create conjugated polymers with tailored architectures and well-

defined capabilities [17].  

1.2.3.1 Palladium Catalysed Cross-Coupling Polymerization Reactions 

Transition metal-catalyzed polycondensation or palladium-catalyzed polymerization 

reactions include the reaction between a di-halogenated aryl monomer and another 

monomer in the presence of a catalytic amount of palladium catalyst. As a result of 

the reactions, a new carbon-carbon bond is constructed between monomers. The 

primary mechanism of palladium-catalyzed cross couplings is the production of 

metal-carbon bonds between two molecules. Carbon atoms coupled to palladium are 

therefore brought very near to one another. They then pair with one another, resulting 

in the production of a new carbon-carbon single bond [18]. Suzuki and Stille, Heck, 

Sonogashira, and Negishi cross-couplings are reactions used to design conjugated 
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polymers. In this study, polymers were synthesized via Suzuki and Stille cross-

coupling reactions. 

1.2.3.2 Suzuki Cross-Coupling Reaction 

 

Figure 1.4. The general reaction mechanism of Suzuki cross-coupling reaction 

The reaction between aryl or vinyl halide and aryl or vinyl boronic acid and also 

palladium (0) complex as a metal catalyst is called as Suzuki cross-coupling reaction. 

The mechanism of the reaction is shown in Figure 1.4. In the first step, the 

organopalladium derivative is produced via oxidative addition of palladium catalyst 

to the alkyl halide derivative. An intermediate specie is formed after the addition of 

a base. In the transmetallation step, this intermediate specie gives a reaction with the 

boron-ate complex, and another organopalladium derivative is formed. In the final 

step, the preferred product is obtained via reductive elimination of palladium [18]. 
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1.2.3.3 Stille Cross-Coupling Reaction 

 

Figure 1.5. The general reaction mechanism of Stille cross-coupling reaction 

The reaction between aryl or alkenyl halide and organotin compound and also 

palladium (0) complex as a metal catalyst is called as Stille cross-coupling reaction. 

The mechanism of reaction is shown in Figure 1.5. The catalytic cycle including 

three steps is brought forward for Stille cross-coupling reaction. In the first step, the 

organopalladium derivative is produced via oxidative addition of palladium catalyst 

to the alkyl halide derivative. In the transmetallation step, this intermediate specie 

gives a reaction with organotin compound and another organopalladium derivative 

is formed. In the final step, the preferred product is obtained via reductive 

elimination of palladium [19]. 
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1.3 Organic Solar Cells 

As mentioned in Section 1.1., electricity can be obtained from sunlight by converting 

energy via solar cell devices. Though sunlight is eternal and free of charge, the 

manufacturing cost of electricity from solar cells is higher than the manufacturing 

cost of electricity from fossil fuel or nuclear power stations; because the solar cells 

are generally produced from inorganic materials and needed an uneconomic vacuum 

system. In addition, a high-temperature process is needed for them. To come through 

the financial problems of manufacturing conventional solar cells, organic materials 

which can absorb light have been put in solar cell devices due to their low-

temperature potential and vacuum-free process instead of inorganic materials [20].  

Alongside having a low-cost manufacturing process of organic photovoltaics, they 

demonstrate flexibility, semi-transparency, nominal environmental damage, low-

weight, constant production process, workableness to new market areas, and short 

payback response [21]. 

Organic solar cells were first built as a single layer; however, there were some 

problems with getting high yields from single layer organic solar cell. The n-type or 

p-type organic material between the two electrodes was insufficient for charge 

generation for the single layer organic solar cells. In addition, the separation 

efficiency of the resulting charges was low. For this reason, the construction of 

double-layer solar cells was started. The bilayer type organic solar cells showed a 

dramatic increase in efficiency up to about 0.9% [20]. Although the use of both 

conjugated polymer and fullerene-derived structures as donor and acceptor layers in 

bilayer organic solar cells increased the efficiency of charge separation, there were 

still problems with delivering the charges to the electrodes. This has led to the 

emergence of bulk heterojunction organic solar cells by mixing conjugated polymers 

and fullerenes in an active layer. The idea of blending donor and acceptor was helped 

adjust diffusion length and the interfacial area of donor and acceptor. Thus, both the 

charge generation and charge separation problem improved. The detailed device 
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architecture and working principle of a bulk heterojunction organic solar cell is 

discussed in the following sections. 

1.3.1 Device Architecture of BHJ Organic Solar Cells 

 

Figure 1.6. Device architecture of conventional bulk heterojunction OSCs 

The device architecture of conventional bulk heterojunction solar cells is shown in 

Figure 1.6. Glass is used as a transparent substrate. The layers are sandwiched 

between electrodes. Indium Tin Oxide (ITO) that is coated on the glass substrate acts 

as an anode layer, and Al metal is generally used for the cathode layer. Electrodes 

are supported by the interfacial layers for the effective transportation of charges. The 

smoother ITO layer is provided by coating PEDOT:PSS onto the ITO layer. The 

work function of ITO is also reduced by PEDOT:PSS. In this way, hole 

transportation becomes easier. Therefore, PEDOT:PSS is known as the hole 

transport layer. On the other hand, LiF reduces the work function of the cathode and 

helps electron transportation between the LUMO of PCBM and Al by decreasing the 

energy barrier. Finally, in the middle of the device, there is an active layer containing 

a Polymer: PCBM blend at different concentrations. As mentioned before, mixing 

conjugated polymers and PCBM, which is a fullerene derivative, allowed the birth 

of bulk heterojunction organic solar cells. The prime movers of this idea are Heeger 

and Sarıçiftçi. In 1992, these two scientists proved that photoinduced charge transfer 
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takes place in the active layer of bulk heterojunction organic solar cells between the 

donor and acceptor groups very fast [22]. Conjugated polymers or small molecules 

have electron rich structures compared to fullerene derivatives, so they act as donors, 

while fullerene derivatives, which have the ability to accept six electrons, act as 

acceptors. The working principle of the BHJ organic solar cells is mentioned in the 

following section. 

1.3.2 Working Principle of BHJ Organic Solar Cells 

 

Figure 1.7. Schematic representation of working principle of OSCs 

The working principle of an organic solar cell could be explained basically in four 

processes, as illustrated in Figure 1.7. First, light is absorbed by photoactive material 

in the active layer. When light is absorbed, electrons are excited to a higher energy 

level (LUMO), leaving holes in the lower energy level (HOMO), yet the electrons 

and holes are still constrained by coulombic interactions [23]. Electron and hole 

pairs, called excitons, form this way. Secondly, excitons diffuse the donor-acceptor 

interface. At that point, diffusion length is essential to prevent the recombination of 

electrons and holes. It should be approximately 5-20 nm [24]. 

Moreover, for excitons to be separated into free charges, a driving force is needed to 

overcome the coulombic effect between electrons and holes. After the diffusion of 

excitons, they separate from each other. However, if the exciton binding energy is 
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higher than the difference between the HOMO-LUMO band gap of D-A, charge 

separation will not happen. This is the crucial point for charge separation. After those 

free charges collect on the corresponding electrodes with the help of interfacial 

layers. The electrodes work function is also an essential parameter for this process. 

The HOMO energy level of donor moiety should be lower than the work function of 

the anode material and also the LUMO level of the acceptor material should be 

higher than work function of cathode for the effective charge collection [23]. Finally, 

the collection of charges at corresponding electrodes causes electricity production. 

1.3.3 Characterization and Parameters of Organic Solar Cells 

 

Figure 1.8. Illustration of a sample J-V curve 

Power conversion efficiency (PCE) is essentially the ratio of the highest amount of 

power produced by the solar cell to the entire amount of power that the solar 

spectrum has applied to the object. In order to define this parameter as the maximum 

efficiency of a solar cell. However, several more factors relating to the performance 

of a solar cell need to be described in order to completely comprehend the idea of 

PCE. Following current-voltage evaluation of a solar cell under AM1.5G light, the 
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PCE of a solar cell is determined [25]. An example current density-voltage (J-V) 

curve is shown in Figure 1.8, together with all the parameters. 

𝐹𝐹 =
𝐽𝑚𝑎𝑥 𝑉𝑚𝑎𝑥

𝐽𝑆𝐶 𝑉𝑂𝐶
                     𝑎𝑛𝑑                  𝑃𝐶𝐸 =

𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐽𝑆𝐶  𝑉𝑂𝐶  𝐹𝐹

𝑃𝑖𝑛
 

Essentially, open circuit voltage (VOC) is the voltage measured when the system is 

not receiving any current. Typically, the difference in the work functions of 

electrodes is used to calculate VOC. However, for the more recently created OSC 

designs, the active layer primarily increases the VOC levels toward the interfacial 

layers employed in the device architecture. As previously stated, in order to obtain a 

tight band gap for conjugated polymers in OSCs, HOMO levels should not be overly 

elevated in order to minimize losses from VOC. Another way to raise VOC for OSCs 

is to use non-fullerene acceptors with adjustable LUMO values [26,27]. 

When there is no external voltage connected to a solar cell, the current density is said 

to be measured as a short circuit current density (JSC). Because it is the current value 

measured for the area of the solar device, it is known as current density rather than 

short circuit current. JSC value for an OSC is mostly correlated with active layer 

absorption. 

The parameter known as the fill factor (FF) establishes the range of performance that 

a solar cell may achieve. In a perfect scenario, FF's value would be 1. Jmax and Vmax, 

which are less than ideal values, are what define the solar cell's maximum power 

output, nevertheless. Apart from the active layer's absorption, all JSC-affecting 

factors also have an impact on FF values. The efficient D-A phase separation at the 

active layer, together with an interpenetrated bicontinuous shape and optimal domain 

sizes, are the primary determinants of FF value. As a result, the active layer 

morphology has a significant impact on FF [28,29]. 
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1.4 Metallic Nanoparticles 

Noble metal nanoparticles (NPs) have been widely used in a variety of applications 

due to their distinctive optical characteristics that result from their interactions with 

an incoming light [30]. Numerous characteristics of noble metal NPs make them 

desirable for a variety of applications in healthcare, energy, and information 

technology [30]. The surface plasmon resonance is produced when these metallic 

nanostructures interact with an incoming light and a dominating collective 

oscillation of free electrons, known as a plasmon, takes over [31]. 

The interaction between electromagnetic fields and free electrons in metals is known 

as surface plasmon resonance (SPR). Electrical aspects of light may excite free 

electrons in metals to create collective oscillations. These electron oscillations 

produce two modes. One such phenomenon is the surface plasmon-polariton (SPP), 

which is capable of propagating through metal/dielectric contacts. The second is 

called localized surface plasmon resonance (LSPR), and it is restricted to  a very tiny 

volume surrounding a solitary nanoparticle or nanostructure [32]. The surface 

plasmon resonance, which involves a high number of these electrons, results in 

substantial absorption, scattering, and near-field amplification of plasmonic-metal 

nanoparticles at their native frequency[31]. 

For collecting and converting solar energy for use in a variety of applications, several 

methods, including photothermal, photovoltaic, and photochemical approaches, have 

been developed. The lack of light absorption and conversion efficiency is one of the 

key obstacles to the widespread implementation of these established technologies; 

nevertheless, using metallic NPs in energy conversion devices has shown promise 

for enhancing the results of these approaches [33]. 

1.4.1 Effect of Gold Nanoparticle Addition on Solar Cell 

One of the best examples of a solar power system that produces electricity straight 

from the sun is a photovoltaic system. At fact, the photovoltaic effect produces 
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electron-hole pairs in the junction by absorbing light, converting solar energy to 

electricity. It is possible to increase light absorption and prevent electron-hole pair 

recombination throughout the process, but these two strategies compete with one 

another since one calls for a thick absorption layer and the other a thin one [30]. To 

solve this issue, plasmonic NPs can be used to increase the efficiency of solar cells 

by making use of their distinctive optical features, large scattering cross sections, 

field enhancements at the particle surfaces, and carrier production in the substrate  

[34]. 

One of the key obstacles to achieving EQEs and PCEs in solar cell devices continues 

to be the efficiency with which incoming light is absorbed. The ideal active layer 

thickness for an OPV device is often in the range of 100–200 nm, or even less; a 

layer this thin can result in poor light absorption [35]. Therefore, one strategy for 

more effective light absorption is to increase the thickness of active layer [36]. 

However, because organic materials have poor carrier mobilities and short exciton 

diffusion lengths, a thicker layer unavoidably raises the device resistance [37]. 

The photovoltaic absorber layers may be physically thinned out while maintaining 

the same optical thickness using plasmonic structures. First, by folding the light into 

a thin absorber layer, metallic nanoparticles may be utilized as subwavelength 

scattering components to link and trap freely propagating solar plane waves into an 

absorbent semiconductor thin film. Second, metallic nanoparticles can be utilized as 

subwavelength antennas, boosting the effective absorption cross-section of 

semiconductors by coupling the plasmonic near-field to it [33]. 

 

Figure 1.9. Representation of Au-NPs insertion to OSC device 
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Moreover, the dispersion of NPs into the photoactive layer also improves the 

structural integrity of the layer, which results in a slower rate of device deterioration 

under sustained illumination, according to current research efforts [38]. 

1.4.2 Gold Nanoparticle-Thiol Interaction 

A crucial field for molecular electronics and biotechnology applications is the self -

assembly of organic molecules onto metal surfaces and nanoparticles via thiol groups 

[39,40]. Thiols have a strong affinity for gold surfaces, which allows for the creation 

of well-defined organic surfaces with valuable and highly modifiable chemical 

functions exposed at the interface [41]. On the surfaces of recently evaporated gold 

films, long-chain alkanethiols (HS(CH2)nX) adsorb from solutions and form 

oriented monolayers. These adsorptions may hold both polar and nonpolar tail 

groups (X). Self-assembled monolayers (SAMs), produced by adsorption on a metal, 

have similar wetting characteristics [42]. 

In addition, Kokkin and his colleagues reported that the ground state's bond length 

and dissociation energy are calculated to be 2.156 Å and 298 ±2 kJ/mol, respectively  

[43]. Binding interaction between Au-S, that based on the literature information 

helps regulates the distribution of Au-NPs on the active layer for organic 

photovoltaics. 

1.5 Literature Review 

Many studies in the literature support the idea behind this study. The literature 

research focuses on the fact that the efficiency of organic solar cells constructed from 

conjugated polymers with relatively high-power conversion efficiency can reach a 

higher efficiency by adding spherical metallic particles to the devices. 
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In this study, five different polymers were synthesized to be used as donor groups 

for devices. An analog of the P1 polymer with a different alkyl chain length has 

already been synthesized in the literature. Although it has been synthesized before, 

polymers (P1-Br and P1-SH) that have the potential to increase the power conversion 

efficiency by increasing the interaction with metallic particles with modifications to 

the end of the alkyl chain are promising. Figure 1.10 shows the structures of P1, 

pCzS, and PCDTBT-8, and Table 1.1. shows the device performances of similar 

polymers. The remaining two polymers are new to the literature. Although there are 

conjugated polymers synthesized using the same donor group, 

dithienopyrrolobenzothiadiazole derivative, in the literature, there is no example 

synthesized with the acceptor group used in this study. 

 

Figure 1.10. Structures of P1, pCzS and PCDTBT-8 

 

Table 1.1. Photovoltaic parameters of pCzS:PCBM and PCDTBT-8:PCBM devices 

Polymer P:PCBM 

Ratio 

Solvent VOC JSC FF(%) PCE(%) Reference 

pCzS 1:2 o-DCB 0.83 6.66 59.3 3.28 [44] 

PCDTBT-8 1:4 CB 0.96 9.39 48.90 4.41 [45] 

 

In the literature, there are studies on the effects of the distribution of particles in the 

active layer and at the interfaces on the performance of organic solar cells. Its 

distribution in the active layer is emphasized in this section. Stratakis and Kymakis 

published a review paper titled "Nano-particle-based plasmonic organic photovoltaic 

systems" in 2013 to provide a summary of their literature review on the effect of 
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metallic NPs on solar cell efficiency [46]. Table 1.2. was created using data from 

this review. 

Table 1.2. Literature examples of device characterization of OPVs with NPs 
dispersed into the active layer 

Geometry Photoactive Layer Ƞ 

(%) 

± (%)* Mechanism References 

70 nm Ag NPs PCDTBT:PC70BM 7.1 13 Scattering [47] 

4.2–6.4 nm Au NPs P3OT-C60 1.65 50 Electrical 

 

[48] 

3.7 nm Au NPs P3HT:PCBM 1.5 -67 Exciton 

Quenching 

 

[49] 

Ag NPs     P3HT:PCBM 3.56 8 LSPR 

Scattering 

 

[50] 

5–15 nm Ag NPs     P3HT:PCBM 3.3 -3 Monomolecular 

recombination 

 

[51] 

 

1.5–20 nm Au NPs 

 

P3HT:PCBM 

 

3.71 

 

41 

LSPR 

Scattering 

Morphology 

 

[52] 

± (%)* = percent change in Ƞ 

 The numerous processes may occur according to Table 1.2. It is evident that some 

types of mechanisms result in poor efficiency, even though NPs dispersion in the 

photoactive layer normally results in a mechanism that increases efficiency. Potential 

options to modify the mechanism include NPs' size, shape, and type of nanoparticle. 

Additionally, the acceptor and donor units' structures might be important. As a result, 

the significance of the size, shape, and technique used to synthesize NPs emerges as 

a key component of the functioning mechanism. 
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1.6 Aim of the Study 

Recently, literature researches have been continuing on the increase of power 

conversion efficiency with the addition of metallic particles to the active layer of 

organic solar cells. Strategies are applied to increase efficiency by taking advantage 

of the light trapping and light scattering properties of spherical metallic 

nanoparticles. In addition, an electron-rich donor monomer and an electron-deficient 

acceptor monomer are polymerized along the conjugated polymer backbone to create 

a low band gap polymer, which is a common method of making them. Along with 

the D-A approach, forcing planarization in the polymer backbone by covalently 

attaching neighboring aromatic units offers a successful method to close the band 

gap and improve charge carrier ability. The design and synthesis of coplanar 

multifused aromatic or heteroaromatic structures have received a lot of attention in 

this respect [53]. 

2,1,3-Benzothiadiazole is regarded as one of the most traditional electron-deficient 

acceptor units utilized in OSCs because of its planar and solid structure [54]. 

Additionally, the  π-bridge is crucial in organic solar cells. The range of absorption 

is increased, the HOMO-LUMO levels are adjusted, and the donor and acceptor are 

connected . The shape of the  π-bridge should be somewhat flat rather than deformed 

as it is the pathway that can aid electron migration from the donor to the acceptor 

[55]. An unfused structure is created by the benzothiadiazole unit partnering up with 

two thienyl rings acting as a π-bridge. This is why this study also employed a more 

planar dithienopyrrolobenzothiadiazole derivative acceptor. 

In this thesis, the effect of the interaction of metallic nanoparticles with synthesized 

thiol group-containing polymers on the power conversion efficiency of organic solar 

cells was investigated, as well as the link between the chemical structure of solar cell 

devices and their photovoltaic performance. Five polymers were synthesized via 

Stille and Suzuki cross coupling reactions, and the spherical gold nanoparticles were 

also synthesized with the laser ablation technique. The first polymer (P1), that is 

already present in the literature with different alkyl chains combinations, was 
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synthesized according to the TUBITAK project to compare the difference in the 

photovoltaic performance of the solar cell devices of P1-Br and P1-SH when 

interacted with gold nanaparticle. Synthesized conjugated polymers P2 and P3, 

according to literature research, are new in the literature and their photovoltaic 

performances are aimed to investigate in this study.  

 

Figure 1.11. Chemical structures of target polymers 
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CHAPTER 2  

2 EXPERIMENTAL 

2.1 Materials and Equipment 

All chemicals used for the monomer and polymer synthesis were ensured from 

Sigma Aldrich Chemical and Tokyo Chemical Industry (TCI). Air and moisture-

sensitive reactions were fulfilled under a nitrogen atmosphere. Dry acetonitrile 

(ACN), toluene, tetrahydrofuran (THF), dichloromethane (DCM), and chloroform 

that received from Mbraun MBSPS5 solvent drying system were used for the 

reactions. Triethylamine was used freshly distilled by using calcium hydride as a 

drying agent. Molecular sieves, which have 4Å size, were left in solvents to capture 

water and humidity, and solvents had degassed by nitrogen for one day for 

polymerization reactions. The purification processes of synthesized materials were 

carried out in column chromatography with Merck Silica Gel 60 as a stationary 

phase. In addition, thin layer chromatography with silica gel plates (0.25 mm) which 

is commercially available, was performed. 

The structural characterization of compounds was materialized with Bruker 

Spectrospin Avance DPX-400 MHz spectrometer for both 1H and 13C NMR spectra. 

The internal standard of the system was tetramethylsilane (TMS), and samples were 

prepared in deuterated solvents. 

HRMS, high-resolution mass spectroscopy, was used for the determination of the 

exact molecular weight of novel molecules. (Water Synapt MS System.) 
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Gel permeation chromatography (Shimadzu-20A) with polystyrene internal standard 

was used to indicate the molecular weight distribution of synthesized polymers. All 

solutions were prepared in chloroform solvent. 

Thermal analyses of the polymers were detected by using a thermogravimetric 

analyzer (Pyris 1 TGA) and differential scanning calorimeter (Perkin Elmer 

Diamond DSC). 

Energy levels and electronic band gaps were determined by cyclic voltammogram 

(CV) by using Gamry 600 Potentiostat with a constant scan rate of 100 mV/s. Optical 

properties were determined by UV-Vis spectroscopy technique with Varian Carry 

5000 model spectrometer.  

Finally, photovoltaic studies were carried out the Keithley 2400 instrument to obtain 

current and voltage measurements under 1.5 G illumination and 100 mW cm-2 

photocurrent. 

2.2 Synthesis of Monomers 

2.2.1 Synthesis of 1,2-dimethoxy-4,5-dinitrobenzene 

 

Figure 2.1. Synthetic route of compound 2 

10 g (72.38mmol) veratrole (1) and 9.5 mL acetic acid were added to the two-necked 

250 mL round-bottom reaction flask. 40 mL DCM was added to dissolve, and they 

stirred. The reaction temperature was decreased to 0 °C with an ice bath. After the 

temperature reached 0 °C, 27 mL fuming HNO3 was added dropwise. The 

temperature of the reaction was allowed to rise to room temperature. Then, the 

reaction was stirred for 24 hr. The mixture was poured into the ice to precipitate the 
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resultant product. The yellow precipitate was filtered and washed with cold water 

several times to eliminate excess acid. The product was recrystallized with ethanol 

(EtOH), and yellow crystals were obtained (14.8 g, 90% yield). 

1H NMR (400 MHz, CDCl3) δ 7.32 (s, 2H), 4.00 (s, 6H). 

13C NMR (100 MHz, CDCl3) δ 151.9, 136.7, 107.0, 57.1 

2.2.2 Synthesis of 4,5-dimethoxybenzene-1,2-diamine 

 

Figure 2.2. Synthetic route of compound 3 

1,2-Dimethoxy-4,5-dinitrobenzene (3g, 13.15 mmol) and Pd/C catalyst (0.42 g, 3.94 

mmol) were added to the two-necked 250 mL round bottom flask and dissolved in 

50 mL EtOH. The temperature was raised to 50 °C. Then, hydrazine monohydrate 

(4.21 g, 131.49 mmol) was added drop by drop. The reaction was refluxed for 6 hr 

at 80 °C. After the reaction temperature was cooled down to room temperature, the 

reaction mixture was passed through the Celite to filter Pd/C and washed with hot 

ethanol. The solvent was removed from the filtrate under reduced pressure, and the 

tattletale grey solid was obtained. The product was used in the next step  right away 

without further purification because of the decomposition issue in time.  
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2.2.3 Synthesis of 5,6-dimethoxybenzo[c][1,2,5]thiadiazole 

 

Figure 2.3. Synthetic route of compound 4 

4,5-Dimethoxybenzene-1,2-diamine (1.5 g, 6.22 mmol) was dissolved in 80 mL dry 

DCM in two-necked 250 mL round-bottom flask. Freshly distilled triethylamine 

(8,67 mL, 62.26 mmol) was added to the mixture. The solution of thionyl chloride 

was added drop by drop to the mixture in an ice bath after thionyl chloride (1 mL, 

13.7 mmol) was diluted in 10 mL dry DCM. The mixture was stirred and refluxed 

for 6 hr at 40 °C, and then the solution was cooled to room temperature. The reaction 

solvent was evaporated under reduced pressure. Then the residual solid was washed 

with water several times and filtered. The filtrate was recrystallized in ethanol, and 

sand-colored crystals were obtained (0.61 g, 50% yield). 

1H NMR (400 MHz, CDCl3) δ 7.14 (s, 2H), 3.97 (s, 6H) 

13C NMR (100 MHz, CDCl3) δ 154.2, 151.3, 98.0, 56.3 

2.2.4 Synthesis of benzo[c][1,2,5]thiadiazole-5,6-diol 

 

Figure 2.4. Synthetic route of compound 5 

5,6-Dimethoxybenzo[c][1,2,5]thiadiazole (0.50 g, 2.55 mmol), 5 mL acetic acid and 

15 mL of hydrobromic acid (48%) were added to the 100 mL round-bottom flask 
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and stirred at 90 °C for 2 days. The dirty yellow solid was precipitated in the mixture 

after two days. The reaction temperature was cooled down, and the resulting solid 

was filtered. After that, the filtrate was washed with water several times to eliminate 

excess acid (0.32 g, 75% yield). 

1H NMR (400 MHz, DMSO) δ 10.58 (s, 2H), 7.12 (s, 2H). 

13C NMR (100 MHz, DMSO) δ 152.6, 151.2, 100.0. 

2.2.5 Synthesis of 5,6-bis((8-bromooctyl)oxy)benzo[c][1,2,5]thiadiazole 

 

Figure 2.5. Synthetic route of compound 6 

Benzo[c][1,2,5]thiadiazole-5,6-diol (0.58 g, 3.45 mmol) and potassium carbonate 

(1.9 g, 13.8 mmol) were added to the two-necked 100 mL round-bottom flask. The 

mixture was vacuumed and gassed with nitrogen several times. Then, 50 mL dry 

acetonitrile was added, and the temperature was increased up to 80 °C. After the 

reaction mixture was stirred for 1 hour at that temperature, 1,8-dibromooctane (7.60 

g, 27.60 mmol) was added to the reaction. The reaction was continued to stir for two 

days. After the reaction was finished with TLC control, the reaction solvent was 

eliminated under reduced pressure, and the crude product was extracted with DCM 

and brine a few times. The organic phase was separated and dried with magnesium 

sulfate. After that, the organic phase was evaporated under reduced pressure. The 

product was precipitated with cold hexane and washed several times. The white 

product was filtered (0.30 g, 16% yield). 

1H NMR (400 MHz, CDCl3) δ 7.15 (s, 2H), 4.11 (t, J = 6.5 Hz, 4H), 3.43 (t, J = 6.8 

Hz, 4H), 1.97 – 1.84 (m, 8H), 1.58 – 1.37 (m, 16H). 



 

 
26 

13C NMR (100 MHz, CDCl3) δ 153.9, 151.2, 98.3, 68.9, 33.8, 32.7, 29.0, 28.6, 28.6, 

28.0, 25.8. 

2.2.6 Synthesis of 4,7-dibromo-5,6-bis((8-bromooctyl)oxy) benzo[c][1,2,5] 

thiadiazole 

 

 

Figure 2.6. Synthetic route of compound 7 

Compound 6 (0.30 g, 0.5 mmol) and 10 mL acetic acid were added to the two-necked 

100 mL round-bottom flask. Then, the compound was dissolved in 30 mL 

chloroform. The reaction was stirred at room temperature for 30 min. After that, 

bromine (0.1 mL, 2.2 mmol) was diluted in 5 mL acetic acid, and the bromine 

solution was added dropwise into the reaction. Then, the reaction mixture was stirred 

for three days at room temperature. The reaction was finished with TLC control and 

extracted with sodium metabisulfite solution (Na2S2O5) and chloroform to eliminate 

excess bromine. The organic phase was collected and dried with magnesium sulfate. 

Then, the solution was filtered, and chloroform was evaporated under reduced 

pressure. The yellowish-white crude product was purified with silica gel column 

chromatography (3:1 hexane-chloroform), and a white solid was obtained (0.3 g, 

78% yield). 

1H NMR (400 MHz, CDCl3) δ 4.15 (t, J = 6.5 Hz, 4H), 3.42 (t, J = 6.8 Hz, 4H), 1.92 

– 1.82 (m, 8H), 1.57 – 1.34 (m, 16H). 

13C NMR (100 MHz, CDCl3) δ 154.3, 150.2, 106.2, 74.9, 33.9, 32.6, 30.1, 29.1, 28.6, 

28.0, 25.8. 
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2.2.7 Synthesis of tributyl(thiophen-2-yl)stannane 

 

Figure 2.7. Synthetic route of compound 9 

Thiophene (2 g, 23.8 mmol) was placed in a 100 mL schlenk tube, and 25 mL dry 

THF was added to dissolve thiophene. The solution was stirred under a nitrogen 

atmosphere, and the reaction temperature was decreased to -78 °C. Then, n-

butyllithium (2.5 M in hexane) (10.5 mL, 26.2 mmol) was added to the reaction 

dropwise in 45 min. The reaction was continued to stir for 1 hour at -78 °C. At the 

end of 1 hour, tributyl stannyl chloride (SnBu3Cl) (7.1 mL, 26.2 mmol) was added 

slowly. The mixture was stirred overnight at room temperature. After that, the 

reaction was quenched with distilled water to eliminate excess n-butyllithium. The 

mixture was extracted with chloroform and brine. The organic phase was separated 

and dried with magnesium sulfate. After filtration, the mixture was concentrated with 

a rotary evaporator. A transparent light-yellow liquid was collected (8 g, 90% yield). 

1H NMR (400 MHz, CDCl3): δ 7.58 (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). 
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2.2.8 Synthesis of 5,6-bis((8-bromooctyl)oxy)-4,7-di(thiophen-2-yl) 

benzo[c][1,2,5]thiadiazole  

 

Figure 2.8. Synthetic route of compound 10 

Compound 7 (0.73 g, 1.04 mmol) and compound 9 (0.86 g, 2.08 mmol) were placed 

in 100 mL schlenk tube. The tube was vacuumed and gassed three times with N2 gas 

for 30 min. Then, 40 mL dry THF was added to dissolve the compounds, and 

bubbling was performed for 30 min under a nitrogen atmosphere. Then, 

PdCl2(PPh3)2 (0.15 g, 0.21 mmol) was added fast to the reaction medium, and the 

temperature was increased up to 70 °C. The reaction was stirred for one day and 

finished by performing TLC control. THF was evaporated under reduced pressure. 

The crude product was purified by using silica gel column chromatography with 

hexane as a mobile phase. The polarity of the mobile phase was increased gradually 

(up to 3:1 hexane: chloroform). The orange solid was collected (0.55 g, 74% yield). 

1H NMR (400 MHz, CDCl3) δ 8.49 (d, J = 3.8 Hz, 2H), 7.53 (d, J = 5.1 Hz, 2H), 

7.27 (dd, J = 9.5, 4.5 Hz, 2H), 4.13 (t, J = 7.0 Hz, 4H), 3.44 (t, J = 6.8 Hz, 4H), 1.97 

– 1.86 (m, 8H), 1.49 – 1.35 (m, 16H). 

13C NMR (100 MHz, CDCl3) δ 151.77, 150.89, 133.95, 130.49, 127.25, 126.69, 

117.55, 74.15, 33.88, 32.67, 30.15, 29.21, 28.62, 27.99, 25.74. 
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2.2.9 Synthesis of 5,6-bis((8-bromooctyl)oxy)-4,7-bis(5-bromothiophen-2-

yl)benzo[c][1,2,5]thiadiazole 

 

Figure 2.9. Synthetic route of compound 11 

Compound 10 (0.36 g, 0.50 mmol) and 30 mL chloroform were added to the two-

necked 100 mL round-bottom flask. While the reaction was stirred under a nitrogen 

atmosphere, NBS (0.20 g, 1.11 mmol), which dissolved in 10 mL chloroform, was 

added to the reaction drop by drop in 20 min in the dark. After the addition process 

was completed, the reaction was continued to stir for one hour. Then, the reaction 

was finished with TLC control. Extraction was performed with brine and chloroform. 

The organic phase was collected and dried with magnesium sulfate. Then, the 

mixture was filtered with filter paper, and the organic phase was concentrated under 

reduced pressure with a rotary evaporator. The crude product was purified using 

silica gel column chromatography with hexane as a mobile phase. The polarity of the 

mobile phase was increased gradually (up to 3:1 hexane: chloroform). The orange 

solid was collected (0.35 g, 80% yield). 

1H NMR (400 MHz, CDCl3) δ 8.36 (d, J = 4.1 Hz, 2H), 7.17 (d, J = 4.1 Hz, 2H), 

4.12 (t, J = 7.1 Hz, 4H), 3.42 (t, J = 6.8 Hz, 4H), 1.94 – 1.84 (m, 8H), 1.48 – 1.36 

(m, 16H). 

13C NMR (100 MHz, CDCl3) δ 151.2, 150.3, 135.5, 131.0, 129.6, 116.9, 115.4, 74.3, 

33.9, 32.7, 30.1, 29.2, 28.6, 28.0, 25.7. 
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2.2.10 Synthesis of 4,7-dibromobenzo[c][1,2,5]thiadiazole 

 

Figure 2.10. Synthetic route of compound 14 

Thiadiazole (6 g, 44.1 mmol) and NBS (16.5 g, 92.5 mmol) were placed in a two-

necked 100 mL round bottom flask and dissolved in 60 mL concentrated H 2SO4 

(97%). The temperature was increased to 60 °C, and the reaction was stirred 

overnight. Then, the reaction was finished with TLC control and poured into the ice. 

The solution was stirred until the ice was melted. After that, the precipitate was 

filtered and washed with cold water. The precipitate was recrystallized in EtOH, and 

white crystals were obtained (10 g, 77% yield). 

1H NMR (400 MHz, DMSO) δ 7.94 (s, 2H). 

13C NMR (100 MHz, DMSO) δ 152.3, 132.8, 113.1. 

2.2.11 Synthesis of 4,7-dibromo-5,6-dinitrobenzo[c][1,2,5]thiadiazole 

 

Figure 2.11. Synthetic route of compound 15 

Fuming nitric acid (HNO3) (3.41 mL, 81.6 mmol) was added dropwise at 0 °C to the 

fuming trifluoromethanesulfonic acid (CF3SO3H) (21.5 mL, 245.0 mmol), which 

was placed in a two-necked 100 mL round-bottom flask. A solid white complex was 

formed in the reaction medium. Then, 4,7-dibromobenzo[c][1,2,5]thiadiazole (6 g, 

20.4 mmol) was added to the reaction medium portion by portion in 30 min. The 
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reaction temperature was increased to 50 °C and stirred overnight. After TLC 

control, the reaction was finished, and cold water was poured into the solution. 

NaOH solution was added to neutralize the reaction mixture. The pale-yellow 

precipitate was filtered and washed with cold water. Finally, the residue was 

recrystallized with EtOH, and pale-yellow crystals were obtained (6.65 g, 85% 

yield). 

13C NMR (100 MHz, DMSO) δ 151.9, 144.0, 111.7. 

2.2.12 Synthesis of 5,6-dinitro-4,7-di(thiophen-2-yl)benzo[c][1,2,5] 

thiadiazole 

 

Figure 2.12. Synthetic route of compound 16 

4,7-dibromo-5,6-dinitrobenzo[c][1,2,5]thiadiazole (3 g, 7.8 mmol) and 2-

tributylstannyl thiophene (7.55 g, 17.2 mmol) were placed in 100 mL schlenk tube. 

The tube was vacuumed for a time and gassed with N2 gas to eliminate humidity and 

oxygen in the reaction medium. This process was repeated several times. 50 mL dry 

THF was added to the schlenk tube to dissolve compounds, and the reaction mixture 

was bubbled with N2 gases for 20 min. Then, PdCl2(PPh3)2 (0.27 g, 0.39 mmol) was 

added. The reaction temperature was raised to 80 °C and stirred overnight. According 

to TLC control, the reaction was finished, and the reaction passed through the Celite 

to remove the catalyst. The collected mixture was concentrated under reduced 

pressure and precipitated in hexane several times. The precipitate was collected with 

filtering, and an orange solid was obtained (2.3 g, 73% yield). 

1H NMR (400 MHz, CDCl3) δ 7.75 (dd, J = 5.1, 0.9 Hz, 2H), 7.52 (dd, J = 3.7, 1.0 

Hz, 2H), 7.24 (dd, J = 5.0, 3.8 Hz, 2H). 



 

 
32 

13C NMR (100 MHz, CDCl3) δ 152.2, 141.9, 131.5, 131.0, 129.6, 128.1, 121.5. 

2.2.13 Synthesis of 10,11-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2',3':4,5] 

pyrrolo[3,2-g]thieno[3,2-b]indole 

 

Figure 2.13. Synthetic route of compound 17 

5,6-dinitro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (1.25 g, 3.20 mmol ) and 

triphenylphosphine, PPh3, (5.88 g, 22.41 mmol) were added 100 mL round bottom 

flask. The flask was vacuumed and gasses with N2 gas several times to dry the 

reaction medium. Then, 20 mL o-DCB solvent that dried with bubbling for one day 

was added to dissolve compounds. The reaction temperature was increased to 180 

°C, and the reaction refluxed overnight under a nitrogen atmosphere. The reaction 

was finished after TLC control and was cooled down. The reaction solvent was 

separated with silica gel column chromatography with hexane, and then the polarity 

of the mobile phase was increased (3:1 hexane: ethyl acetate). The collected solvent 

was evaporated under reduced pressure, and the dark-orange product was obtained 

(0.42 g, 40% yield). 

1H NMR (400 MHz, Acetone) δ 11.25 (s, 2H), 7.55 (d, J = 5.2 Hz, 2H), 7.32 (d, J = 

5.2 Hz, 2H). 

13C NMR (100 MHz, Acetone) δ 147.4, 141.2, 129.6, 126.3, 119.8, 112.0, 107.6.  
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2.2.14 Synthesis of 10,11-dioctyl-10,11-dihydro-[1,2,5]thiadiazolo[3,4-e] 

thieno[2',3':4,5]pyrrolo[3,2-g]thieno[3,2-b]indole 

 

Figure 2.14. Synthetic route of compound 18 

Compound 17 (0.40 g, 1.23 mmol), 1-bromooctane (1.5 g, 8.2 mmol) and NaH (60%, 

0.34 g, 8.58 mmol) were added to 100 mL schlenk tube. The tube was vacuumed and 

gassed with N2 gas several times. Then, 20 mL dry DMF was added to the schlenk 

tube. The reaction was stirred and refluxed one day under a nitrogen atmosphere at 

80 °C. After TLC control, the reaction was finished, and the reaction solvent was 

evaporated with a rotary evaporator. Then, the crude product was extracted with 

DCM and brine three times. The organic phase was separated and dried with 

magnesium sulfate. After the filtration, the mixture was concentrated under reduced 

pressure and purified with silica gel column chromatography (5:1 hexane: ethyl 

acetate). Compound 18 was obtained (0.42 g, 62% yield). 

1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 5.2 Hz, 2H), 7.19 (d, J = 5.2 Hz, 2H), 

4.50 (d, J = 7.4 Hz, 4H), 1.87 – 1.78 (m, 4H), 1.20 – 1.09 (m, 20H), 0.80 (t, J = 7.0 

Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 147.6, 145.5, 132.2, 126.8, 121.2, 111.8, 110.9, 50.4, 

31.6, 30.0, 29.0, 26.5, 22.5, 14.1. 
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2.2.15 Synthesis of 2,8-dibromo-10,11-dioctyl-10,11-dihydro-[1,2,5] 

thiadiazolo[3,4-e]thieno[2',3':4,5]pyrrolo[3,2-g]thieno[3,2-b]indole 

 

Figure 2.15. Synthetic route of compound 19 

Compound 18 (0.40 g, 0.73 mmol) and 30 mL chloroform were added to the two-

necked 100 mL round-bottom flask. While the reaction was stirred under a nitrogen 

atmosphere, NBS (0.10 g, 1.6 mmol), which dissolved in 10 mL chloroform, was 

added to the reaction drop by drop in 20 min in the dark. After the addition process 

was completed, the reaction was continued to stir for one hour. Then, the reaction 

was finished with TLC control. Extraction was performed with brine and chloroform. 

The organic phase was collected and dried with magnesium sulfate. Then, the 

mixture was filtered with filter paper, and the organic phase was concentrated under 

reduced pressure with a rotary evaporator. The crude product was purified using 

silica gel column chromatography (3:1 hexane: ethyl acetate). The reddish-orange 

solid was collected (0.32 g, 62% yield). 

1H NMR (400 MHz, CDCl3) δ 7.20 (s, J = 7.4 Hz, 2H), 4.41 (d, J = 7.3 Hz, 4H), 1.84 

– 1.75 (m, 4H), 1.23 – 1.11 (m, 20H), 0.81 (t, J = 7.1 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 147.0, 143.0, 130.7, 121.1, 114.9, 113.4, 110.6, 50.2, 

31.5, 29.9, 28.9, 28.8, 26.4, 22.4, 13.9. 
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2.2.16 Synthesis of 10,11-bis(8-bromooctyl)-10,11-dihydro-[1,2,5] 

thiadiazolo[3,4-e]thieno[2',3':4,5]pyrrolo[3,2-g]thieno[3,2-b]indole 

 

Figure 2.16. Synthetic route of compound 20 

Compound 17 (0.30 g, 0.92 mmol), 1,8-bromooctane (2.5 g, 9.2 mmol) and NaH 

(60%, 0.26 g, 6.4 mmol) were added to 100 mL schlenk tube. The tube was 

vacuumed and gassed with N2 gas several times. Then, 20 mL dry DMF was added 

to the schlenk tube. The reaction was stirred and refluxed one day under a nitrogen 

atmosphere at 80 °C. After TLC control, the reaction was finished, and the reaction 

solvent was evaporated with a rotary evaporator. Then, the crude product was 

extracted with DCM and brine three times. The organic phase was separated and 

dried with magnesium sulfate. After the filtration, the mixture was concentrated 

under reduced pressure and purified with silica gel column chromatography (5:1 

hexane: ethyl acetate). Compound 20 was obtained (0.15 g, 23% yield).  

1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 5.2 Hz, 2H), 7.20 (d, J = 5.2 Hz, 2H), 

4.53 (t, J = 7.4 Hz, 4H), 3.31 (t, J = 6.8 Hz, 4H), 1.81 – 1.67 (m, 8H), 1.22 – 1.05 

(m, 16H). 

13C NMR (100 MHz, CDCl3) δ 147.6, 145.5, 132.3, 126.9, 121.3, 111.8, 111.0, 50.3, 

33.9, 32.5, 29.8, 28.7, 28.4, 27.8, 26.3. 
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2.2.17 Synthesis of 2,8-dibromo-10,11-bis(8-bromooctyl)-10,11-dihydro-

[1,2,5]thiadiazolo[3,4-e]thieno[2',3':4,5]pyrrolo[3,2-g]thieno[3,2-

b]indole 

 

Figure 2.17. Synthetic route of compound 21 

Compound 18 (0.15 g, 0.20 mmol) and 20 mL chloroform were added to the two-

necked 100 mL round-bottom flask. While the reaction was stirred under a nitrogen 

atmosphere, NBS (0.27 g, 0.46 mmol), which dissolved in 10 mL chloroform, was 

added to the reaction drop by drop in 20 min in the dark. After the addition process 

was completed, the reaction was continued to stir for one hour. Then, the reaction 

was finished with TLC control. Extraction was performed with brine and chloroform. 

The organic phase was collected and dried with magnesium sulfate. Then, the 

mixture was filtered with filter paper, and the organic phase was concentrated under 

reduced pressure with a rotary evaporator. The crude product was purified using 

silica gel column chromatography (3:1 hexane: ethyl acetate). The reddish-orange 

solid was collected (0.13 g, 71% yield). 

1H NMR (400 MHz, CDCl3) δ 7.20 (s, 2H), 4.42 (t, J = 7.4 Hz, 4H), 3.32 (t, J = 6.7 

Hz, 4H), 1.81 – 1.68 (m, 8H), 1.28 – 1.01 (m, 16H). 

13C NMR (100 MHz, CDCl3) δ 147.0, 143.1, 130.8, 121.2, 114.9, 113.6, 110.7, 

50.20, 33.8, 32.4, 29.8, 28.6, 28.2, 27.7, 26.1. 



 

 
37 

2.3 Synthesis of Polymers 

2.3.1 Synthesis of P1 

 

Figure 2.18. Synthetic route of P1 

Compound 12 (0.13 g, 0.18 mmol) commercially purchased donor group (D1) (0.10 

g, 0.18 mmol) was added to 50 mL schlenk tube. The schlenk tube was vacuumed 

and gassed with N2 several times. Then, potassium carbonate (K2CO3, 2M, in water) 

was placed in the schlenk tube, and toluene (toluene: water 3:2 ratio) solvent was 

added with two drops of Aliquat-336. After that, the bubbling process was performed 

for 30 min. Pd (PPh3)4 (0.025 g, 0.022 mmol) was added, and the reaction medium 

was stirred at 90 °C for 36 hr. Upon noticing condensation in the solution, cold 

methanol was poured into the reaction mixture and precipitated. The methanol-crude 

polymer mixture was mixed for 30 minutes by discarding the palladium scavenger 

to get rid of possible palladium residues. Then, a Soxhlet treatment was applied to 

the crude polymer with methanol, hexane, acetone, and chloroform solvents, 

respectively. The polymer was collected in the chloroform fraction (0.095 g, 60% 

yield).  

GPC Results: Mn= 3.8 kDa, Mw=7.8 kDa, PDI=2.04 
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2.3.2 Synthesis of P1-Br 

 

Figure 2.19. Synthetic route of P1-Br 

Compound 11 (0.12 g, 0.14 mmol) commercially purchased donor group (D1) (0.075 

g, 0.14 mmol) was added to 50 mL schlenk tube. The schlenk tube was vacuumed 

and gassed with N2 several times. Then, potassium carbonate (K2CO3, 2M, in water) 

was placed in the schlenk tube, and toluene (toluene: water 3:2 ratio) solvent was 

added with two drops of Aliquat-336. After that, the bubbling process was performed 

for 30 min. Pd (PPh3)4 (0.020 g, 0.017 mmol) was added, and the reaction medium 

was stirred at 90 °C for 36 hr. Upon noticing condensation in the solution, cold 

methanol was poured into the reaction mixture and precipitated. The methanol-crude 

polymer mixture was mixed for 30 minutes by discarding the palladium scavenger 

to get rid of possible palladium residues. Then, a Soxhlet treatment was applied to 

the crude polymer with methanol, hexane, acetone, and chloroform solvents, 

respectively. The polymer was collected in the chloroform fraction (0.072 g, 51% 

yield).  

GPC Results: Mn= 6.2 kDa, Mw=7.0 kDa, PDI=1.12 
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2.3.3 Synthesis of P1-SH 

 

Figure 2.20. Synthetic route of P1-SH 

P1-Br (0.060 g, 0.059 mmol) and potassium carbonate (K2CO3) (0.036 g, 0.259 

mmol) were dissolved in 15 mL dry THF in a 25 mL schlenk tube and stirred under 

nitrogen gas for 30 min. Then, thioacetic acid (C2H4OS) (0.010 mL, 0.130 mmol) 

was added to the solution and the reaction medium was brought to 50 °C and stirred 

for 15 hours. Then, 15 mL of methanol was added to the solution and stirring was 

continued for 30 minutes. To neutralize the reaction medium, 1-2 drops of diluted 

HCl were added and the reaction was terminated. After the solvents were removed 

under reduced pressure, the organic phase was collected by treatment with 

chloroform and water. After the collected organic phase was dried with magnesium 

sulfate, chloroform was removed with the aid of reduced pressure and P1-SH (0.050 

g, 91% yield) was obtained. 

GPC Results: Mn= 5.0 kDa, Mw=10.0 kDa, PDI=2.01 
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2.3.4 Synthesis of P2 

 

Figure 2.21. Synthetic route of P2 

Compound 19 (0.15 g, 0.21 mmol), commercially purchased donor group (D2) (0.16 

g, 0.21 mmol) and tri(o-tolyl) phosphine ((C21H21)P) (0.005 g, 0.017 mmol) were 

placed in a two-neck 25 mL schlenk tube. To purify the reaction environment from 

moisture and oxygen as much as possible, after vacuuming 3 times, nitrogen gas was 

given to the environment. After this treatment, the compounds in the tube were 

dissolved in dry toluene (7 mL) solvent. The solution was degassed under nitrogen 

gas to get rid of possible water in the solvent. After the degassing process was 

completed, tris(dibenzylideneacetone)dipalladium (0) (Pd2(dba)3) (0.004 g, 0.004 

mmol) was added and the reaction medium was stirred at 110 °C for 15 hours. Upon 

noticing solidification in the solution, the reaction liquid was poured into cold 

methanol and precipitated. The methanol crude polymer mixture was mixed for 30 

minutes by discarding the palladium trap to get rid of possible palladium residues. 

Then, the Soxhlet treatment was applied to the crude polymer with methanol, 

acetone, hexane, chloroform solvents, respectively. The chloroform fraction of the 

clean polymer was collected (97 mg, 62% yield). 

GPC Results: Mn= 2.8 kDa, Mw=3.4 kDa, PDI=1.22 
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2.3.5 Synthesis of P3 

 

Figure 2.22. Synthetic route of P3 

Compound 19 (0.088 g, 0.10 mmol), commercially purchased donor group (D2) 

(0.076 g, 0.10 mmol) and tri(o-tolyl) phosphine ((C21H21)P) (0.003 g, 0.008 mmol) 

were placed in a two-neck 25 mL schlenk tube. To purify the reaction environment 

from moisture and oxygen as much as possible, after vacuuming 3 times, nitrogen 

gas was given to the environment. After this treatment, the compounds in the tube 

were dissolved in dry THF (5 mL) solvent. The solution was degassed under nitrogen 

gas to get rid of possible water in the solvent. After the degassing process was 

completed, tris(dibenzylideneacetone)dipalladium (0) (Pd2(dba)3) (0.002 g, 0.002 

mmol) was added and the reaction medium was stirred at 70 °C for 15 hours. Upon 

noticing solidification in the solution, the reaction liquid was poured into cold 

methanol and precipitated. The methanol crude polymer mixture was mixed for 30 

minutes by discarding the palladium trap to get rid of possible palladium residues. 

Then, the Soxhlet treatment was applied to the crude polymer with methanol, 

acetone, hexane, chloroform solvents, respectively. The chloroform fraction of the 

clean polymer was collected (60 mg, 66% yield). 

GPC Results: Mn= 3.0 kDa, Mw=4.1 kDa, PDI=1.39 

2.4 Synthesis of Gold Nanoparticle 

In this study, the gold nanoparticles were synthesized with laser ablation technique  

in a liquid. The following is an explanation of the fundamentals of nanoparticle 

production by laser ablation in liquid. The laser light transforms the target material 
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from solid to plasma at the point where it focuses on it. A shock wave is formed as 

a result of this effect at the point where the plasma cloud is formed. This shock wave 

causes energy to be released into the fluid. As a result of the liquid's effect, the 

plasma begins to cool and transforms into a gas. As a result of the gaseous 

conversion, an oscillating cavitation bubble is created. The target substance, which 

has cooled from the plasma to the gaseous state, and the liquid substance, which has 

cooled from the liquid to the gaseous state, are inside this bubble. In this bubble, 

nanoparticles begin to develop. Later, this cavitation bubble explodes, and because 

of the explosion results in the formation of another shock wave. The shock wave's 

nanoparticles spread into the liquid, resulting in the formation of a nanoparticle 

colloid [56]. 

The synthesis of Au-NPs was carried out with a pulsed ND:YLF (neodymium-doped 

yttrium lithium fluoride) laser, which is commercially available. The radiation 

wavelength of the laser was 527 nm, and the average radiation power was 21 W. In 

addition, the pulse duration was 10 ns, and the pulse energy was 21 mJ for 1kHz. 

The Au block was cleaned in an ultrasonic bath with acetone and alcohol to avoid 

contamination after being washed with distilled water. Then, the Au block was put 

in a vessel with 8 mL of solvent. Then, the pulsed laser was focused on the Au block 

using a lens. This process took 5 min. In this production, 8 mL colloid with Au-NPs 

was produced at approximately 0.500 mg/mL concentration.  

2.5 Characterization of Polymers and Gold Nanoparticles 

2.5.1 Polymer Characterizations 

The structural characterization for the synthesized polymers was performed with 

nucleic magnetic resonance (NMR) spectroscopy analyses, while the size 

characterization was carried out with gel permeation chromatography (GPC). The 

information about optical and electronic properties was learned with UV-Vis 

spectroscopy and cyclic voltammetry (CV). In addition, the thermal analyses were 
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performed using the thermal gravimetric analysis (TGA) method and differential 

scanning calorimetry (DSC) method. The photovoltaic performances of the 

synthesized polymers were studied while constructing solar cell devices. 

2.5.1.1 Nuclear Magnetic Resonance Spectroscopy 

The chemical structures of molecules and polymers were characterized using Bruker 

Spectrospin Avance DPX-400 spectrometer with NMR spectroscopy technique as 

mentioned materials and equipment part. The units of presented chemical shifts for 

1H NMR and 13C NMR are in terms of ppm. TMS that is an internal reference gives 

a signal at 0 ppm. Three different deuterated solvents were used in this study. These 

were chloroform-d (CDCl3), dimethyl sulfoxide-d6 ((CD3)2SO) and acetone-d6 

((CD3)2CO). The signals for the deuterated solvents appear at 7.26 ppm, 2.50 ppm, 

and 2.05 ppm for 1H NMR, respectively, and in the 13C NMR, 77.16 ppm for 

chloroform-d, 39.52 ppm for dimethyl sulfoxide-d6, 29.84 ppm, and 206.26 ppm for 

acetone-d6. 

2.5.1.2 Gel Permeation Chromatography 

Gel permeation chromatography (GPC) technique is one of the most effective 

techniques which is used for the determination of the average molecular weight 

distribution of polymers. In addition, the polydispersity index (PDI) of polymers can 

also calculate with this technique. The stationary phase is solid, and the mobile phase 

is liquid. Moreover, the standard calibration is performed with polystyrene reference. 

Chloroform was used as a mobile phase, and the characterizations were made with a 

2.0 mg/mL concentration. 
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2.5.1.3 Electrochemical Studies 

Cyclic voltammetry (CV) is a valuable method for investigating the synthesized 

polymers' redox potentials and estimating their HOMO and LUMO energy levels. 

Electronic band gaps of polymers are also calculated from the difference between 

HOMO and LUMO energy levels. 

CV setup includes a three-electrode system which consists of the reference electrode 

(RE), counter electrode (CE), and the working electrode (WE). Silver (Ag) wire was 

used as the reference electrode, while the platinum wire was used as the counter 

electrode. Moreover, ITO that was coated with the synthesized polymer is the 

working electrode. The polymers were coated by the spray coating technique. The 

supporting electrolyte that ensured ionic conductivity was tetrabutylammonium 

hexafluorophosphate (TBAPF6), and acetonitrile (ACN) was chosen as a solvent to 

dissolve the supporting electrolyte. The reason for preferring ACN solvent is that the 

solvent should not dissolve the polymer while it dissolves the electrolyte. In addition, 

the electrolyte should not react with the solvent. All electrodes were located in a cell 

that was filled with ACN solvent, which includes 0.1 M TBAPF6, as shown in Figure 

2.23. Potentiostat applied preferred potential to the working electrode with respect 

to the reference electrode. A current was generated between the counter and the 

working electrode. 
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Figure 2.23. Experimental setup of cyclic voltammetry 

2.5.1.4 Optical Studies 

The optical energy band gaps of semiconductors are estimated by UV-Vis 

spectroscopy using light absorption as a function of wavelength. In this method, 

visible and near-infrared (NIR) ranges are scanned with a spectrophotometer. All 

studies were performed on both solution and thin-film absorption spectra. The 

polymers were dissolved in the chloroform solvent, and spray coating was applied 

for thin-film analysis. 

2.5.1.5 Thermal Studies 

Two varied methods were performed to analyze the thermal properties of the 

synthesized polymers. These methods were thermal gravimetric analysis (TGA) and 

differential scanning calorimetry (DSC). The information about the change in weight 

with temperature change is obtained from the TGA measurement. In addition, the 

decomposition temperature (Td) is determined at the point where there is a 5% weight 

loss. Moreover, to determine the melting point (Tm) and the glass transition 

temperature (Tg), DSC analysis is performed by applying the varied rate of heat flow 

among the reference and the polymer in time. 
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2.5.1.6 Device Fabrication and Photovoltaic Studies 

The conventional bulk heterojunction organic solar cell devices were fabricated by 

coating ITO/PEDOT:PSS/Polymer:PC71BM/LİF/Al on the glass substrate, 

respectively. In the first step, zinc powder and hydrochloric acid were introduced to 

ITO-coated glass that is commercially available to decrease the active area on the 

glass. The cleaning process of ITO with detergent, distilled water, and isopropyl 

alcohol in order using an ultrasonication bath for 15 min for each mentioned solvent 

was the second step. After that, O2 plasma treatment was performed for 5 min to 

increase the work function of ITO as the third step. Moreover, O2 plasma treatment 

provides decreased surface tension for ITO to ease the coating of the PEDOT:PSS 

layer and to remove organic contamination on the surface. In the fourth step, 

PEDOT:PSS solution, which passed through a polyethersulfone (PES) filter with 

0.45 μm pore size, was coated with the spin coating technique and annealed at 140 

°C for 15 min to eliminate residues that come from water. Thereafter, in the fifth step, 

a blend of Polymer:PCBM that dissolved in the solvent was also coated with spin 

coating and passed through a polytetrafluoroethylene (PTFE) filter that has a 0.45 

μm pore size on the PEDOT:PSS layer in the glove box system. Finally, metal 

evaporation was performed in a vacuum evaporation chamber that was placed in the 

glove box system, and LiF/Al layer was coated. After the fabrication of the devices, 

the photovoltaic measurements were carried out under illumination with AM 1.5G 

filter in the glove box system using the Keithley instrument. 

2.5.2 Gold Nanoparticle Characterizations 

In this study, the characterization of plasmonic Au-NPs was carried out with UV-

Vis spectroscopy and scanning electron microscopy (SEM) techniques by National 

Nanotechnology Research Center (UNAM).  

 



 

 
47 

CHAPTER 3  

3 RESULTS AND DISCUSSIONS 

3.1 Optical and Morphological Studies of Gold Nanoparticles 

In this study, the laser ablation technique was used for nanoparticle synthesis in a 

liquid by research group of Dr. Bülend Ortaç. The basis of this technique can be 

explained as follow. At the point where the laser light is focused on the ta rget, a 

plasma cloud is formed. With the effect of the liquid, the plasma begins to cool and 

turns into a gas. An oscillating cavitation bubble is formed because of the gaseous 

conversion. Nanoparticles start to form in this bubble. Later, this cavitation bubble 

bursts, and a shock wave is formed as a result of the explosion. Nanoparticles formed 

by this shock wave disperse into the liquid, and a nanoparticle colloid is produced  

[57]. 

In this production, the concentration of gold nanoparticles was approximately 0.500 

mg/mL. The purity of gold is 91.6%, and the remainder contains copper. The size 

characterization of the produced particles was done in scanning electron microscopy, 

and the characterization of the plasmonic property was done in ultraviolet-visible 

spectroscopy. According to the result obtained in UV-Vis spectroscopy, as shown in 

Figure 3.1, the nanoparticles produced have plasmonic properties, and the peak 

absorption wavelength of the colloid is 548 nm [35]. The size of the particles 

produced appears to be less than 50 nm, and they are not monodispersed, as shown 

in Figure 3.2. 
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Figure 3.1.UV-Vis spectrum of the produced particles 

Figure 3.2. SEM images of produced nanoparticles 
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3.2 Electrochemical Studies of Polymers 

As mentioned earlier in Section 2.5.1., cyclic voltammetry (CV) is a valuable method 

for investigating the synthesized redox potentials of polymers and estimating their 

HOMO and LUMO energy levels by using a three-electrode system. Polymers, 

which dissolve in chloroform, were spray coated on glass that was already coated 

with ITO and served as a working electrode in the experiment. The cyclic 

voltammograms of  P1, P1-Br, and P1-SH  are shown in Figure 3.3. According to 

oxidation and reduction values, all corresponding polymers have an ambipolar 

character so that polymers show n-dopable and p-dopable properties. 

 

Figure 3.3. Cyclic Voltammograms of polymers a) P1, b)P1-Br, c) P1-SH in 0.1 M 
TBAPF6 /ACN at 100 mV/s scan rate 
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From the cyclic voltammograms, onset oxidation and onset reduction potentials were 

obtained. The Eox
onset of P1, P1-Br, and P1-SH were found as 0.80, 1.05, and 0.93, 

while Ered
onset of polymers were found as -1.05, -0.90, and -0.90, respectively. 

HOMO and LUMO energy levels and electronic band gap of polymers were 

calculated from the following equations using onset reduction and onset oxidation 

potential values obtained from CV (Standard Hydrogen Electrode vs vacuum level 

was taken 4.75 eV). 

𝐻𝑂𝑀𝑂 =  −(4.75 +  𝐸𝑜𝑥
𝑜𝑛𝑠𝑒𝑡)𝑒𝑉 

𝐿𝑈𝑀𝑂 =  −(4.75 + 𝐸𝑟𝑒𝑑
𝑜𝑛𝑠𝑒𝑡)𝑒𝑉 

𝐸𝑔
𝑒𝑙 = (𝐻𝑂𝑀𝑂 − 𝐿𝑈𝑀𝑂)𝑒𝑉  

HOMO energy levels were calculated -5.55 eV, -5.80 eV, and -5.68 eV, while 

LUMO energy levels were evaluated -3.70 eV, -3.85 eV and -3.85 eV in order of P1, 

P1-Br and P1-SH. The electronic band gaps were found as 1.85 eV, 1.95 eV, and 

1.83 eV, respectively. 

Table 3.1. Electrochemical properties of the P1, P1-Br and P1-SH 

Polymer 

Eox 

(V) 

Ered 

(V) 

Eox
onset 

(V) 

Ered
onset 

(V) 

HOMO 

(eV) 

LUMO 

(eV) 

Egel 

(eV) 

P1 1.35 -1.60 0.80 -1.05 -5.55 -3.70 1.85 

P1-Br 1.60 -1.40 1.05 -0.90 -5.80 -3.85 1.95 

P1-SH 1.30 -1.20 0.93 -0.90 -5.68 -3.85 1.83 

 

All polymers have HOMO and LUMO values that are ideal for building organic solar 

cells. For effective charge transfer, the energy levels of PC71BM and the polymers 

produce large enough HOMO-HOMO and LUMO-LUMO offsets. Additionally, 
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electronic band gaps of polymers are small (2.0 eV), which improves the likelihood 

that photons from solar radiation can be captured [58].  

Compared to P1, P1-Br has a wider electrical band gap. A decline in effective π-

conjugation length may be the cause of this band gap expansion  [59]. Given that 

bromine is a very large atom, bromine groups at the ends of alkyl chains may 

interfere with the linearity and aggregation of polymers in the solid state. 

In comparison to P1 and P1-Br, P1-SH has a narrower electrical band gap. The 

likelihood that a reaction between the sulfhydryl (SH) side chains will result in the 

formation of a disulfide bond. An electron is released when an S anion from one 

sulfhydryl group works as a nucleophile and attacks the side chain of another to form 

a disulfide bond [60]. The electronic band gap might decrease as a result of this 

circumstance. 

The cyclic voltammograms of P2 and P3  are shown in Figure 3.4. According to 

cyclic voltammograms, P2 and P3 have also shown n-dopable and p-dopable 

properties, which indicate ambipolar character. 

 

From the cyclic voltammograms, onset oxidation and onset reduction potentials were 

obtained. The Eox
onset of P2 and P3 were investigated as 0.92 V and 0.58 V, while 

Figure 3.4. Cyclic Voltammograms of  polymers a) P2, b)P3 in 0.1 M TBAPF6 /ACN 

 at 100 mV/s scan rate 
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Ered
onset of polymers were detected as -0.95 V and -1.25 V, respectively. HOMO and 

LUMO energy levels and electronic band gap of polymers were calculated from the 

same equations using onset reduction and onset oxidation potential values obtained 

from CV. 

For P2, HOMO energy level was calculated -5.67 eV while LUMO energy level was 

evaluated -3.80 eV. The electronic band gap found as 1.87 eV. 

For P3, HOMO energy level was calculated -5.33 eV while LUMO energy level was 

evaluated -3.50 eV. The electronic band gap found as 1.83 eV. 

Table 3.2. Electrochemical properties of the P2 and P3 

Polymer 

Eox 

(V) 

Ered 

(V) 

Eox
onset 

(V) 

Ered
onset 

(V) 

HOMO 

(eV) 

LUMO 

(eV) 

Egel 

(eV) 

P2 0.95 -1.35 0.92 -0.95 -5.67 -3.80 1.87 

P3 0.75 -1.70 0.58 -1.25 -5.33 -3.50 1.83 

 

3.3 Optical Studies of Polymers 

In this study, the absorption of polymers in the visible region and near-infrared 

region were investigated to obtain optical properties. Normalized UV-Vis absorption 

spectra of the corresponding polymers are shown in Figures 3.4 and 3.5, both spray-

coated thin film and solution forms. Optical band gaps were calculated from  λmax
onset

 

of thin film UV-Vis spectra. As expected, all polymers show two absorption peaks 

in the visible and near-infrared regions. Generally, the absorption peak indicated in 

the shorter wavelength (350 -450 nm) or near-IR part comes from the π-π* transition, 

while the absorption peak revealed visible area or higher wavelength (450-700 nm) 

comes from intramolecular chain transfer between donor and acceptor materials [61]. 

Moreover, in the solid state, the interchain interactions are increased with higher 
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crystallinity and aggregation. Therefore, thin film spectra of all polymers show a 

bathochromic or redshift at their maximum wavelength (λmax) as expected [62].  

The optical band gap of the P1 polymer analog in the literature is 1.96 eV [44]. 

However, considering the lower molecular weight of the polymer synthesized in this 

study, it is an expected result that the optical band gap of the P1 polymer decreases 

at 1.81 eV [63]. The alkyl chains of P1-Br have a bromine functional group at the 

end of them. Due to the size of the bromine atom, bromine groups at the terminals 

of alkyl chains can interfere with the linearity and aggregation of solid polymers. 

This may cause an increase in the optical band gap. In addition, a similar situation 

exists for the P1-SH polymer. Both the presence of a relatively large atom at the end 

of the alkyl chain and the possibility of crosslinking between thiol groups may have 

caused an increase in the optical band gap [64]. 

 

Figure 3.5. Normalized UV-Vis absorption spectra of synthesized a) P1, b)P1-Br, c) 
P1-SH in CHCl3 solution and thin film 
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Table 3.3. Optical properties of the P1, P1-Br and P1-SH 

Polymer Thin Film λmax (nm) Thin Film λmax
onset

 (nm) Eg
op

 (eV) 

P1 565 685 1.81 

P1-Br 565 670 1.85 

P1-SH 540 637 1.95 

 

P2 and P3 showed higher band broadening and a higher red shift in the solid state 

compared to other polymers. In addition, the presence of long wavelength shoulders 

in the solid state indicates high aggregation [65]. The planar and fused structural 

properties of P2 and P3 from the cyclization of two thiophene rings on the 

benzothiadiazole structure result in improved intermolecular electronic interactions 

in the solid state. 

 

 

Figure 3.6. Normalized UV-Vis absorption spectra of synthesized a) P2, b)P3 in CHCl3 solution 
and thin film 
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Table 3.4. Optical properties of the P2 and P3 

Polymer Thin Film λmax (nm) Thin Film λmax
onset

 (nm) Eg
op

 (eV) 

P2 545 665 1.87 

P3 560 670 1.85 

 

3.4 Thermal Studies of Polymers 

Thermal analyses of the synthesized polymers were performed with TGA, and 

thermograms are available in the appendix part. Analyses were carried out at rising 

heating speed at a temperature of 10 °C/min between 25 and 600 °C under a nitrogen 

atmosphere. According to Table 3.5, the decomposition temperature, at which 5% 

weight loss starts, of the polymers P1, P1-Br, P1-SH, P2, and P3 are 360 °C, 305 °C, 

280 °C, 255 °C, and 245 °C, respectively. The morphology of the constructed devices 

could be affected by the thermal stability of polymers. Therefore, this situation can 

also affect the efficiency of the solar cell. The deformation and degradation of the 

morphology of constructed devices could be decreased by using polymers with 

higher thermal stability [66]. When the differences in solar cell efficiencies of P1, 

P1-Br, and P1-SH are compared, it can be said that thermal stabilities could be one 

of the factors affecting the power conversion efficiency of devices.  

Table 3.5. Results of polymerizations and thermal studies of polymers 

Polymer Mn (kDa) Mw(kDa) PDI Td (°C) 

P1 3.8 7.8 2.04 360 

P1-Br 6.2 7.0 1.12 305 

P1-SH 5.0 10.0 2.01 280 
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P2 2.8 3.4 1.22 255 

P3 3.0 4.1 1.39 245 

 

3.5 Organic Solar Cell Applications of Polymers 

As mentioned in section 2.5.1, the conventional bulk heterojunction organic solar 

cell devices were fabricated by conventional architectures, 

ITO/PEDOT:PSS/Polymer:PC71BM/LİF/Al. The short circuit current density and 

open circuit voltage were obtained under illumination (AM 1.5G, 100 mW/cm2). 

PC71BM is inherently more soluble than other fullerenes such as PC61BM [67]. In 

addition, PC61BM has lower absorption and a less broad peak in the visible region 

than PC71BM [68]. In this study, therefore, PC71BM was used for the fullerene 

acceptor.  

The energy level diagram of organic solar cell devices constructed with P1, P1-Br, 

and P1-SH are illustrated in Figure 3.6. The information about HOMO and LUMO 

energy levels and also band gaps are obtained from CV measurement. P1 is already 

synthesized polymer in the literature with different alkyl chains and the organic solar 

cell device of the polymer in this series was fabricated under conditions where the 

polymers exhibit optimum photovoltaic performance in the literature [44]. 

Polymer:PC71BM ratio was 1:2 (w/w), and all solutions were prepared in the o-DCB 

solvent. Figure 3.7 represents the J-V curves of the P1, P1-Br, and P1-SH for the 1:2 

Polymer:PC71BM ratio. When the photovoltaic performance of P1 and P1-Br is 

investigated, it is observed that PCE decreases from 2.06 % to 1.52%. It can be 

explained by the decrease in the Jsc. This is the expected result because the existence 

of the brom atom at the tip of the alkyl chain restrains charges and excitons. So that 

photocurrent production efficiency and PCE decrease. In the thiol modification of 

the same polymer, P1-SH, the PCE decreases to 1.22%  with the decline in both FF 
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and Jsc values. This situation reveals that the thiol modification of this polymer chain 

is poor in terms of photovoltaic performance. 

 

Figure 3.7. Energy level diagram of the P1, P1-Br and P1-SH 

 

Figure 3.8. J-V curves of the P1, P1-Br and P1-SH for 1:2 Polymer:PCBM ratio 
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Table 3.6. Comparison of photovoltaic properties of P1, P1-Br and P1-SH 

Polymer Solvent 

P:PC71BM 

(w:w) 

Concentration 

(mg ml-1) 

Jsc 

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

P1 o-DCB 1:2 24 6.82 0.85 36 2.06 

P1-Br o-DCB 1:2 24 4.91 0.85 36 1.52 

P1-SH o-DCB 1:2 24 4.50 0.85 32 1.22 

 

Optimization of solar cells containing P1-SH continued with the addition of gold 

nanoparticles to the active layer solutions. Gold nanoparticle optimizations are 

shown in Table 3.7.  Two different solvents were used to disperse the gold 

nanoparticle. As a result of the characterization, it was seen that using THF as a 

solvent gave better results than methanol. Then, nanoparticles were dispersed in THF  

at different concentrations to be optimized. Although it was observed that the power 

conversion efficiency increased as the gold nanoparticle concentration increased, the 

highest power conversion efficiency obtained with the addition of gold nanoparticles 

is 1.08%.  
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Figure 3.9. J-V curves of the P1-SH with AuNP in different solvents and at 
different concentrations 

Table 3.7. Comparison of photovoltaic properties of the P1, P1-SH and P1-SH:AuNP 

Polymer 

Au-NP 

(%) 

Au-NP 

Solvent 

P:PC71BM 

(w:w) 

Concentration 

(mg/ml) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

P1 - - 1:2 24 6.82 0.85 36 2.06 

P1-SH - - 1:2 24 4.50 0.85 32 1.22 

P1-SH 1.6 MeOH 1:2 24 4.02 0.67 32 0.86 

P1-SH 1.1 THF 1:2 24 3.83 0.78 34 1.02 

P1 SH 1.8 THF 1:2 24 4.09 0.78 32 1.04 

P1-SH 2.8 THF 1:2 24 4.18 0.78 33 1.08 

 

Low solubilities of P2 and P3 did not allow for obtaining proper thin film to fabricate 

working solar cell devices. 
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3.6 Morphology Analysis of Polymers 

The topographic characterizations of the active layers were studied by atomic force 

microscopy (AFM). The level differences in AFM results reveal the aggregation and 

solubility issues of the blends. The root mean square roughness (Rq) of the P1, P1 -

Br, P1-SH, and P1-SH:AuNPs layers blended with PCBM were calculated as 1.54 

nm, 0.62 nm, 1.15 nm, and 0.71 nm, respectively. The thicknesses of the active layers 

were measured as 110 nm, 110 nm, 108 nm, and 94 nm, respectively. When the 

results were examined, it was observed that all surfaces were smooth, and there was 

no distinctive situation between the surfaces. 

 

Figure 3.10. AFM images of photoactive layers a) P1:PC71BM (1:2, w:w), b) P1-Br 
:PC71BM (1:2, w:w), c) P1-SH :PC71BM (1:2, w:w), d) P1-SH-AuNP:PC71BM (1:2, 
w:w) 

The morphology characterizations of the active layers were studied by Transmission 

electron microscopy (TEM). The results project the two-dimensional image of the 

blends. The dark areas correspond to PCBM while white regions correspond to 

polymer, giving an insight into the active layer morphology. The results primarily 

provide a homogeneous and interpenetrating network, and there are no signs of fibril 

structures.  

 

Figure 3.11. TEM images of a) P1:PC71BM (1:2, w:w), b) P1-Br :PC71BM (1:2, 
w:w), c) P1-SH :PC71BM (1:2, w:w), d) P1-SH-AuNP:PC71BM (1:2, w:w) 
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CHAPTER 4  

4 CONCLUSION 

Five different conjugated polymers were synthesized for this study. Polymers were 

synthesized at low molecular weight to perform post-polymerization reactions. 

Optical and morphological studies of gold nanoparticles were investigated. The size 

characterization of the produced particles was done in scanning electron microscopy, 

and the characterization of the plasmonic property was done in ultraviolet-visible 

spectroscopy. The size of the particles produced appears to be less than 50 nm. 

According to the result obtained in UV-vis spectroscopy, the nanoparticles produced 

have plasmonic properties, and the peak absorption wavelength of colloid is 548 nm. 

Electrochemical, optical, thermal, and photovoltaic studies of all polymers were also 

investigated. All polymers showed ambipolar character and suitable energy levels. 

HOMO and LUMO levels of polymers were found as -5.55 eV/-3.70 eV, -5.80 eV/ 

-3.85 eV, -5.68 eV/-3.85 eV, -5.67 eV/-3.80 eV, and -5.33 eV/-3.50 eV for P1, P1-

Br, P1-SH, P2, and P3 respectively. Optical band gaps of polymers were calculated 

from thin-film absorption spectra and found 1.81, 1.85, 1.95, 1.87, and 1.85 for P1, 

P1-Br, P1-SH, P2 and P3, respectively. According to thermal studies, P1, P1-Br and 

P1-SH are thermally stable up to 360 °C, 305 °C, and 280 °C, respectively, while P2 

and P3 are thermally stable up to 255 °C and 245 °C, respectively. Photovoltaic 

studies of P1, P1-Br and P1-SH were investigated and best device performances in 

terms of PCE were found as 2.06 % for P1, 1.52 % for P1-Br, 1.22 % for P1-SH. 

Photovoltaic studies of P1-SH:AuNPs were investigated and the best device 

performance in terms of PCE was found as 1.08 %. There were no signs of fibril 

structures for P1, P1-Br and P1-SH and P1-SH:AuNP which resulted in a decrease 

in PCE. Low solubilities of P2 and P3 did not allow to obtain proper thin film to 

fabricate working solar cell devices. These results indicate that synthesized polymers 
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are not promise high power conversion efficiencies for the solar cell application, and 

interaction with gold nanoparticles for P1-SH does not give effective results. 
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5 APPENDICES 

A. Spectra and Thermal Analyses 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 1. 1H NMR spectrum of compound 2 in CDCl3 
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Figure A. 2. 13C NMR spectrum of compound 2 in CDCl3 

Figure A. 3. 1H NMR spectrum of compound 4 in CDCl3 



 

 
75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 4. 13C NMR spectrum of compound 4 in CDCl3 

Figure A. 5. 1H NMR spectrum of compound 5 in DMSO 
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Figure A. 6.13C NMR spectrum of compound 5 in DMSO 

Figure A. 7. 1H NMR spectrum of compound 6 in CDCl3 
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Figure A. 8.13C NMR spectrum of compound 6 in CDCl3 

Figure A. 9. 1H NMR spectrum of compound 7 in CDCl3 
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Figure A. 10. 13C NMR spectrum of compound 7 in CDCl3 

Figure A. 11. 1H NMR spectrum of compound 10 in CDCl3 
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Figure A. 13. 1H NMR spectrum of compound 11 in CDCl3 

Figure A. 12. 13C NMR spectrum of compound 10 in CDCl3 
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Figure A. 14. 13C NMR spectrum of compound 11 in CDCl3 

Figure A. 15. 1H NMR spectrum of compound 14 in DMSO 
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Figure A. 16. 13C NMR spectrum of compound 14 in DMSO 

Figure A. 17.13C NMR spectrum of compound 15 in DMSO 
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Figure A. 18. 1H NMR spectrum of compound 16 in CDCl3 

Figure A. 19. 13C NMR spectrum of compound 16 in CDCl3 
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Figure A. 20. 1H NMR spectrum of compound 17 in (CD3)2CO 

Figure A. 21. 13C NMR spectrum of compound 17 in (CD3)2CO 
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Figure A. 22. 1H NMR spectrum of compound 18 in CDCl3 

Figure A. 23. 13C NMR spectrum of compound 18 in CDCl3 
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Figure A. 24. 1H NMR spectrum of compound 19 in CDCl3 

Figure A. 25. 13C NMR spectrum of compound 19 in CDCl3 
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Figure A. 26. 1H NMR spectrum of compound 20 in CDCl3 

Figure A. 27. 13C NMR spectrum of compound 20 in CDCl3 
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Figure A. 28. 1H NMR spectrum of compound 21 in CDCl3 

Figure A. 29. 13C NMR spectrum of compound 21 in CDCl3 
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Figure A. 30. 1H NMR spectrum of P1 in CDCl3 

 

Figure A. 31. 1H NMR spectrum of P1-Br in CDCl3 
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Figure A. 32. 1H NMR spectrum of P1-SH in CDCl3 

 

Figure A. 33. 1H NMR spectrum of P2 in CDCl3 
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Figure A. 34. 1H NMR spectrum of P3 in CDCl3 

 

 

Figure A. 35. TGA analysis of P1 
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Figure A. 36. TGA analysis of P1-Br 

 

 

 

Figure A. 37. TGA analysis of P1-SH 
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Figure A. 38. TGA analysis of P2 

 

 

Figure A. 39. TGA analysis of P3 
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Figure A. 40. DSC analysis of P1 

 

Figure A. 41. DSC analysis of P1-Br 
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Figure A. 42. DSC analysis of P1-SH 

 

Figure A. 43. DSC analysis of P2 
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Figure A. 44. DSC analysis of P3 


