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ABSTRACT 

 

CONJUGATED POLYMERS AND ORGANIC CATIONS FOR 
OPTOELECTRONIC APPLICATIONS 

 
 
 

Yaşa, Mustafa 
Doctor of Philosophy, Polymer Science and Technology 

Supervisor: Prof. Dr. Levent Toppare 
Co-Supervisor: Prof. Dr. Yasemin Arslan Udum 

 
 
 

January 2022, 238 pages 

 

There are several studies on organic solar cells based on conjugated polymers in 

literature, and various new materials are being designed. The Donor-Acceptor 

approach has been the most common approach for designing and synthesizing 

conjugated polymers. In this study, thienopyrroledione bearing conjugated polymers 

were synthesized via Stille and Suzuki polycondensation reactions. In the first part 

of this thesis, the polymers obtained via Stille polycondensation were employed to 

fabricate organic solar cells (OSCs). Both non-fullerene and fullerene-based devices 

were fabricated. The best non-fullerene-based device performed a power conversion 

efficiency of 7.94%, whereas the best fullerene-based device performed 7.62%. In 

the second part, one of the polymers obtained via Stille polycondensation was used 

to fabricate biosensors for catechol detection. The biosensor exhibited linearity 

between 1.25 and 175 μM catechol, with a LOD of 1.23 μM and sensitivity of 737.4 

μA.mM−1.cm−2. In the third part, the polymers obtained via Suzuki polycondensation 

were examined to see the effect of a second acceptor unit through random 

polymerization, and the study revealed that the introduction of a selenophene moiety 

decreased the optical band gaps of the polymers whereas the introduction of a second 
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acceptor moiety increased the optical band gaps. As another emerging technology 

for energy conversion, Perovskite solar cells have been the point of attraction. 

Therefore, the last part covers syntheses of a series of chalcogenophene containing 

molecules to be employed as organic cations for surface treatment of 3D perovskite 

films in the fabrication of Perovskite solar cells. The best perovskite solar cell device 

constructed with the utilization of one of the molecules exhibited a power conversion 

efficieny of 22.43%. 

 

Keywords: Conjugated Polymers, Thienopyrroledione, Organic Solar Cells, 

Biosensors, Perovskite Solar Cells 
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ÖZ 

 

OPTOELEKTRONİK UYGULAMALAR İÇİN KONJÜGE POLİMERLER 
VE ORGANİK KATYONLAR 

 
 
 

Yaşa, Mustafa 
Doktora, Polimer Bilim ve Teknolojisi 

Tez Yöneticisi: Prof. Dr. Levent Toppare 
Ortak Tez Yöneticisi: Prof. Dr. Yasemin Arslan Udum 

 

 

Ocak 2022, 238 sayfa 

 

Literatürde, konjüge polimer tabanlı organik güneş hücreleri ilgili bir çok çalışma 

mevcuttur ve bu alanda yeni malzemeler geliştirilmeye devam etmektedir. Konjüge 

polimerlerin tasarımı için Donör-Akseptör yaklaşımı en çok başvurulan yöntem 

olmuştur. Bu çalışmada, tiyenopiroldiyon içeren konjüge polimerler Stille ve Suzuki 

polikondenzasyon reaksiyonları ile sentezlenmiştir. Bu tezin ilk kısmında, Stille 

polikondenzasyon yöntemi ile elde edilen polimerler organik güneş hücrelerinin 

yapımında kullanılmıştır. Fulleren içeren ve fulleren içermeyen organik güneş 

hücreleri tasarlanmıştır. Fulleren içermeyen hücrelerden elde edilen en iyi güç 

dönüşüm verimi %7,94’dir. Bunun yanında, fulleren içeren hücrelerden elde edilen 

en iyi güç dönüşüm verimi de %7,62 olarak kaydedilmiştir. İkinci kısımda ise Stille 

polikondenzasyon yöntemi ile elde edilen polimerlerden bir tanesi katekol analizi 

için tasarlanan biyosensör yapımında kullanılmıştır. Elde edilen biyosensör 1,23 μM  

tayin limiti ve 737,4 μA.mM−1.cm−2 hassasiyet ile birlikte 1,25 ve 175 μM katekol 

aralığında lineerlik göstermiştir. Üçüncü kısımda ise ikinci bir akseptör ünitesinin 

Suzuki polikondenzasyon yöntemi ile elde edilen rastgele polimerlerin iskeletine 

eklenmesinin etkileri incelenmiştir. Gelişmekte olan bir yeni güneş enerjisi 
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teknolojisi de Perovskit güneş hücreleri olup dikkatleri çekmeyi başarmıştır. Bu 

nedenle, bu tezin son kısmı 3B perovskit filminin iyileştirilmesinde kullanılabilmesi 

için kalkojen içeren organik katyonların sentezine ayrılmıştır. Tasarlanan perovskit 

hücrelerinden elde edilem en iyi güç dönüşüm verimi %22,43 olarak kaydedilmiştir. 

 

Anahtar Kelimeler: Konjüge polimerler, Organik Güneş Hücreleri, Biyosensörler, 

Perovskit Güneş Hücreleri 
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CHAPTER 1  

1 CONJUGATED POLYMERS FOR  ORGANIC ELECTRONICS 

Solid and rapidly growing apprehensions for global warming and a limited reserve 

of fossil fuels drive humanity to seek cost-effective, green, and renewable energy 

resources. Therefore, the quest for more efficient technologies has increased. As a 

result, intensive research and industrialization play a pivotal role in developing and 

utilizing these sources. Since the sun is the most significant energy source, 

generating energy from sunlight is the cleanest and most sustainable technology 1. 

Photovoltaic technology is a pivotal way to convert sunlight to energy. Upon solar 

irradiation, photovoltaics (Organic Solar Cells, OSCs) convert light into electrical 

power. Here, solution-processed OSCs come into play. For OSCs, conjugated 

polymers have been the most utilized materials for the past decades. In addition to 

solar devices, conjugated polymers were used for many other applications like 

electrochromism, biosensors, organic light-emitting diodes (OLEDs), organic field-

effect transistors (OFETs), etc. Conjugated polymers designed and synthesized for 

this thesis study were implemented in the application of electrochromism, 

biosensors, and OSCs. 

1.1 Conjugated Polymers: Way to synthetic metals 

Since the discovery that conjugated polymers (CPs) can conduct electricity, they 

have been the main components in the design and fabrication of organic electronics. 

It all started with doping polyacetylene with halogen in 1977 2. Heeger and co-

workers obtained conducting polyacetylene upon oxidation with iodine and, this 

achievement brought the Nobel Prize in Chemistry in 2000. Burroughs and co-

workers discovered electroluminescence in poly(p-phenylene vinylene) (PPV), and 

this discovery ushered in a new era of light-emitting diodes 3. Following these 
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discoveries, numerous conjugated polymers were synthesized, and limited 

accessibility of doped CPs paved the way for new alternatives for the preparation of 

new polymeric materials. Low cost, being environmentally friendly, ease of 

accessibility, applications in large surfaces, ease of modification of the optical and 

electronic properties have made CPs the most desirable candidate materials for 

organic electronics 4,5. The main polymeric materials for organic electronics included 

PPV, poly(aniline) (PANI), poly(thiophene) (PT), poly(p-phenylene) (PPP), 

poly(3,4-ethylenedioxythiophene) (PEDOT), and poly(fluorene) (PF) (Figure 1.1).  

 

Figure 1.1. Chemical structures of common conjugated polymers 

The neat CPs almost show no conductivity. However, conductivity can be enhanced 

upon reduction and oxidation (redox) processes. The polaron length, chain length of 

the polymer, and conjugation length are crucial factors affecting the conductivity of 

the polymer 6. 

1.1.1 Preparation of CPs 

CPs are primarily synthesized by chemical and electrochemical polymerization 

methods. Large applications areas of conjugated polymers led to new approaches for 

the synthetic methods to prepare desired CPs for specific targets. Since the doping 

process of PA, synthetic methods for CPs have explosively developed, and numerous 

polymers were reported for organic electronic applications. Tuning optoelectronic 

properties of CPs is highly dependent on the backbone design. For example, while 
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the introduction of chalcogenophenes to polymer backbones alters the absorption 

properties of the polymers, the introduction of fused structures tunes the polymers' 

geometry. Both are essential parameters for the performance of the conjugated 

polymers in OSCs applications 7–11. To eliminate concerns faced in the preparation 

of conjugated polymers due to transition metals, halides, and toxic solvents, green 

approaches are also available for the syntheses of CPs. Polycondensation reactions 

like Stille, Suzuki, Sonogashira, and Heck coupling are prevalent for the syntheses 

of CPs as well as green approaches like Direct Heteroarylation Polymerization 

(DHAP). In this section, Stille/Suzuki Polycondensation and DHAP are be explained 

briefly.  

1.1.1.1 Stille Polycondensation  

Stille polycondensation reaction has been one of the most useful polymerization 

methods for the preparation of conjugated polymers for organic electronics 

applications and the development of next-generation organic semiconducting 

materials 12–14. Stille coupling provides new C-C bond formation between stannane 

derivatives and aryl halides 15,16. Having advantages like consisting of two or more 

monomers, mild reaction conditions, Stille coupling has been widely used for 

synthesizing CPs. Stille coupling facilitates the preparation of high molecular weight 

conjugated polymers with various functional groups mild reaction conditions, and it 

provides stereospecificity and regioselectivity. The compounds that go under Stille 

coupling do not require protecting groups in the monomers; hence organo-stannane 

compounds and halide compounds can easily be prepared. Stille coupling is a 

palladium-catalyzed cross-coupling reaction. Stille et al. reported the preparation of 

ketones from acyl chlorides and organo-stannanes 16. The general reaction 

mechanism is illustrated in Figure 1.2.  
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Figure 1.2. Typical mechanism of Stille Coupling 

The reaction follows three steps; oxidative addition, transmetalation, and reductive 

elimination. In the first step, an organohalide compound is oxidatively added and 

forms a Pd(II) intermediate. The second step is the rate-determining step, where 

transmetalation takes place. In this step, Sn-C bond cleavage by Pd(II) complex takes 

place 17.  For organic electronics applications, Stille coupling has proved to be one 

of the most efficient synthetic procedures along with its advantages.   

1.1.1.2 Suzuki Polycondensation 

Suzuki polycondensation is one of the most versatile methods for preparing 

conjugated polymers. Also known as Suzuki-Miyaura, Suzuki coupling is a metal-

mediated cross-coupling reaction where a new C-C bond is formed between an 

aryl/vinyl boronic acid/ester and aryl/vinyl halide 18. This method brought the Nobel 

Prize in Chemistry in 2010. Suzuki coupling creates a new C-C bond, 

stereoselectivity, and regioselectivity. Suzuki cross-coupling is highly preferred due 

to its mild reaction conditions, non-toxic side products, and readily available 
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reactants. Mechanistically, Suzuki coupling follows a similar path with Stille 

coupling (Figure 1.3).  

 

 

Figure 1.3. The typical mechanism of Suzuki Coupling  

The first step is the oxidative addition of an organic halide to the palladium complex, 

which results in an intermediate like in Stille coupling. The second step is a 

transmetalation reaction between the intermediate and boron compound. This step is 

followed by reductive elimination of the product and regeneration of the catalyst 19. 

1.1.1.3 Direct Heteroarylation Polymerization 

DHAP is the most recent method for the preparation of conjugated polymers. Pd-

mediated method presents a cross-coupling reaction between heteroaromatic C-H 

and C-X bonds (X: halogen). Compared to Stille polycondensation, DHAP does not 

end up with toxic side products 20. Utilization of DHAP simplify and shortens the 

synthetic route for the syntheses of a large number of building blocks and monomers; 

hence, removal of the byproducts is minimized, which makes the method time saver. 

These features present an efficient synthetic method for the large-scale production 

of numerous compounds for organic electronics 21–23. Mechanistically, C-H 



 
 
6 

activation follows three possible pathways; aromatic substitution, Heck-type 

coupling, and concerted metalation-deprotonation (CMD). Studies reported earlier 

suggested Heck-type or electrophilic aromatic substitution processes. However, 

these mechanistic approaches were thought of as incomplete or inconclusive. 

Generally, the direct heteroarylation (DHA) mechanism includes oxidative addition 

of an aryl halide substrate on Pd catalyst, followed by C-H bond cleavage of another 

aromatic substrate. Subsequently, the formation of a new C-C is succeeded through 

reductive elimination.  The majority of heterocycles go under the base-assisted CMD 

route in DHAP. CMD explains the reactivity and selectivity of carbonate and 

carboxylate-assisted direct Heteroarylation (DHA) reactions. In this process, the 

oxidative addition of the C-X bond is the first step, followed by the formation of the 

Pd complex. The Pd complex deprotonates the first aromatic substrate (C-H 

containing) by the carboxylate ligand along with the formation of a metal-carbon 

bond followed by the formation of a transition state. Subsequently, a new C-C bond 

is generated via reductive elimination by forming an aryl coupled product (Figure 

1.4.). 

 

Figure 1.4. General mechanism of DHAP through CMD 24 
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DHAP provides accessibility to the polymers which were inaccessible and difficult 

to synthesize via conventional polymerization methods. The method presents an 

environmentally friendly, economical, and shortened alternative to conventional 

cross-coupling reactions. 

1.2 Applications of CPs 

Application of conjugated polymers covers various field like OSCs, OLEDs, OFETs, 

biosensors, and electrochromism. Herein, OSCs, biosensors, and electrochromism 

are explained in brief. 

1.2.1 Organic Solar Cells 

Potential advantages of OSCs over inorganic-based solar cells drew scientists' 

attention to intensive research. Especially advantages like low cost, light weight, and 

ease of production make OSCs a potential candidate for energy harvesting soon. 

OSCs typically contain p-type and n-type semiconductors as donor and acceptor 

units, respectively. The first OSC had a bilayer structure and exhibited a power 

conversion efficiency of 1% 25. A new approach, bulk heterojunction (BHJ) has come 

into play, and PCEs increased from 1% to 18% 26. After the first report on BHJ 27, 

research on it has explosively risen, and numerous OSCs were reported with 

increasing efficiencies along with new methodologies. In comparison to the bilayer 

structure, BHJ provides minimized traveling distance for electron-hole pairs 

(excitons) to donor:acceptor (D:A) interface and maximized D:A interfacial area, 

hence triggering excitons dissociation for the generation of free charge carriers. 

Rather than bilayer architecture, BHJ provides the self-assembly of nanoscale 

heterojunctions through phase separation of donor and acceptor. Subsequently, 

charge separation heterojunctions are generated along with the active layer. For a 

long time, P3HT:PC61BM (poly(3-hexylthiophene):1-(3-methoxycarbonyl)propyl-

1-phenyl[6,6]C61) based OSCs were ruling the research  field 28–35. However, with 



 
 
8 

the new approaches for the preparation of new materials started an impact. Currently, 

numerous conjugated polymers are commercially available, providing high PCEs, 

and intensive research on the developing new promising materials is ongoing. 

 

Figure 1.5. Structure of a) bilayer and b) BHJ OSCs 

1.2.1.1 How does an organic solar cell function? 

The conversion of the incident light into electricity in OSCs requires four steps; 

absorption of the incident light, diffusion of the excitons followed by charge 

separation, charge transport, and charge collection at the opposite electrodes. In 

OSCs, the absorption spectrum of the organic layer is the key to the light collection. 

The better it matches the solar emission spectrum; the better light will be harvested. 

The thickness of the active layer is pivotal in this case, and it should be optimized to 

absorb the incident light. Increasing the thickness is advantageous for absorption; 

however, it can disturb the charge transport in the active interface layer if it is too 

thick. Upon absorption of the incident light by one of the materials (donor or 

acceptor), an electron is transferred from the Highest Occupied Molecular Orbital 

(HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO). The absorbed 

incident light generates excitons that require higher energy than the optical band gap 

of the organic material. When an electron is transferred from HOMO to LUMO, it 

leaves a positively-charged hole at the HOMO level. However, due to the low 

dielectric constants of the organic materials, this electron and the hole remain 

bounded as excitons. Following the formation of excitons, they diffuse to a region 
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where the donor and acceptor materials are blended to dissociate through promoting 

an electron from the HOMO of the donor material to the LUMO of the acceptor 

material, which is energetically more favorable for jumping of charges. At this 

process lifetime of the excitons is pivotal for effective dissociation and collection of 

the generated charges. In order to prevent radiative/non-radiative decay of the 

generated excitons, the diffusion length should be similar to the donor:acceptor phase 

separation length in magnitude 36–38. 

For charge collection at the opposite electrodes, charges must transport within their 

lifetimes. The driving force for the charges to reach the electrodes is the electric field 

created in the solar cell device by the varying work functions of the electrodes. This 

electric field is generated in donor:acceptor junction, determining the maximum 

open-circuit voltage (VOC). Subsequently, the electrode with a lower work function 

collects electrons, and the electrode with a higher work function collects holes. 

1.2.1.2 Fabrication and characterization of OSCs 

For OSCs, several approaches are available for fabrication, like solution-processed 

and evaporation of small molecules. Polymer-based BHJ OSCs are fabricated via the 

solution-processed method. For solution-processed OSCs, p-type and n-type 

materials are dissolved in suitable solvents and cast on a transparent substrate with a 

high work function. The transparent substrate can be both rigid and flexible. In BHJ 

OSCs, indium tin oxide (ITO), a high work function electrode, has been used widely 
39–41. Onto the transparent electrode, a hole conducting layer is coated. For BHJ 

OSCs PEDOT:PSS is used widely. PEDOT:PSS is a water dispersed blend of two 

polymers 42–45. It facilitates hole collection and reduces the roughness of the anode. 

Following the coating of the hole conducting layer, the active layer (BHJ layer: the 

donor and the acceptor) is spin-casted. The active layer can be deposited via spray 

or blade coating, as well 46–50. Above the layers, a metallic cathode is thermally 

deposited, which can be aluminum, silver, etc. 51–53.  



 
 

10 

Power conversion efficiency (PCE) of an OSC is the maximum output power 

obtained as the ratio of power output to power input. PCE is determined by the 

critical parameters of an operation OSC; the open-circuit voltage (VOC), the short-

circuit current density (JSC), and the fill factor (FF). Being related to the energy 

difference between the HOMO of the donor and the LUMO of the acceptor, VOC is 

the maximum potential that can be obtained while the applied current is zero. VOC is 

highly dependent on the energy levels of organic semiconductors and the chemical 

structures of the polymers. Theoretically, conjugated polymers exhibiting deep 

HOMO levels provide higher VOC, but this is not always the case. HOMO levels of 

polymers can be deepened to a certain point where a minimum energy difference 

(0.3 eV) between LUMO levels of the donor and the acceptor is needed to ease 

excitons dissociation 54–56. VOC is calculated from the following formula; 

𝑉𝑂𝐶 = (1
𝑒⁄ )(|𝐸𝐷𝑜𝑛𝑜𝑟

𝐻𝑂𝑀𝑂| − |𝐸𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟
𝐿𝑈𝑀𝑂 |) − 0.3 𝑉 

where e is the elementary charge. 

Short-circuit current density (JSC) is directly related to the absorption capacity of the 

active layer, excitons diffusion, dissociation, charge transport. Strong absorption by 

the active layer provides higher JSC hence the absorption of the active layer should 

match the solar spectrum to enhance excitons generation 56,57. The fill factor of an 

OSC can be described as the ratio of the maximum power generated by the solar 

device to the external short-circuit current density and open-circuit voltage. Even the 

perfect FF is 100% (representing a perfect square in the current density-voltage (J-

V) curve), it never reaches that value, not even inorganic solar cells, which show 

way higher PCEs than organic solar cells. In fact, FF tells us how the J-V curve will 

look like 58. FF and PCE are determined by the following formulae; 

𝐹𝐹 =
𝑃𝑚

𝐽𝑆𝐶𝑉𝑂𝐶
=

𝐽𝑚𝑉𝑚

𝐽𝑆𝐶𝑉𝑂𝐶
 

𝑃𝐶𝐸 =
𝑃𝑚

𝑃𝑖𝑛
=

𝐹𝐹𝑉𝑂𝐶𝐽𝑚

𝑃𝑖𝑛
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The current density-voltage (J-V) curve is obtained from the solar cell under 

illumination. The following figure is a typical J-V curve where JSC and VOC are 

labeled. 

 

Figure 1.6. J-V curve of an operating OSC 

1.2.2 Biosensors 

Portability, cost-effectiveness, and rapid detection have made biosensor boost in 

analytical chemistry. Since the last decades, biosensors have caught great attention. 

Numerous biosensors have been designed for the simultaneous detection of various 

analytes in daily life. Application areas of biosensors cover the food industry, 

medicine, environment, research monitoring, etc. 59–61 In comparison to conventional 

sensors; biosensors are cheaper and time saver. Biosensors are analytical devices 

comprising a biological sensing element and a transducer that converts the biological 

signal into data. Various biomolecules have been utilized as biological sensing 

elements; antibodies, receptors, microorganisms, and enzymes 62–64. In a general 

perspective, signals are generated by the interaction of the analyte with the biological 

element. Biological elements can be classified as catalytic and non-catalytic. 

Catalytic elements cover tissues, enzymes, microorganisms, and enzymes, whereas 
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non-catalytic elements can be classified as anti-bodies, receptors, and nucleic acids. 

Biosensor studies were first started in 1956 by Clark et al. 65 Biosensors are 

categorized based on the transducers classified as electrochemical, optical, 

colorimetric, and acoustic 66. Herein, electrochemical biosensors are explained 

briefly. 

 

 

Figure 1.7. Typical representation of a biosensor 

1.2.2.1 Electrochemical Biosensors 

Electrochemical biosensors have proven efficient for the detection of biologically 

important components. Advantageous, like being cheap, fast response, portability, 

and high selectivity, have made electrochemical biosensors the point of interest in 

analytical chemistry. Electrochemical biosensors are chemically altered electrodes 

onto which semiconducting materials are coated 67. In an operating electrochemical 

biosensor, the key point is the correlation between the electrons produced or 

consumed during the biochemical reaction and concentration of the target analyte. 

Electrochemical biosensors are categorized as amperometric, potentiometric, and 

conductometric biosensors. Amperometric biosensors have proven the most 

successful since they have been utilized commercially. 
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1.2.2.1.1 Amperometric Biosensors 

Amperometric biosensors operate based on measuring the current obtained from 

redox reactions of the biological element. Output is specific quantitative analytical 

data. In amperometric biosensors, the oxidation state of the analyte or the 

biomolecule changes at the incorporated electrode. Upon this change, the signal from 

electron transfer is measured, which is proportional to the amount of the redox-active 

samples at the electrode. Changes in the current which is generated by the 

electrochemical redox process are determined with time during a constant potential 

applied to the working electrode in connection with the reference electrode. The 

measurements are conducted via changing the potential to the desired value and 

measuring the current. The output current is proportional to the concentration of the 

species 59,68–70.  

1.2.2.1.2 Potentiometric Biosensors 

As an efficient analytical method, potentiometry is highly used to detect various 

analytes. Potentiometric biosensors are a class of electrochemical biosensors, and the 

main principle is that the device operates with respect to an electrochemical 

transducer. A biochemical reaction takes place resulting in a simpler chemical 

moiety and subsequently electrochemical detection. A potentiometric biosensor 

provides an electrical potential as the analytical signal. In a potentiometric biosensor, 

the potential difference between an indicator electrode and the reference electrode is 

determined. While a constant potential is supplied with the reference electrode, the 

indicator electrode provides a varying potential dependent on the ions presented in 

the analyte 71.  
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1.2.2.1.3 Conductometric Biosensors 

In principle, conductomertry is the measure of the ability of ions in an analyte to 

transfer the current between corresponding electrodes.  Conductometric biosensors 

operate on measuring the analytes' capacity to conduct current between the 

electrodes upon application of an alternating potential. Conductometric biosensors 

are limited for applications due to the variety of ionic compounds in the analytes and 

the measurement of small conductivity changes in the samples with high ionic 

strength. Enzymatic reactions change the ionic conductivity and strength of a 

medium between two electrodes. Therefore, in many cases, conductometric 

biosensors have been utilized in enzyme-based biosensors, and they can be used to 

investigate enzymatic reactions altering the concentration of ionic species in a 

medium 72–74.  

1.2.2.2 Enzyme-based biosensors 

Enzymatic biosensors have been widely used in biomedical research and analytical 

chemistry. The incorporation of enzymes with substrates has made enzymatic 

biosensors great devices for detecting biological molecules like glucose, creatinine, 

and urea via their corresponding enzymes 75. Qualitative and quantitative analyses 

of various compounds in the diagnosis of diseases, in biochemistry research, 

environment, and food safety can be conducted by enzymatic biosensors 76. Being 

the pivotal component, the enzyme provides selectivity; hence the enzyme electrodes 

bridge the high specificity of the enzyme and the advantages of electrochemical 

detection, including high sensitivity, cost-effectiveness, and ease of instrumentation. 

For the design of enzymatic biosensors, enzyme immobilization is the key feature to 

construct efficient devices along with the optimized performance of stability, 

sensitivity, response time, etc. Standard immobilization techniques (Figure 1.8) can 

be classified as adsorption, covalent bonding, entrapment, cross-linking, and 

electropolymerization 77,78.  
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Figure 1.8. Enzyme immobilization methods 

1.2.2.2.1 Adsorption 

Adsorption of an enzyme onto the substrate is the easiest method for immobilization. 

The desired enzyme is dissolved in an appropriate solvent, and the solution is 

contacted with the substrate. After a period of time, the excess enzyme solution 

which is not adsorbed by the substrate is removed by washing the substrate with 

buffer solution. The adsorption of the enzyme follows Van der Waal’s forces and 

electrostatic/hydrophobic interactions. The method is non-destructive for the 

enzyme; a little enzyme inactivation might be observed.  Although it is the easiest 

method for enzyme immobilization, there are some drawbacks. Enzymes might form 

weak interactions with the substrate, and the enzyme's desorption might be observed 

due to the changes in ambient temperature, pH, and ionic strength. Hence, enzymatic 

biosensors based on the adsorption of enzymes have the potential to operate poorly 
79,80. In summary, this method is not preferred mostly, and in order to overcome the 

abovementioned drawbacks, numerous enzymes have been immobilized with other 

immobilization methods. 



 
 

16 

1.2.2.2.2 Immobilization through covalent bonding 

Another method for enzyme immobilization is covalent bonding. The method 

represents immobilization of enzymes via the probe immobilization by the 

generation of covalent bonds between functional sites of the enzymes and the 

electrode. Considering enzymes, the covalent bond is generally formed between -

NH2 site of specific enzymes and functional groups of the moiety located on the 

electrode. The process is usually started by activating the surface with 

multifunctional reagents like glutaraldehyde and carbodiimide. The activation is 

followed by enzyme coupling to the activated support. Finally, the excess amount of 

the enzyme is removed. The activated support can be either organic or inorganic 

material. Covalent bonding provides permanent/stable attachment of enzymes to the 

activated support, although some enzyme molecules might be deactivated during the 

coupling reaction 76,80. 

1.2.2.2.3 Entrapment  

Entrapment of enzymes in matrices is as simple as adsorption. The idea is that the 

biological component is blended till a homogeneous state with the support material 

followed by applying onto the electrode as an additional layer. With this method, 

enzyme stability can be enhanced. The main advantage of this method is that it is 

compatible with the mass fabrication of biosensors. Also, enhanced enzyme loading, 

reduced enzyme leakage, protected bioactivity, and protection from the external 

environment are other advantages of the entrapment method. One of the popular 

methods for entrapment is sol-gel. Following the gelation of the sol-gel, the enzyme 

is entrapped within a porous or inorganic glass matrix. This way, the enzymes allow 

the diffusion of solution and analyte molecules through the porous or inorganic glass 

matrix to the immobilized enzyme molecules. Although sol-gel is a suitable method 

for entrapment, high alcohol concentration, elevated temperatures, and pH damage 

enzymes 76–78.  
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1.2.2.2.4 Cross-linking 

For the fabrication of enzymatic biosensors, cross-linking with glutaraldehyde or 

other bifunctional reagents is another method for enzyme immobilization. In this 

method, the enzyme molecules are cross-linked in the presence of a cross-linking 

agent to form a 3D structure. The reagents act as cross-linkers to connect enzyme 

molecules into 3D cross-linked aggregates. This large network does not require 

supporting material. Cross-linking is an attractive method due to its simplicity and 

robust chemical binding formed between biomolecules. Hence, enzyme leakage is 

minimized. The main drawback is the loss of enzyme activity which is caused by 

severe modifications in enzyme molecules and changes in conformation 81–83.  

1.2.3 Electrochromism 

Reversible optical change induced by an external electrical potential in a material 

(inorganic or organic materials) is known as electrochromism. Many organic and 

inorganic materials have the affinity to show electrochromism throughout the 

electromagnetic spectrum. Electrochromism was first realized in 1961 by Platt, and 

the first examples of electrochromic materials were revealed by Deb 84,85. Deb 

reported an electrochromic device (ECD) based on tungsten trioxide film (WO3) 

color of which was observed to change reversibly. Inorganic materials have been 

studied for a considerable period of time, especially transition-metal oxides 86–90. 

Intensive synthetic efforts have been shown to prepare a diverse array of new 

electrochromic materials covering visible spectrum 91. Chemical compounds present 

more than one reduction and oxidation state along with their electronic absorption 

spectra. This is resulted from either an electronic excitation or an intervalence optical 

charge transfer 92. Organic small molecules are the second class of electrochromic 

materials, such as viologens, a class of small molecules that are transparent in the 

stable dicationic state 93–97. When an electron is reduced, highly colored and stable 

radical cations are generated. Polyviologens and N-substituted viologens exhibit 
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thin-film electrochromism.  The applications areas of electrochromic materials span 

smart windows, displays, mirrors, sunglasses, etc. 98–100 

As a third class of electrochromic materials, CPs come into play. When 

electrochemically reduced and oxidized, fused and neat aromatic molecules like 

pyrrole, aniline, thiophene, furan, carbazole, azulene, indole, and thienothiophene 

can produce electrically active conjugated polymers 101–104. These materials 

exhibited color changes and are electrochromic as thin films. CPs in oxidized states 

possess positive charge carriers, and are charge-balanced with counter anions, and 

possess delocalized π-electron-band structures. These positive charges can migrate 

to neighbor polymer chains responsible for conductivity 105. Electrochemical and 

spectroelectrochemical characterizations have been developed to understand the 

electrochromic processes in CPs. Redox changes of CPs can be monitored with 

cyclic voltammetry (CV), and in this way, HOMO and LUMO energy levels of the 

polymers can be determined as well as electronic band gap (Eg). Electronic 

absorption changes are monitored via UV-Vis spectrophotometry and optical band 

gap (Eop) can be determined with respect to onset absorption values. 

1.3 Aim of the thesis 

The aim of the thesis is to present new random conjugated polymers and organic 

cations for optoelectronic applications. For this thesis study, TPD containing 

conjugated polymers and organic cations were synthesized and employed in 

optoelectronic applications. In the first chapter, the readers will find a brief history 

of CPs followed by popular preparation techniques. In the first chapter, applications 

of CPs covering OSCs, biosensors, and electrochromism were briefly reviewed, as 

well. In the second chapter, a literature review emphasizing the recent studies of 

NFA-based OSCs based fabricated from TPD containing conjugated polymers is 

presented. Following the literature review, a series of random conjugated polymers 

containing selenophene as π-spacer were employed as donor materials for the 

fabrication of NFA OSCs, and the effect of alkyl chains were investigated on the 
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photovoltaic performance. In the same chapter, two random conjugated polymers 

containing two different donor moieties (BDT and DTP) as well as TPD and 

selenophene were employed as donor materials for the fabrication of NFA OSCs. 

Preliminary results for these two polymers are discussed. In the last part of the 

second chapter, two random conjugated polymers were used as donor materials. The 

polymers contain thienothiophene as π-spacer and benzochalcodiazoles as second 

acceptor moieties in the polymer backbones. The idea is to investigate the effect of 

the introduction of thienothiophene and benzochalcodiazoles on photovoltaic 

performance. For these polymers, preliminary results are discussed. Although the 

second chapter focuses on the fabrication of NFA-based OSCs, for comparison, the 

polymers were blended with PC71BM as well. The third chapter includes a study on 

constructing a catechol electrochemical biosensor by laccase immobilization onto 

the modified working electrode via the physical adsorption technique. In the study, 

a random conjugated polymer containing TPD moiety and furan as π-spacer was 

employed. The fourth chapter focuses on the effect of selenophene on the electronic 

properties of random conjugated polymers. The chapter discusses the changes in 

absorpiton, band gaps, and other electronic properties. In the fifth chapter, a series 

of organic cations employed to treat 3D perovskite films were reported. The study 

reveals that with the use of organic cations, the performance of Perovskite solar cells 

can be enhanced via the treatment of 3D perovskite films. Overall, this thesis 

represents a comprehensive study on OSCs, biosensors, electrochromism, and 

Perovskite solar cells. 
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CHAPTER 2  

2 NON-FULLERENE OSCs BASED ON TPD COMPRISING POLYMERS 

Donor-acceptor (D-A) CPs have gotten significant attention in the past decades. 

Wide application area, ease of production, and cost-effectiveness have made the D-

A conjugated polymers a pivotal class of organic electronics. Organic solar cells 

(OSCs) became one of the most critical application areas of conjugated polymers 

among many. Intensive research has been conducted on fullerene-based OSCs up to 

the last decade. Drawbacks of fullerene derivatives like high cost, production 

obstacles, and difficulties in modifying molecular structure made the academia seek 

new alternatives. Emerging non-fullerene acceptors (NFAs) drew a new path for 

academia to tune OSCs' power conversion efficiency (PCE). With the ease of 

synthesis and purification, modification of molecular structure via various functional 

groups, NFAs started outperforming fullerene-based acceptors. Thieno[3,4-

c]pyrrole-4,6-dione (TPD) is widely used in D-A conjugated polymers for high-

performance OSCs. As a robust electron-withdrawing group, TPD provides 

deepened lowest unoccupied molecular orbital (LUMO) energy level and wide band 

gaps when introduced into polymer backbones, enhancing optoelectronic properties 

photovoltaic performance. Herein, we provide an overview of the applications of 

TPD-based donor and acceptor type conjugated polymers for non-fullerene and all-

polymer solar cells (PSCs) in the last five years. 

2.1 Literature Review 

Having advantages like low cost, flexibility, ease of construction, and 

environmentally friendly, organic solar cells have taken great attention. Tang 

constructed the first organic solar cell in 1986 with a power conversion efficiency 

(PCE) of 1%. Since then, intensive research has led to power conversion efficiency 
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extending from 1% to 18% during the past three decades 25,106. Various applications 

(energy storage devices, organic field-effect transistors (OFETs), organic light-

emitting diodes (OLEDs), electrochromic devices (ECDs), biosensors, capacitors, 

etc.) of conjugated polymers made them pivotal materials as organic semiconductors 
107–112. In typical bulk heterojunction (BHJ) OSCs, the active layer is a blend of an 

electron-donor material and a fullerene-based electron-acceptor material. Fullerene 

acceptors (FAs) have proven significant at charge transport features, creating phase 

separation in nanoscales 113–115. Hassles in tuning optoelectronic properties, air 

sensitivity, limitation in light absorption, and high purification cost of fullerene-

based acceptors have made material scientists search for alternatives 116–118. Ready 

preparation and purification of NFAs made them a significant class of acceptor 

materials. Introduction of various functional and pendant groups tunes properties of 

NFAs. Such modifications subsequently enhanced light absorption ability, electronic 

and optoelectronic properties, morphology obtained via blending donor and acceptor 

units. In recent literature, NFA-based OSCs have exhibited improved PCEs 106,119,120. 

An essential class of donor materials for OSCs is conjugated D-A copolymers. Due 

to its promising structural properties, thieno[3,4-c]pyrrole-4,6-dione (TPD) moiety 

has been broadly used as a great acceptor in D-A copolymers 121,122,131,123–130. TPD 

unit exhibits better quinoidal nature compared to benzene-bearing electron-deficient 

units like benzothiadiazole (BT), benzotriazole (BTA), thienopyrazine, and 

quinoxaline (Qx) 132–137. Intramolecular interactions of sulfur and oxygen or 

hydrogen and oxygen atoms on TPD subsequently improve the molecular geometry 

(planarity) and enhance intramolecular charge transfer (ICT) 138. Due to diimide 

characteristics, TPD is a robust electron-withdrawing moiety. This property results 

in stabilized lowest unoccupied molecular orbital (LUMO) energy level and low 

band gap conjugated polymers; subsequently, higher open-circuit voltage (VOC) 
139,140. Modifying fundamental moieties in D-A polymers' backbone is crucial for 

solubility and optoelectronic performance. In this respect, TPD is a great candidate. 

Various pendant groups can be introduced to TPD moiety (pyrrole connection) to 

enhance both optoelectronic properties and solubility of resultant polymers. 



 
 

23 

Incorporation of TPD with different electron-donating moieties resulted in p-type 

copolymers exhibiting PCE values ranging from 7% to 16% 141–145.  

This part of the thesis presents an outline of the synthesis of TPD-based conjugated 

polymers and their applications both as donor and acceptor materials in non-fullerene 

OSCs, reported in the past five years. 

2.1.1 Preparation TPD and TPD-based conjugated polymers 

First TPD-based conjugated polymers were first synthesized by Tour, who also 

proposed a synthetic route for TPD preparation (Figure 2.1.a). Following the 

bromination of thiophene, 3,4-dibromo thiophene was coupled with CuCN to 

prepare 3,4-dicyano-thiophene. Following preparation of 2,5-dibromothiophene-

3,4-dicarboxylic acid, with the addition of oxalyl chloride 2,5-dibromothiophene-

3,4-dicarbonyl dichloride was obtained. Subsequently, by an imidization reaction 

TPD unit was synthesized 146. Another approach for TPD synthesis was proposed by 

Leclerc et al. 147; via Gewald reaction, an amino thiophene derivative was prepared 

first. Sandmeyer's transformation resulted in mono-halo- compounds, condensation 

with an alkyl amine gave the target product (Figure 2.1.b). 
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Figure 2.1. Two synthetic routes for TPD 

Most TPD-based conjugated polymers were synthesized via Stille Polycondensation 

in literature 148–151. TPD is also an excellent unit for polymers synthesized via Suzuki 

Polycondensation 125,152. Stille and Suzuki Polycondensation reactions are 

commonly applied for TPD-based conjugated polymer syntheses. Although the 

resulting polymers have excellent yields, high molecular weights, and low 

polydispersity indices, organic tin and boron compounds are concerning 153. For 

green syntheses of TPD-based conjugated polymers, Leclerc's group was the first 

one to synthesize TPD-based conjugated polymers via Direct Heteroarylation 

Polymerization (DHAP) 154. 
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Figure 2.2. Syntheses of TPD-based conjugated polymers via DHAP and 

Stille/Suzuki Polycondensation 

TPD-polymers have been used widely in the active layer to prepare OSCs. This 

review provides recently reported NFA OSCs where TPD-polymers were used as 

both donor and acceptor in the active layers of the devices. 

2.1.2 TPD-based conjugated polymers used as Donors 

This section provides various moieties incorporated with TPD to obtain donor 

polymers utilized to prepare non-fullerene organic solar cells. 

2.1.2.1 Incorporated with thiophene 

Thiophene is one of the most critical units in preparing conjugated polymers 

designed for organic electronics. Insertion of thiophene provides an extensive 
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absorption range, tuning frontier energy levels (HOMO and LUMO) and film 

morphology, subsequently photovoltaic performances. Besides, modification of 

thiophene with alkyl chains will improve the solubility of polymers 155. The chemical 

structures of TPD-based conjugated polymers containing thiophene are illustrated in 

Figure 2.3 and the photovoltaic properties are summarized in Table 2.1. 

 

Figure 2.3. Structures of TPD-based conjugated polymers bearing thiophene 

moiety 

In 2017, Jang et al.; reported an alkyl-thiophene used as π-spacer and TPD bearing 

copolymer (P1) used as a donor to prepare a series of  NFAs OSCs 156. The optical 

band gap of P1 was determined as 1.88 eV, and the frontier energy levels were 

calculated via cyclic voltammetry (CV). HOMO and LUMO levels of P1 were 

calculated as -5.36 and -3.48 eV, respectively. The group fabricated bulk 

heterojunction (BHJ) OSCs. P1 was used as the donor and ITIC; a narrow band gap 
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non-fullerene small molecule was used as the acceptor in the active layer. The best 

device performed a power conversion efficiency of 10.2%, with a VOC of 0.97, a JSC 

of 15.40 mA.cm-2, and a FF of 0.68. The active layer exhibited controlled 

morphology that provided excessive segregation of ITIC, which was attributed to the 

miscibility with P1. 

Table 2.1 Photovoltaic properties of TPD-based conjugated polymers incorporated 

with thiophene 

Donor:Acceptor VOC (V) JSC (mA.cm-2) FF PCE (%) 

P1:ITIC 0.97 15.40 0.68 10.20 

P2:ITIC 0.91 13.50 0.68 8.40 

P3:ITIC 0.96 12.30 0.60 7.00 

P4:m-ITIC 1.03 11.10 0.56 7.00 

P4:IDIC 0.95 12.00 0.54 6.18 

P4:AIDIC 0.96 5.90 0.40 2.06 

P5:ITIC:Th 0.83 15.75 0.63 8.22 

P6:ITIC:Th 0.80 15.35 0.60 7.37 

P7:IT-4F 0.81 19.40 0.75 11.70 

P8:IT-4F 0.81 19.16 0.74 11.80 

P9:IT-4F 0.80 20.10 0.75 12.10 

P10:IT-4F 0.93 21.10 0.72 14.40 

 

Li et al. designed and synthesized donor wide-band gap TPD-copolymers (P2 and 

P3) incorporated with terthiophene and bisthiophene 157. The polymers were used in 

the active layer with ITIC as the acceptor. The best device based on P2 performed a 

PCE of 8.4% with an open-circuit voltage of 0.91 V. The device based on P3 

exhibited a PCE of 7.0% with a VOC of 0.96 V. This drastic difference between the 

two devices is attributed to the decrease in JSC. For comparison, they synthesized a 

polymer-based on TPD and BDT only, as well. The device based on this polymer 

exhibited the best VOC (1.05 V), although the PCE (5.4%) was relatively lower than 

thiophene-based polymer donors. The study showed that a significant VOC could be 

obtained via tuning the chemical structures. 
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Yang et al. synthesized a copolymer (P4), based on TPD and alkylated thiophene 

units, used as donor in an active layer blend where three different non-fullerene 

acceptors were used 158. The best device in which m-ITIC was used as an acceptor 

in the active blend performed a PCE of 6.41%. Comparatively, P4:IDIC and 

P4:AIDIC blends exhibited 6.18% and 2.06% PCE, respectively. Various VOC values 

of the devices were attributed to the different HOMO energy levels of P4, whereas 

obtained JSC and FF were thought to be dependent on the crystallinity of the 

components and morphology of the blend films in which an improved small 

molecule acceptor order along with the formation of the 3D structure was observed. 

Jin et al. investigated the effect of irregularity ascribed to random π-conjugated 

random copolymers on the photovoltaic performance of NFA OSCs 159. The group 

synthesized an asymmetric random copolymer, asy-PBDTPBT (herein P5), and used 

PBDTP (herein P6) as the control polymer to prepare NFA OSCs. The best PCE 

value was obtained from the device based on P5:ITIC:Th active layer. With a PCE 

value of 8.22%, VOC, JSC, and FF were determined as 0.83 V, 15.75 mA.cm-2, and 

0.63, respectively. The higher PCE value exhibited by P5 is ascribed to the tendency 

of irregularity of the polymer. The irregularity of the polymer resulted in a crucial 

morphology; the blend of donor:acceptor exhibited lower surface roughness due to 

the lower crystallinity preventing recombination of charges. With the higher degree 

of irregularity of the asymmetric polymer (P5), the control polymer (P6) showed a 

higher crystallinity. 

Facchetti et al. reported a series of TPD-based polymers (P7, P8, P9, and P10) 

blended with IT-4F 160. Obtained polymers were soluble in halogen-free solvents, 

and the performance of the devices ranged between 12% and 14%. The devices were 

fabricated under N2 or ambient and with two film deposition techniques; spin coating 

and blade. The devices fabricated via the two techniques yet exhibit comparable 

results. P7, P8, P9, and P10showed PCE values between 11.7% and 12.1%. The 

polymers have different alkyl chains starting -C8H17 (P7), -C10H21 (P8), and -C12H25 

(P9) on the core unit, TPD. The best device showed a PCE of 14.4% with a VOC of 

0.93 V, a JSC of 21.1 mA.cm-2, and a FF of 0.72. The blend of this device (P10:IT-
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4F) was processed with a halogen-free solvent (xylene), and a module of this device 

with a 20.4 cm2 area performed a PCE of 10.13%, a VOC of 4.52 V, an ISC of 71.4 

mA, and a FF of 0.64, and was certified at 10.08%. 

2.1.2.2 Incorporated with Thieno [3,2-b]thiophene 

Being a minimal and rigid unit, thienothiophene is a fused structure with two 

annulated thiophene units. Having four isomers, thieno[3,2-b]thiophene, thieno [3,4-

b]thiophene, thieno [2,3-b]thiophene, and thieno[3,4-c]thiophene, thienothiophenes 

are known as electron-rich moieties and widely used in conjugated polymers' 

backbones. Thienothiophene was reported in the formation of porous structures. 

Thieno[3,2-b]thiophene can form high π-stacking interactions. This part reviews the 

photovoltaic performance of TPD-based conjugated polymers bearing thieno [3,2-

b]thiophene. Thienothiophene was reported in the formation of porous structures 161–

164. The chemical structures of TPD-based conjugated polymers containing 

thieno[3,2-b]thiophene are illustrated in Figure 2.4 and the photovoltaic properties 

are summarized Table 2.2. 

Liang et al. reported two TPD, thienothiophene and benzodithiophene bearing 

conjugated polymers which were used in active blends 165. The group studied two 

polymers PMOT16 and PBDTT-6ttTPD, herein P11 and P12, respectively. 

Thieno[3,2-b]thiophene was introduced to enhance the absorption coefficients of the 

donor-π-acceptor polymers. In P11, 4-methoxythiophene enhanced intermolecular 

interactions between polymer chains and deepened the HOMO energy level. The 

polymers were blended with both ITIC and IDIC, as well PCBM. The study revealed 

that active blends with NFAs exhibited better photovoltaic performance compared 

to PCBM blends. The performance of the devices prepared from fullerene-based 

blends showed PCE values from 6.59% (P11) to 7.74% (P11), whereas devices 

prepared from NFA blends performed PCE values from 7.63% (P11) to 10.04% 

(P12). Although P11 mixed with IDIC exhibited the best efficiency and JSC, the best 
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VOC was performed via blending with ITIC. Replacing ITIC with IDIC enhanced the 

efficiency for P11, but for P12, the same trend was not observed. 

Cao et al. prepared a set of OSCs based on a wide-band gap (Eg=1.89 eV) 

TPD/benzodithiophene conjugated polymer (PMOT40, herein P13) and IDIC, and i-

IEICO-4F 166. BDT contains two thiophene moieties, and one of them has a 3-

methoxyl group. It is ascribed that this 3-methoxylthiophene (MOT) pendant can 

lower the HOMO energy level of the donor polymer and improve hole mobility. 

Besides, the asymmetrical design of the polymer drives a better matching energy 

level with IDIC compared to symmetrical thiophene or 3-methoxylthiophene 

counterparts. The PCE values obtained from P13:IDIC based devices range between 

10.5 and 12.2%, where P13: i-IEICO-4F based devices exhibited PCEs ranging from 

11.7% to 13%. The best device from P13:IDIC performed a PCE of 12.2% with a FF 

of 0.73, a JSC of 17.4 mA.cm-2, and a VOC of 0.97 V. The best result was obtained 

from P13: i-IEICO-4F is 13%. The device exhibited a VOC of 0.97 V, a JSC of 20.6 

mA.cm-2, and a FF of 0.65. 

 

Figure 2.4. Structures of TPD-based conjugated polymers bearing thieno [3,2-

b]thiophene moiety 
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In 2019, Liang et al. reported three conjugated polymers mixed with IT-2F to prepare 

non-fullerene OSCs 167. In the study, 5-alkyl-4-(methylthio)thiophene, 5- alkyl-4-

methoxythiophene, and 5-(alkylthio)thiophene were utilized as conjugated side 

chains of the polymers, herein PMTT56 (P14), PMOT39 (P15), and PEHTT (P16), 

respectively. The polymer P14, containing 5-alkyl-4-(methylthio)thiophene 

exhibited lower energy levels than its counterparts. OSCs were processed from 

toluene. P14 with 5-alkyl-4-(methylthio)thiophene exhibited better solubility, and 

the devices based on P14 performed better than the other two polymers when blended 

with IT:2F. P14 provided enhanced JSC, VOC, and FF, and it has the advantage over 

P16 with better solubility in toluene substantially better morphology of the active 

film. The best efficiency provided by P14 was 12.6% with a JSC of 18.67 mA.cm-2, 

a VOC of 0.94 V, and a FF of 0.71. To further investigate the photovoltaic 

performance of P14, the group introduced PC71BM as the second acceptor in the 

devices. This further enhanced the device's performance up to 13.2%, with a higher 

JSC=19.75 mA.cm-2. 
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Table 2.2 Photovoltaic properties of TPD-based conjugated polymers incorporated 

with thieno [3,2-b]thiophene 

Donor:Acceptor VOC (V) JSC (mA.cm-2) FF PCE (%) 

P11: ITIC 1.00 13.00 0.59 7.63 

P12: ITIC 0.94 15.63 0.68 9.98 

P11: IDIC 0.92 16.13 0.67 10.04 

P12: IDIC 0.82 15.93 0.65 8.58 

P13: IDIC 0.97 17.40 0.73 12.20 

P13: i-IEICO-4F 0.97 20.60 0.65 13.00 

P14:IT-2F 0.94 18.67 0.71 12.60 

P15:IT-2F 0.90 17.84 0.66 10.50 

P16:IT-2F 0.89 18.90 0.64 10.80 

P17-L:ITIC 0.92 11.47 0.55 5.76 

P17-M:ITIC 0.93 14.79 0.60 8.27 

P17-H:ITIC 0.93 17.52 0.68 11.05 

P17: P(NDI2OD-T2) 0.94 12.37 0.64 7.47 

P17:Y6 0.73 22.89 0.53 8.85 

P16: P(NDI2OD-T2) 0.98 9.07 0.55 4.90 

P16:Y6 0.78 21.93 0.49 8.38 

P18: P(NDI2OD-T2) 1.00 5.84 0.45 3.14 

P18:Y6 0.86 21.40 0.65 12.02 

P17:Y6 0.74 24.91 0.63 11.84 

P19:Y6 0.85 25.69 0.71 15.63 

P20:Y6 0.83 25.36 0.68 14.86 

 

Hwang et al. synthesized three batches of a polymer donor with three different 

molecular weights containing alkylated thienothiophene as π-bridge and TPD with 

BDT 168. The study revealed the correlation between molecular weight and 

photovoltaic performance. As the molecular weight increased, absorption 

coefficient, morphology, carrier mobility, and π-π stacking of the films improved, 

hence the efficiency of the devices. The obtained polymer exhibited a strong 

absorption at around 700 nm. Polymers with different molecular weights were 

assigned as PBDTT-8ttTPD-L (lowest molecular weight), here P17-L, PBDTT-
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8ttTPD-M (medium molecular weight), here P17-M, and PBDTT-8ttTPD-H (highest 

molecular weight), here P17-H.  The efficiency of the devices was enhanced via the 

utilization of polymers starting from P17-L to P17-H. The best result was obtained 

P17-H based device with a PCE value of 11.05%, a VOC of 0.93 V, a JSC of 17.52 

mA.cm-2, and a FF of 0.68. 

In 2020, Kim et al. reported a set of polymers implemented to fabricate all-polymer 

and NFA-Polymer solar cells 169. The study focuses on the effects of polymer 

aggregation on the blend morphology and solar cell performance for both all-

polymer and NFA-polymer solar cells. For this purpose, three polymers with 

different side chains were synthesized, P-EH, P-SEH, and P-Si (herein P17, P16, 

P18, respectively). P-Si, herein P18, showed the most robust aggregation behavior 

and caused greater phase separation in the active layer comprising the polymer and 

the acceptor. Hence, the device based on this polymer exhibited the lowest efficiency 

of the all-polymer solar cell, 3.14%. On the other hand, when P18 was implemented 

in NFA-polymer solar cells, the efficiency boosted up to 12.02%. This was attributed 

to the different molecular sizes of the polymer acceptor and NFA, a small-molecule 

acceptor. The performance of all polymers was enhanced when blended with a small-

molecule acceptor instead of a polymer acceptor. The best result was obtained with 

P18/NFA active layer with a VOC of 0.86 V, a JSC of 21.40 mA.cm-2, and a FF of 

0.65. 

A set of three polymer donors comprising thienothiophene, TPD, and BDT were 

reported by Kim et al. 144. Two polymers have halogenated side chains that improve 

the device's charge transport and recombination properties. Authors ascribe this to 

crystallinity and hole mobility of donor polymers. OSCs were prepared via blending 

the polymer donors with Y6small molecules. Considering crystallinity, all three 

polymers P17, 19, and 20, exhibited delicate intermolecular structures in their films. 

This trend was observed in the blends with Y6 as well. P19:Y6 blends showed better 

crystallinity and domain purity among all other blends, consequently better charge 

transport and limited charge recombination. The devices based on P19:Y6 blends 

performed up to 15.63% of PCE. Compared to P17:Y6 based device, P20 performed 
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better as well. The study is an excellent example of demonstrating the effect of 

halogenation on photovoltaic properties of polymer-based OSCs. 

2.1.2.3 BiTPD containing conjugated polymers 

Having a planar structure and showing great electron-withdrawing ability, 1,1′-

bithienopyrrolodione (biTPD) competes with its derivative thieno [3,4-c]pyrrole-

4,6-dione, which makes it a good candidate as an acceptor for donor-acceptor 

polymers. BiTPD has an anticoplanar structure leading to noncovalent interaction 

between sulfur and oxygen atoms, providing better intermolecular interactions. 

Besides, electron-deficient units in biTPD provide lower LUMO energy levels and 

provide better solubility due to the presence of side chains that are vacant to alkyl 

chains 147,149,170. The chemical structures of biTPD-based conjugated polymers are 

illustrated in Figure 2.5 and the photovoltaic properties are summarized in Table 2.3. 

Cai et al. reported three biTPD-based donor polymers implemented in the 

preparation of BHJ OSCs 171. The polymers were modified with different alkyl chain 

positioning. Polymers, as noted, are 2HD/C8, C8/2BO/C6, and 2BO/C6/C6, herein 

P21, 22, and P23. The study reveals the effect of alkyl-chain positioning on the 

optoelectronic and morphological properties of the polymers, hence the photovoltaic 

performance of NFA-OSCs. Based on UV-vis absorption investigations, the 

introduction of -C8H17 and -C6H13 to the thiophene moieties in the polymer backbone 

widens the optical band gap of the polymers P21 and P22. NFA-OSCs were prepared 

with the blend of polymers and Y6 as active layers. The best device was constructed 

from P21. P22 exhibited way lower efficiency than P21 and P23, demonstrating 

moderate efficiency.  The results showed that the introduction of alkyl chains to the 

spacer thiophene and thiophenyl ring on the BDT, rather than N-site of TPD, resulted 

in lower power conversion efficiency.  P21 exhibited a PCE value of 14.14%, with 

a VOC of 0.827 V, a JSC of 25.51 mA.cm-2, and a FF of 0.668. 
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Table 2.3 Photovoltaic properties of biTPD-based conjugated polymers 

Donor:Acceptor VOC (V) JSC (mA.cm-2) FF PCE (%) 

P21:Y6 0.83 25.51 0.67 14.14 

P22:Y6 0.79 9.57 0.31 2.35 

P23:Y6 0.86 21.09 0.48 8.67 

P24:Y6 0.82 25.90 0.67 14.10 

P25:Y6 0.81 23.70 0.58 11.10 

P26:Y6 0.80 20.90 0.47 7.80 

 

Another study investigating the effect of alkyl chains on optical and photovoltaic 

properties was reported by Huang et al. in 2021 172. Three biTPD-based conjugated 

polymers were synthesized with varying alkyl chains. The optical properties of the 

different polymers were investigated to see the effect of side-chain engineering. All 

of the polymers PBDTBiTPD(C48), PBDT-BiTPD(C52), and PBDT-BiTPD(C56), 

here P24, 25, and P26 exhibited similar absorption spectra in the range of 400-700 

nm. Similarly, the energy levels of the polymers were found similar as well. Hence, 

the effect of alkyl side chains was counted as negligible. This was ascribed to the 

same backbone structure of the polymers. However, the side chains affected the 

aggregation in solution and self-assembly in thin films. When the length of the alkyl 

chain decreased from C56 to C48, it was observed that face-on orientation increased 

and molecular order enhanced in donor: acceptor blends. NFA devices were 

fabricated with polymer:Y6 blends. The polymer P24 with the shortest alkyl chain 

exhibited the best performance, a PCE of 14.1%. The efficiency of the devices 

decreases as the chain length increase.  P25 and P26 showed an efficiency of 11.1% 

and 7.8%, respectively. 
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Figure 2.5. Structures of biTPD-based conjugated polymers 

2.1.2.4 TPD-based random conjugated polymers 

Numerous conjugated polymers bearing electron-rich and electron-deficient 

moieties have been utilized as donor materials in NFA-OSCs fabrication. Structural 

design and synthetic procedures are critical concerns for the enhancement of OSC 

performance. In this sense, random copolymers have been one of the new approaches 

for polymer synthesis. The introduction of multiple moieties into polymer backbones 

via random polymerization can expand the absorption and alter optoelectronic and 

physical properties of the polymers, enhancing photovoltaic performance. Being a 

facile method of tuning optoelectronic properties, random polymerization has 

emerged as an important approach for synthesizing new polymeric materials as 

donors and acceptor materials in the application of OSCs 173–176. The chemical 

structures of TPD-based random conjugated polymers are illustrated in Figure 2.6 

and the photovoltaic properties are summarized in Table 2.4. 
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Figure 2.6. Structures of TPD-based random conjugated polymers 

Kim et al. synthesized a set of random polymers with different feed ratios 177. The 

study focused on the investigation of the importance of 2D conjugated side chains of 

BDT. The polymers were compared with two copolymers consisting of TPD and 

BDT only. The results showed that the introduction of conjugated side chains into 

the BDT unit enhances the photovoltaic performance of the polymers. In the study, 

this modification is performed on the random polymers' backbones. As noted in the 

study, the random polymers are PBDTT0.29-TPD (P27), PBDTT0.59-TPD (P27-1), 

and PBDTT0.76-TPD (P27-2). The polymers were implemented with P(NDI2HD-T) 

(NFA acceptor) to prepare the active layers for the solar devices. As the feed ratio of 

the monomers decreased, the efficiency of the devices increased. Enhancement of 

the solar devices is attributed to 2D conjugated sides that provided molecular 
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orientation and order and enhanced domain purity. The best device was fabricated 

from P30-2, providing an efficiency of 5.32%, with a VOC of 0.96 V, a JSC of 10.43 

mA.cm-2, and a FF of 0.51. The study is a delicate example of investigating the 

effects of conjugated side chains on the photovoltaic performance of all-polymer 

solar cells. 

In 2018, Choi et al. reported a random terpolymer based on TPD, BDT, and methyl 

thiophene-3-carboxylate (3MT) moieties 178. As noted in the article, the terpolymer 

Ter-3MTTPD (P28) was implemented with a selenophene and NDI containing 

polymer acceptor. With the addition of DPE, P28 based device showed an efficiency 

of 7.66%. Shelf-life investigation for this polymer: acceptor blend was also 

performed. And it showed a shelf-life up to 1000 hours under ambient conditions. 

After 100 hours under ambient conditions, the morphology was examined again, and 

it was observed that the film maintained a similar morphology. Other photovoltaic 

parameters for P28:NDI-Se based device were as the followings; VOC is 1.01 V, JSC 

is 11.47 mA.cm-2, and FF is 0.66. 

Ling et al. synthesized a group of random conjugated polymers with varying feed 

ratios consisting of TPD and BDT. The polymers were blended with P(NDI2HD-T) 

to prepare all-polymer solar cells 179. The authors investigated the synergistic effects 

of processing solvent and composition of donor-acceptor type polymers in all-

polymer solar cells. The obtained random polymers had higher molecular weights 

than alternating polymer P(TPD-BDT). This was attributed to that random 

polymerization increases the molecular weight of the polymers. The polymers were 

processed with a green solvent known as 2-MeTHF (2-methyltetrahydrofuran), and 

the polymers showed good solubility in halogenated solvents, as well. The best 

photovoltaic performance was obtained with P29-1 with an efficiency of 8.20%, 

which outperformed the reference device of P(TPD-BDT) polymer (6.41%). The 

other photovoltaic parameters of the polymer P29-1 are; VOC is 1.02 V, JSC is 14.42 

mA.cm-2, and FF is 0.557. The study is an excellent example of how random 

polymerization affects all-PSCs' photovoltaic performance. 
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Table 2.4 Photovoltaic properties of TPD-based random conjugated polymers 

Donor:Acceptor VOC (V) JSC (mA.cm-2) FF PCE (%) 

P27: P(NDI2HD-T) 0.96 7.65 0.43 3.16 

P27-1: P(NDI2HD-T) 0.99 8.73 0.51 4.41 

P27-2: P(NDI2HD-T) 1.00 10.43 0.51 5.32 

P28:NDI-Se 1.01 11.47 0.66 7.66 

P29: P(NDI2HD-T) 1.03 11.97 0.48 5.95 

P29-1: P(NDI2HD-T) 1.02 14.42 0.56 8.20 

P29-2: P(NDI2HD-T) 1.00 11.49 0.56 6.43 

P29-3: P(NDI2HD-T) 0.96 9.85 0.44 4.17 

P29-4: P(NDI2HD-T) 0.91 6.87 0.37 2.29 

P30: PNDI-T00 0.88 11.10 0.67 6.50 

P30: PNDI-T10 0.87 9.90 0.65 5.50 

P30: PNDI-T20 0.88 8.90 0.60 4.70 

P30-1: PNDI-T00 0.89 9.90 0.66 5.80 

P30-1: PNDI-T10 0.89 9.50 0.63 5.30 

P30-1: PNDI-T20 0.90 8.60 0.61 4.70 

P31:ITIC 0.83 6.31 0.377 1.96 

P32:ITIC 0.86 18.45 0.501 7.94 

 

Janssen et al. synthesized a group of donor and acceptor polymers to fabricate all-

PSCs. The study focuses on how the control of crystallinity of donor and acceptor 

polymers affects photovoltaic performance 180. The donor polymers comprise BDT 

as the donor, TPD, and fluorinated BTz as acceptors, whereas the acceptor polymers 

comprise NDI, thiophene, and bithiophene moieties. Two random donor and 

acceptor polymers (P30, P30-1, and PNDI-T10, PNDI-T20) with the same structures 

were synthesized utilizing different feed ratios and alternative donor and acceptor 

copolymers (P30 and PNDI-T00). Random donor polymers yielded higher number-

average molecular weights than the alternative copolymer, whereas random acceptor 

polymers yielded lower number-average molecular weights than the alternative 

acceptor copolymer. The polymer crystallinity decreased when the feed ratio of 

BDTTPD (in donor polymers) and NDITh (in acceptor polymers) fragments 

increased. Energy levels and optical absorption properties did not change upon 
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increasing the abovementioned feed ratio. However, investigations of the 

photovoltaic performance showed that reduction in the polymer crystallinity results 

in a decrease in JSC, FF, and efficiency. Both P30 and P30-1 were blended with 

PNDI-T00, PNDI-T10, and PNDI-T20. The best solar cell was obtained via 

combining P30 with PNDI-T00 yielding an efficiency of 6.5% with a VOC of 0.88 V, 

JSC of 11.1 mA.cm-2, and a FF of 0.67. 

In 2020, Toppare et al. reported two random donor polymers (P31 and P32) blended 

with ITIC to fabricate NFA OSCs. The polymers comprise BDT, thiophene, and 

TPD moieties 181. Selenophene was introduced to the polymers' backbone as a π-

bridge. The study focuses on the effect of alkyl chains on photovoltaic performance. 

The number-average molecular weight of P32 is higher than that of P31, and this 

was attributed to the alkyl chain located on thiophene. P31exhibited lower power 

conversion efficiency (1.96%) compared to P32 (7.94%). It is ascribed that the lower 

molecular weight of the polymer P31 distorts the homogeneity in the morphology of 

the donor: acceptor blend and morphological investigations supported this. It was 

also observed that the solubility of the lower molecular weight polymer is poor due 

to the lack of alkyl chains. The photovoltaic parameters obtained from P32 are as the 

followings; VOC is 0.86 V, JSC is 18.45 mA.cm-2, and FF is 0.501. The study provides 

a synthetic approach to demonstrate the effect of alkyl chains on photovoltaic 

parameters. 

2.1.3 TPD-based conjugated polymers used as Acceptors 

As small or fullerene-based molecules, conjugated polymers can also play a role as 

acceptors for the fabrication of OSCs since they provide deepened LUMO energy 

levels, matching absorbance, narrow band gaps, and fine crystallinity. Herein, recent 

TPD-based conjugated polymers utilized as acceptors are reviewed. The chemical 

structures of TPD-based conjugated polymers used as acceptor materials are 

illustrated in Figure 2.7 and the photovoltaic parameters are summarized in Table 

2.5. 
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Figure 2.7. Structures of TPD-based acceptor conjugated polymers 

Beaujuge et al. reported a set of polymers comprising TPD and fluorinated thiophene 

moieties 182. The study shines a light on the alternative acceptors to fullerene-based 

acceptors. Being derivatives of PTPD[2F]T, the polymers (P33, P34, and P35) have 

varying branched alkyl chains in the polymer backbone. Solar devices were prepared 

for each polymer, and the efficiency of the devices tends to increase upon shortening 

the branched alkyl chains. The same trend was observed in the JSC and FF values as 

well. While P33 showed a JSC of 2.1 mA.cm-2, P34 and P35 showed JS C values of 

6.5 and 8.4 mA.cm-2, respectively. The best results were obtained with P35, 

exhibiting an efficiency of 4.4%, with a VOC of 1.1 V, a JSC of 8.4 mA.cm-2, and a 

FF of 0.44. It is concluded that the side chain engineering affected the morphology 

of the active layers and charge transport patterns. The polymer with the shorter alkyl 

chain demonstrated the most balanced carrier mobility. The study shows that TPD 

and fluorinated thiophene-based conjugated polymers are potential candidates for 

polymer acceptors, and side-chain engineering is a crucial method to alter the 

photovoltaic performance of the polymers. 
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Table 2.5 Photovoltaic properties of TPD-based acceptor conjugated polymers 

Donor:Acceptor VOC (V) JSC (mA.cm-2) FF PCE (%) 

PCE10:P33 0.8 2.10 0.30 0.70 

PCE10:P34 1.0 6.50 0.37 2.90 

PCE10:P35 1.1 8.40 0.44 4.40 

PBDT-TS1:P36 1.1 6.00 0.41 2.60 

PBDT-TS1:P37 1.0 11.00 0.44 4.80 

PBDTTTPD:P38 1.01 7.67 0.59 4.55 

PBDTTTPD:P39 1.00 10.19 0.57 5.78 

PBDTTTPD:P40 1.00 12.07 0.55 6.62 

 

In 2017, Beaujuge et al. reported another study on the TPD-based polymer acceptors. 

The polymers are analogous to the previously reported PTPD[2F]T 183. In this study, 

a biTPD and 2,1,3-benzothiadiazole (BT) were introduced to the polymer backbones, 

and the effect of a second electron-deficient moiety (BT) on optical and electronic 

properties was investigated. The introduction of BT resulted in a narrower optical 

band gap and extended optical absorption of the polymer to longer wavelengths. The 

active layers were prepared with P36/P37 and PBDT-TS1, which was used as the 

donor polymer.  The study shows that introducing a second electron deficient group 

increases the power conversion efficiency up to 4.8% from 2.2% and proves that the 

applicability of P37 as a polymer acceptor in BHJ OSCs is higher than its analogue 

due to its narrow band gap. The best result was obtained from the P37: PBDT-TS1 

blend with an efficiency of 4.8%, a VOC of 1 V, a JSC of 11.0 mA.cm-2, and a FF of 

0.44. 

Michinobu et al. reported a series of polymers based on NDI (acceptor moiety), TPD 

(acceptor moiety), and thiophene (donor moiety) 184. As noted in the study, the 

polymer PNT-R was functionalized with different alkyl chains introduced to the 

imide site of NDI to obtain P38,39 and P40 with varying alkyl chains. The polymers 

were utilized for the fabrication of both field-effect transistors and all-PSCs. The 

active layers were prepared from PNT-R derivatives and PBDTTTPD. Shortening 

the length of the alkyl chain, the absorption ranges of the polymers expanded, hence 
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a deep LUMO energy level was obtained. Moreover, the molecular packing 

properties and crystallinity in the solid-state were enhanced, supported by 

spectroscopic analyses. Accordingly, the photovoltaic performance of the devices 

raised from 4.55% to 6.62%. The best performance was obtained from the active 

layer P40: PBDTTTPD. The device demonstrated an efficiency of 6.62% with a VOC 

of 1.00 V, a JSC of 12.07 mA.cm-2, and a FF of 0.550. 

This summary of recent studies suggests more attention on TPD-based conjugated 

polymers. Robust electron deficiency, structure modification, and ease of synthesis 

make TPD a great candidate moiety to obtain wide band gap and absorption range, 

enhanced optoelectronic properties, and excellent performing D-A type conjugated 

polymers for NFA OSCs. The ease of introduction of π-bridging units like thiophene, 

thienothiophene, and selenophene helps TPD-based polymers show better absorption 

and electron transfer through polymer backbones. BiTPD needs more research and 

attention, as well, since it has similar properties and potential application era. To sum 

up, ease of preparation, deepened frontier energy levels, robust crystallinity, and 

improving efficiency up to almost 16% prove TPD-based polymers will perform 

better in the near future by new design approaches. 

This summary of these recent studies is reproduced from Macromol. Chem. Phys. 

2022, 2100421 with the permission of John Wiley & Sons. 

2.2 Aim of the study 

In this study, a series of new random conjugated polymers based on TPD and 

selenophene were designed and synthesized. The polymers were used as donor 

materials in the fabrication of NFA OSCs via mixing with ITIC to obtain active layer. 

As well as NFA, PCBM based devices were also fabricated for comparison.  

A part of this study was published in Renewable Energy. 
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2.3 Non-fullerene organic solar cells based on thienopyrroledione and 

chalcogenophene comprising random copolymers 

Four new random D-A copolymers, signed as ME1, ME2, ME3, and ME4, were 

designed and synthesized. Electrochemical and spectroelectrochemical 

measurements were performed to investigate the absorption, energy levels, 

electronic and optical band gaps for comparison. The polymers were used as donor 

polymers in the active layer to fabricate non-fullerene, bulk heterojunction (BHJ) 

organic photovoltaics (OPVs). Investigations were carried out through the 

conventional BHJ structure; ITO/PEDOT:PSS/ Active Layer/LiF/Al, where active 

layer consists of 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)- indanone))-

5,5,11,11 tetrakis(4-hexylphenyl)-dithieno[2,3-d:20,30-d’]-s-indaceno[1,2-b:5,6-

b’]dithiophene (ITIC) as the acceptor and thienopyrroledione containing donors. The 

device based on ME1:ITIC(1:1) blend with a thickness of 161 nm gave the best 

performance with a power conversion efficiency (PCE) of 7.94%, an open-circuit 

voltage (VOC) of 0.86 V, a short-current density (JSC) of 18.45 mA cm-2 and an FF of 

50.12%. The highest PCE obtained from ME2 based organic solar cell is 1.96%. 

ME2 exhibited low solubility attributed to the lack of alkyl groups enhancing 

polymer solubility, electronic properties, and photovoltaic performances. For ME3, 

the best result was found 1.4% from ME3:ITIC (1:1) blend and ME4:ITIC (1:1) gave 

an efficiency of 1.32%. When ME1 was blended with PC71BM, the device was not 

efficient as the one prepared from ME1:ITIC; it resulted an efficiency of 7.62%. In 

contrast to ME1, ME2 blended with PC71BM performed an efficiency of 6.30%, 

which is superior to the ME2:ITIC blend. Similar to the ME2:PC71BM blend, the 

devices based on ME3/ME4:PC71BM blends resulted better performance compared 

to ME3/ME4:ITIC, giving efficiencies of 2.27 and 2.45%, respectively. 
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2.3.1 Introduction 

Conventional organic photovoltaics (OPVs) generally include a bulk heterojunction 

(BHJ) architecture, a blend of a donor, and an acceptor moiety. Absorption of light 

by this blend generates excitons splitting into free chargers 38,185,186. Although OPVs 

bear various components, acceptor materials significantly define the solar cell 

device's power conversion efficiency (PCE)187. Fullerene derivatives with 

unsurpassed charge transport features and the superior ability to create phase 

separation in nanoscale in the blend led them to be utilized in the BHJ solar cells as 

promising acceptor moieties113–115,188. Although fullerene-based acceptors have 

these superior properties, there are various drawbacks, including the cost of 

purification and production, vulnerability to air, limited light absorption, and 

difficulties in adjusting optoelectronic properties. These aspects brought a challenge 

in increasing the PCE of OPVs 116,118,189,190. Non-fullerene acceptors (NFAs) have 

caught great attention. NFA molecules can be synthesized and purified easily via 

various functional groups that can adjust optoelectronic properties compared to 

fullerene derivatives. In addition to the synthesis facilities, enhanced light 

absorption, morphology, and electronic properties eliminate fullerene derivatives 

acceptors 191,192. Considering features mentioned earlier (superior electronic and 

optical properties, ease of production, enhanced absorption), NFA-based organic 

photovoltaics have demonstrated higher power conversion efficiencies (PCE) than 

fullerene-based analogous during the past few years 193–195. Compared to bilayer 

structure, BHJ provides an optimal domain size to enhance exciton dissociation by 

forming an ideal photoactive layer, a vicinal mixture of donor and acceptor 196. 

Being rigid and symmetric, TPD can be easily modified to introduce various 

functional groups; subsequently, the solubility of polymers can be controlled. TPD 

has a strong electron-withdrawing feature attributed to the diimide nature. This 

results in lower band gap conjugated polymers via stabilizing the lowest unoccupied 

molecular orbital (LUMO). Besides, due to its quinoidal structure, TPD can stabilize 

excited state energy. Therefore, TPD containing conjugated polymers are supposed 
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to exhibit high VOC values 139,197–202. It is well known that chalcogenophenes like 

selenophene, thiophene, and alkyl-substituted thiophene are introduced as p-spacer 

to tune frontier molecular orbital energy levels, thus band gaps 203–209. Conjugated 

polymers, including π-spacers, show red-shifted absorption 210. An effective way of 

enhancing PCE values of polymer-based OPVs is alkyl side-chain engineering. Such 

modifications improve the solubility properties of the polymers and the morphology 

of the donor: acceptor blend through molecular aggregation; π-π stacking, which is 

crucial for the device performance 211,212. Morphology of the active layer alters with 

the optimized selection of the alkyl chain. While long alkyl chains provide large 

domain sizes, linear and branched alkyl chains control the positions of acceptor 

molecules in fullerene-based BHJ blends 213–215. Hou's group recently reported 

naphtho[2,3-c]thiophene- 4,9-dione-based polymers substituted with branched alkyl 

chains. The polymers were used as donors in non-fullerene-based BHJ OPVs. The 

study reveals that alkyl chains cause a conjugated core distortion, resulting in a better 

BHJ morphology, subsequently high PCEs 216. 

Motivated by these aspects of non-fullerene acceptors and TPD moieties, our work 

focuses on the design and fabrication of non-fullerene BHJ OPVs and the 

investigation of alkyl chains' effect on the device performance. Herein, a series of 

new random copolymers were used as donor polymers to fabricate NFA-based 

organic BHJ OSCs. Random copolymers were obtained via coupling the monomers 

with 2,5-dibromo-3-(2-Ethylhexyl)thiophene or 2,5- Dibromothiophene, and 

BDT(TiC8) through Stille Polycondensation. Recently, various reports revealed 

TPD-based conjugated polymers for the application of non-fullerene OPVs with 

PCEs exceeding from 7% to 16% 142,144,156,165,167,217–219. Selenophene and furan were 

introduced as π-spacers between TPD and BDT(TiC8) to tune optoelectronic 

properties. Thiophene, alkyl-substituted thiophene, and BDT(TiC8) were introduced 

as donors into the polymer backbone to further regulate these properties. Obtained 

random conjugated polymers were used as donor polymers in the active layer to 

fabricate non-fullerene, bulk heterojunction OPVs. 
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2.3.2 Experimental 

BDT(TiC8) was purchased from SOLARMER. Compound 1 (thiophene-3,4-

dicarboxylic acid) was both synthesized and purchased from Sigma-Aldrich. All 

other chemicals were purchased from Sigma-Aldrich and used without any further 

purifications. Structural analyses of the synthesized molecules were performed via 

NMR (Bruker Spectrospin Avance DPX-400) and attenuated total Reflectance-

Fourier-transform infrared spectroscopy (ATR-FTIR) (Thermo Scientific Nicolet™ 

iS10 FTIR). Weight-average and number-average molecular weights (Mw, Mn) of 

the polymers were determined via size exclusion chromatography (SEC) (Shimadzu 

LC-20AD) in chloroform at 40 °C. Electrochemical and spectroelectrochemical 

measurements were performed with a three-electrode system. Indium tin oxide (ITO) 

was utilized as the working electrode. Platinum (Pt) wire was used as the counter 

electrode, and silver (Ag) wire was used as the reference electrode. Cyclic 

voltammograms of the polymer films were obtained implementing a GAMRY 

Reference 600 potentiostat, while spectroelectrochemical measurements were 

performed with a PerkinElmer Lambda 25 UV-Vis spectrophotometer. To fabricate 

BHJ devices, ITO was used as the anode, PEDOT:PSS as the hole transport layer, 

lithium fluoride (LiF) as the cathode buffer layer, and aluminum (Al) was used as 

the cathode. Morphology investigations of polymer: acceptor blends were performed 

via Atomic Force Microscopy (AFM) (Veeco MultiMode V) and Transmission 

Electron Microscopy (TEM) (Tecnai G2 Spirit BioTWIN) techniques. 
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2.3.2.1 Synthesis of monomers and polymers 

 
Figure 2.8. Synthetic route for M1 and M2 

2.3.2.1.1 Synthesis of 1H,3H-thieno[3,4-c]furan-1,3-dione (2) 

In a two-necked flask with a magnet bar under argon atmosphere, thiophene-3,4 

dicarboxylic acid (1.5 g, 8.7 mmol) dissolved in acetic anhydride (45 mL) was 

charged. The solution was stirred at 140 °C. 24 h later, it was cooled to ambient 

temperature, and acetic anhydride was removed under reduced pressure. A brown 

solid product was obtained by crystallization from toluene. Yield: 0.71 g, 53%. 

1H NMR (400 MHz, CDCl3, δ, ppm): 8.1 (s, 2H) 

13C NMR (100 MHz, CDCl3, δ, ppm): 156.3, 135.3, 129.3 

2.3.2.1.2 Synthesis of 5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione 

(3) 

In a three-necked flask under argon atmosphere, thieno[3,4-c]furan-1,3-dione (0.71 

g, 4.63 mmol was dissolved in anhydrous toluene (50 mL). 2-Ethylhexylamine (0.84 
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g, 6.53 mmol) was added. The mixture was stirred at 115 °C. 24 h later, the reaction 

mixture was cooled to ambient temperature, and the solvent was removed under 

reduced pressure. The solid obtained was dissolved in SOCl2 (30 mL) and the 

solution was stirred at 75 °C under argon atmosphere for 3h. Subsequently, the 

solution was cooled to ambient temperature, and the solvent was removed under 

reduced pressure. The yellowish product was purified by silica column 

chromatography (SiO2, Dichloromethane). Yield: 0.95 g, 77%. 

 1H NMR (400 MHz, CDCl3, δ, ppm): 7.80 (s, 2H), 3.51 (d, J = 7.28 Hz, 2H), 1.84-

1.75 (m, 1H), 1.37-1.26 (m, 8H), 0.91-0.86 (m, 6H) 

13C NMR (100 MHz, CDCl3, δ, ppm): 163, 136.6, 125.4, 42.4, 38.2, 30.5, 28.5, 23.8, 

23.0, 14.0, 10.4 

2.3.2.1.3 Synthesis of 1,3-dibromo-5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-

4,6(5H)-dione (4) 

5-(2-Ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (0.95 g, 3.58 mmol) was 

dissolved in TFA (12 mL) and H2SO4 (4 mL) under argon atmosphere. N-

bromosuccinimide (1.91 g, 10.74 mmol) was added portion-wise. The reaction 

mixture was stirred at ambient temperature. After 24 h, the mixture was quenched 

with water and extracted with dichloromethane. Combined organic layers were dried 

over Mg2SO4. The solvent was removed under reduced pressure, and the product was 

purified by silica column chromatography (SiO2, hexane: dichloromethane, 1:2). 

Yield: 0.92 g, 60%. 

1H NMR (400 MHz, CDCl3, δ, ppm): 3.49 (d, J=7.2 Hz, 2H), 1.80-1.74 (m, 1H), 

1.36-1.21 (m, 8H), 0.92-0.85 (m, 6H) 

13C NMR (100 MHz, CDCl3, δ, ppm): 160.7, 134.7, 112.9, 42.6, 38.18, 30.5, 28.5, 

23.8, 22.9, 14.0, 10.3 
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2.3.2.1.4 Synthesis of tributyl(selenophen-2-yl)stannane (5) 

Selenophene (3 g, 35.6 mmol) was dissolved in dry THF (60 mL) under Ar 

atmosphere. The temperature of the solution was cooled to -78 °C in a dry ice bath. 

To the stirring solution, n-BuLi (16 mL, 2.5 M) was added dropwise in a period of 

20 minutes. After stirring the reaction mixture for 45 minutes at -78 °C, SnBu3Cl 

(10.7 mL, 39 mmol) was added slowly. The reaction mixture was warmed to the 

ambient temperature and allowed to stir overnight. THF was removed under reduced 

pressure. The mixture was diluted with DCM and washed with NaHCO3, distilled 

water, and brine. Organic layers were dried over Mg2SO4, and the solvent was 

removed. A light yellow oil was obtained and used without any further purification.  

1H NMR (400 MHz, CDCl3, δ, ppm): δ 8.38 (d, J = 3.6 Hz, 1H), 7.54 (m, 1H), 1.67-

1.56 (m, 6H), 1.42-1.33 (m, 6H9, 1.16-1.11 (m, 6H), 0.95-0.91 (m, 9H).  

13C NMR (100 MHz, CDCl3, δ, ppm): 143.6, 137.9, 135.3, 130.5, 29.0, 27.3, 13.7, 

11.1. 

2.3.2.1.5 5-(2-ethylhexyl)-1,3-di(selenophen-2-yl)-4H-thieno[3,4-c] pyrrole-

4,6(5H)-dione (7) 

Under argon, compound 4 (0.3 g, 0.7 mmol) and 

tetrakis(triphenylphosphine)palladium(0) (0.09 g, 0.08 mmol)  were dissolved in dry 

toluene (25 mL). After the mixture reached 50 °C, compound 5 (0.9 g, 2.14 mmol) 

was added in one portion. Following 17 h stirring at 110 °C, the reaction mixture 

was cooled to ambient temperature, and the solvent was removed under reduced 

pressure. Compound 7 was obtained by purification via chromatography (SiO2, 

hexane: dichloromethane, 1:1). Yield: 0.27 g, 75%. 

1H NMR (400 MHz, CDCl3): δ: 8.21 (d, J= 5.6 Hz, 2H), 7.93 (d, J= 3.9 Hz, 2H), 

7.33 (m, 2H), 3.55 (d, J=7.4 Hz, 2H), 1.88-1.82 (m, 1H), 1.42-1.25 (m, 8H), 0.87-

0.93 (m, 6H) 
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13C NMR (100 MHz, CDCl3): δ: 163, 138.82, 136.39, 135.64, 131.57, 130.19, 

127.53, 41.92, 38.04, 31.34, 28.39, 23.72, 22.59, 14.50, 10.35.   

2.3.2.1.6 Synthesis of of 5-(2-ethylhexyl)-1-(furan-2-yl)-3-(furan-3-yl)-4H-

thieno[3,4-c]pyrrole-4,6(5H)-dione (8) 

Compound 4 (0.4 g, 0.94 mmol) and tetrakis(triphenylphosphine)palladium(0) (0.12 

g, 0.11 mmol) were dissolved in dry toluene (30 mL) under argon atmosphere. The 

reaction mixture was warmed up. At 50 °C, compound 6 (1.0 g, 2.84 mmol) was 

added dropwise, and the mixture was stirred at 115 °C for 17 h. Completion of the 

reaction was monitored by thin layer chromatography. The mixture was allowed to 

reach the ambient temperature, and the solvent was removed under rotary 

evaporation. The desired product was purified by chromatography (SiO2, hexane: 

dichloromethane, 1:1). Yield: 0.37 g, 98.6%.  

1H NMR (400 MHz, CDCl3, δ, ppm): 7.67 (d, J=3.4 Hz, 2H), 7.50 (d, J=1.2 Hz, 2H), 

6.59 (dd, J=3.5, 1.8 Hz, 2H), 3.55 (d, J=7.3 Hz, 1H), 1.83 (dt, J=12.7, 6.6 Hz, 2H), 

1.65-1.58 (m, 2H), 1.40-1.25 (m, 4H), 0.91 (m, 6H) 

13C NMR (100 MHz, CDCl3, δ, ppm):162.93, 146.46, 143.78, 131.56, 127.16, 

113.43, 113.06, 42.45, 38.31, 30.59, 28.60, 23.04, 14.09, 10.48 

2.3.2.1.7 Synthesis of 1,3-bis(5-bromoselenophen-2-yl)-5-(2-ethylhexyl)-4H-

thieno[3,4-c]pyrrole-4,6(5H)-dione (M1) 

Compound 7 (0.25 g, 0.48 mmol) was dissolved in CHCl3, (15 mL) under nitrogen. 

N-bromosuccinimide (0.22 g, 1.2 mmol) was added in one portion. The reaction 

mixture was stirred overnight at ambient temperature and monitored by thin-layer 

chromatography. After completing the reaction, the mixture was washed with water, 

and organic fractions were dried over Mg2SO4. Chloroform was removed under 
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reduced pressure, and the target product was isolated by column chromatography on 

silica gel (SiO2, hexane: dichloromethane, 4:1). Yield: 0. 25 g, 77%. 

1H NMR (400 MHz, CDCl3): δ: 7.43 (d, J= 4.43 Hz, 2H), 7.21 (d, J= 4.43 Hz, 2H), 

3.47 (d, J= 7.4 Hz, 2H), 1.82-1.76 (m, 1H), 1.38-1.22 (m, 8H), 0.9 (q, 6H).  

13C NMR (100 MHz, CDCl3): δ: 162.8, 138.0, 137.6, 133.3, 130.7, 127.8, 122.5, 

42.4, 38.1, 30.4, 28.4, 23.8, 23.0, 14.0, 10.3. 

2.3.2.1.8 Synthesis of of 1,3-bis(5-bromofuran-2-yl)-5-(2-ethylhexyl)-4H-

thieno[3,4-c]pyrrole-4,6(5H)-dione (M2) 

A solution of compound 8 (0.35 g, 0.88 mmol) in chloroform (20 mL) in a two-

necked flask was prepared under a nitrogen atmosphere. N-bromosuccinimide (0.35 

g, 1.95 mmol) was added in one portion. TLC controlled reaction mixture was stirred 

overnight at ambient temperature. The mixture was washed with water twice, and 

combined organic fractions were dried over Mg2SO4. The solvent was removed 

under a rotary evaporator. The target product was obtained by column 

chromatography on silica gel (SiO2, hexane: dichloromethane, 4:1). Yield: 0.36 g, 

74%. 

1H NMR (400 MHz, CDCl3, δ, ppm): 7.62 (d, J=3.6 Hz, 2H), 6.50 (d, J=3.6 Hz, 2H), 

3.52 (d, J=7.3 Hz, 2H), 1.85-1.75 (m, 1H), 1.39-1.25 (m, 8H), 0.93-0.87 (m, 6H) 

13C NMR (100 MHz, CDCl3, δ, ppm): 162.68, 148.19, 130.17, 127.16, 124.37, 

115.76, 114.96, 42.50, 38.32, 30.57, 28.57, 23.89, 23.02, 14.07, 10.45 
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2.3.2.2 Polymer Syntheses 

 

Figure 2.9. Synthetic routes for ME1-ME4 

2.3.2.2.1 Syntheses of ME1 and ME2 

M1 (73.4 µmol, 1 eq.), BDT(TiC8) (147 µmol, 2 eq.), P(o-tol)3 (50 µmol, 0.68 eq.), 

and Pd2(dba)3 (16 µmol, 0.22 eq.) were introduced to a 25 mL Schlenk tube which 

was charged with a magnet bar, set up in an oil bath and connected to a vacuum-gas 

manifold. Following 1 h of vacuuming, Schlenk was provided with argon for the 

rest. Dry toluene (10 mL) was added to the mixture. The reaction mixture was heated 

up to 50 °C and followed by the addition of 2,5-dibromo-3-(2-ethylhexyl) thiophene 

or 2,5-dibromothiophene (73.4 µmol, 1 eq.). The reaction temperature was set to 100 

°C. The completion of the reaction was monitored by thin-layer chromatography. 

After stirring 24 h, the reaction mixture was allowed to cool down. The solvent was 

removed under reduced pressure. Cold methanol (100 mL) was added to the crude 

product. For the removal of catalytic residue, sodium diethyldithiocarbamate 

trihydrate (15 mg) was added. The mixture was stirred for 1 h, subjected to Soxhlet 

extractor, and washed with acetone, hexane, chloroform, and chlorobenzene. Low 
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molecular weight fractions were removed with acetone and hexane. Both ME1 and 

ME2 were isolated in chloroform. Solvents were removed under reduced pressure, 

and ME1 (Yield: 125 mg, 91%) and ME2 (Yield: 80 mg, 62%) were obtained as 

dark purple crystals following recrystallization from methanol. Mn, Mw, and PDI 

values for the polymers are shown in Table 2.6. 

2.3.2.2.2 Syntheses of ME3 and ME4 

M2 (90 µmol, 1 eq.), BDT(TiC8) (180 µmol, 2 eq.), P(o-tol)3 (61 µmol, 0.68 eq.), 

and Pd2(dba)3 (20 µmol, 0.22 eq.) were introduced to a 25 mL Schlenk tube which 

was charged with a magnet bar, set up in an oil bath and connected to a vacuum-gas 

manifold. After keeping under vacuum for 1h, the Schlenk tube was supplied with 

Ar atmosphere. Dry toluene (10 mL) was added to the reaction mixture and the 

temperature was set to 50 °C. 2,5-dibromo-3-(2-ethylhexyl) thiophene or 2,5-

dibromothiophene (90 µmol, 1 eq.) was added. The reaction temperature was set to 

100 °C. The completion of the reaction was monitored by TLC. The same steps for 

ME1 and ME2 were followed for purification. Yield: (ME3) 65 mg, 44%. (ME4) 80 

mg, 51%. Mn, Mw, and PDI values for ME3 and ME4 are shown in Table 2.6. 

 

Table 2.6 Molecular weights and PDI values of ME1, ME2, ME3, and ME4 

 
Polymer Mn (kDa) Mw (kDa) PDI 

ME1 11 35 3.18 

ME2 4.8 9.2 1.91 

ME3 4.7 6.5 1.38 

ME4 3.0 4.0 1.33 
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2.3.2.3 OSC Fabrication 

For the fabrication of OPVs, a conventional BHJ device structure was built; 

ITO/PEDOT:PSS/Active Layer/LiF/Al. ITO-coated glass substrates were cleaned 

several times; ultra-sonication with toluene, detergent, water, and isopropyl alcohol 

(IPA), respectively. Following ultra-sonication, ITO-coated glass substrates were 

exposed to oxygen plasma for 5 min to remove organic contaminations and tune 

work function 220. Polymer: acceptor blends were coated by spin coating in N2 filled 

glove box. LiF (0.6 nm) and Al (100 nm) were evaporated at low pressure (~10-6 

mbar) under vacuum. Current density vs. voltage measurements were performed by 

a Keithley 2400 digital source meter under AM 1.5 G solar radiation simulated at 

100 mW.cm-2. External quantum efficiency (EQE) measurements were carried out 

with monochromatic light. 

2.3.3 Results 

2.3.3.1 Electrochemical and spectroelectrochemical studies 

HOMO and LUMO energy levels and band gap values are of great importance for 

conjugated polymers since they affect their applicability in different application 

fields like organic photovoltaics and electrochromic devices. In order to investigate 

the redox behaviors and HOMO/LUMO energy levels of the resulting polymers, 

cyclic voltammetry (CV) studies were performed, and corresponding 

voltammograms were depicted in Figure 2.10. Due to its certain simplicity and easy 

use, the CV technique was preferred for electrochemical analysis. ME1, ME2, ME3, 

and ME4 were dissolved in CHCl3 (5 mg. mL-1) and spray-coated on an ITO glass 

electrode. Single scan cyclic voltammetry of the polymer films was performed in the 

potential range between -2.0 V and 1.4 V for ME1 and between -1.8 V and 1.4 V for 

ME2 in 0.1 M tetrabutylammonium hexafluorophosphate; TBAPF6/ACN, 
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electrolyte/solvent couple. For ME3 and ME4, the potential ranges were between -

2.0 V and 1.5 V, 0 V and 1.5 V, respectively.   

As illustrated in Figure 2.10, ME1, ME2, and ME3 exhibited ambipolar character, 

i.e., polymers have both p-type and n-type doping behaviors. While ME1 has 

reversible oxidation/reduction peaks at 1.15 V and at -1.52/-1.85 V, ME2 exhibits 

reversible oxidation/reduction peaks at 1.04 V and -1.31/-1.69 V in the anodic region 

and the cathodic region. For ME3, the corresponding values were determined as 1.43 

V and -1.40/-1.82 V. For ME4, the reduction peak was determined at 1.38 V. 

HOMO/LUMO energy levels of ME1, ME2, and ME3 were calculated by using the 

oxidation and reduction onset values determined from CVs. HOMO energy level of 

ME4 was calculated using the oxidation onset value from the CV. However, the 

LUMO energy level was calculated by subtraction the optical band gap from the 

HOMO energy level since the polymer film did not show ambipolar characteristics.  

 

Figure 2.10. Single scan cyclic voltammograms of (a) ME1, (b) ME2, (c) ME3, and 

(d) ME4 on ITO electrode in 0.1 M TBAPF6/ACN electrolyte/solvent couple at a 

scan rate of 100 mV/s. 
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Due to the ambipolar characteristics of the two polymers, HOMO/LUMO energy 

levels were calculated from the oxidation/reduction onset potentials as -5.38 eV/-

3.52 eV for ME1 and as -5.43 eV/-3.69 eV for ME2, respectively. HOMO/LUMO 

energy levels of ME3 and ME4 were calculated as -5.84/-3.64 eV and -5.68/-3.84 

eV, respectively. All electrochemical properties of ME1-ME4 are summarized in 

Table 2.7. 

Table 2.7 Electrochemical properties of ME1-ME4 

Polymer Ep-doping 

(V) 

Eonset
p-

doping 

(V) 

En-doping 

(V) 

Eonset
n-

doping (V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg
el (eV) Eg

op (eV) 

ME1 1.15 0.63 -1.52/ 

-1.85 

-1.23 -5.38 -3.52 1.86 1.78 

ME2 1.04 0.68 -1.31/ 

-1.69 

-1.06 -5.43 -3.69 1.74 1.69 

ME3 1.43 1.09 -1.40/-

1.82 

-1.12 -5.84 -3.63 2.21 1.60 

ME4 1.38 0.93 - - -5.68 -3.84 - 1.84 

 

2.3.3.2 Spectroelectrochemistry 

Spectroelectrochemical analyses were carried out to examine the changes in the 

optical properties of ME1-ME4 via stepwise oxidation. A potentiostat integrated 

UV-Vis spectrophotometer was used during spectroelectrochemical studies, and 

progressively increasing potentials were applied while recording UV-Vis spectra. 

Similar to the electrochemical studies initially, polymers were dissolved in CHCl3 

and spray-coated on ITO-coated glass electrodes. They were dipped into 0.1 M 

TBAPF6/ACN solutions to perform the spectroelectrochemical analysis. Neutral 

state absorptions were recorded at constant potentials (0.0 V) before the stepwise 

oxidation. Then electronic absorption spectra were recorded upon stepwise oxidation 

for ME1-ME4 (Figure 2.11). During stepwise oxidation, while the neutral state 

absorption bands were decreasing, new absorption bands appeared at 830 nm and 

835 nm, which can be dedicated to the formation of radical cations. 
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Figure 2.11. Electronic absorption spectra of ME1-ME4 in 0.1 M TBAPF6/ACN 

solution between 0.0 V and 1.4 V for ME1 (a), 0.0 V and 1.4 V for ME2 (b), 0.0 V 

and 1.5 V for ME3 (c), and (d) 0.0 V and 1.6 V for ME4. 

As illustrated in Figure 2.11, neutral state absorptions were recorded at 571 nm and 

576 nm for ME1 and ME2, corresponding to the π-π* transitions. The corresponding 

values for ME3 and ME4 were obtained as 515 and 520 nm. The optical band gap 

values (Eopt
g) of ME1-ME4 were calculated from the onset of the neutral state 

absorption according to the equation Eopt
g =1241/ λonset. As summarized in Table 2.8, 

Eopt
g values were calculated as 1.78, 1.69, 1.60, and 1.84 eV for Me1, ME2, ME3, 

and ME4, respectively. All spectroelectrochemical analyses were summarized in 

Table 2.8. 
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Table 2.8 Optical properties of ME1-ME4 

Polymer λmax (nm) λonset
max (nm) Eg

op (eV) 

ME1 571,630 697 1.78 

ME2 576,631 734 1.69 

ME3 515 775 1.60 

ME4 520 674 1.84 

Following electrochemical and spectroelectrochemical characterizations, the optical 

properties of the polymers were also investigated both in the thin film form and in 

CHCl3 solution. Another important application field for conjugated polymers is 

electrochromic device applications. For these applications, colors and parameters 

like switching time and optical contrast of the resulting polymers are essential. In 

Table 2.9, the colors of ME1-ME4 recorded in the neutral, oxidized, and reduced 

states are illustrated. ME1-ME2 showed multichromic behavior and exhibited 

varying tones of purple with gray-colored oxidized states and grayish-blue colored 

reduced states. ME3 and ME4 showed grayish tones varying from orange/red color 

at the neutral states of the polymer films.  In Table 2.9, L, a, and b values (determined 

by CIE (Commission Internationale de l'Eclairage)) of the polymer films were also 

represented.  

Table 2.9 Colors of (a) ME1, (b) ME2, (c) ME3, and (d) ME4 films at neutral and 

oxidized/reduced states with intermediate colors 

   -2.0 V             0V                              1.4 V       
                                                                                                                                            

ME1 

 
L 37.21 27.81 33.73 38.04 

a -1.21 3.28 4.15 0.98 

b 4.66 -1.46 2.19 -0.28 

     
     -2.0 V                         0V                            1.4 V 

                                                                                                                                                  
ME2 

 
L 43.95 42.65 26.56 26.56 29.70 

a -0.48 -2.83 7.40 7.40 3.86 

b 3.53 3.99 -5.76 -3.93 -1.89 

 



 
 

60 

                 

    0 V                                                                                                                                                      +    1.6 V 

ME3

-OX 
 

L 44.65 50.24 44.47 46.72 47.11 45.45 44.90 42.68 42.23 

a 20.81 19.15 14.46 9.20 5.83 4.10 3.95 2.86 2.60 

b 10.64 11.49 11.98 9.04 9.50 7.05 5.77 4.78 5.93 

   

 -2.0 V                                                                                                                                        0 V 

ME3

-RED 
 

L 47.13 48.21 47.43 46.46 45.74 43.71 47.09 44.65  
a 0.67 0.33 2.13 3.25 5.25 14.73 19.34 20.81 

b 9.97 7.40 7.48 6.70 8.10 10.88 12.30 10.64 

 

  0 V                                                                     +1.5 V  

ME4-OX 

 
L 32.15 32.94 30.32 30.92 29.55 

a 20.81 21.81 16.52 11.23 6.33 

b 24.32 17.52 14.93 12.38 6.39 

 

2.3.3.3 Kinetic studies 

As mentioned before, kinetic studies were performed in order to record and analyze 

the optical contrast and switching time values which are crucial, especially for the 

electrochromic performances of resulting polymers. For that purpose, a square-wave 

potential method was used by applying potentials between two extreme states 

(oxidized/reduced states) with 5 s time intervals at λmax values located at 570 nm/830 

Table 2.9 Colors of (a) ME1, (b) ME2, (c) ME3, and (d) ME4 films at neutral and 

oxidized/reduced states with intermediate colors (continued)
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nm for ME1 and 575 nm/835 nm for ME2. The corresponding values for ME3 and 

ME4 are 515/775 nm and 520/780 nm, respectively. 

 

Figure 2.12. Percent transmittance changes for (a) ME1, (b), ME2, (c) ME3, and 

(d) ME4 in 0.1 M TBAPF6/ACN solution. 

As a result of electrochromic switching studies, percent transmittance against time 

graphs were recorded and illustrated in Figure 2.12 for ME1, ME2, ME3, and ME4, 

respectively. Percent transmittance changes were determined as 23% at 570 nm, 29% 

at 830 nm for ME1, and 20% at 575 nm, 40% at 835 nm for ME2. And for ME3, the 

percent transmittance changes were determined as 9% at 515 nm and 14% at 775 

nm, whereas for ME4, the corresponding values are 17% at 520 nm and 16% at 780 

nm. The time required for one complete switch between two extreme states could be 

defined as switching time, and for the polymers, these values were calculated and 
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represented in Table 2.10. Switching times for ME1 are calculated as 1.8 and 2.0 s, 

and for ME2, they are calculated as 2.9 and 3.7 s. For ME3 and ME4, corresponding 

values are calculated as 1.2 and 0.4 s, and 1.7 and 0.6 s, respectively. 

Table 2.10 Kinetic properties of ME1-ME4 

Polymer λ (nm) Optical Contrast(%) Switching Time (s) 

ME1 570 

830 

23 

29 

1.8 

2.0 

ME2 575 

835 

20 

40 

2.9 

3.7 

ME3 515 

775 

9 

14 

1.2 

0.4 

ME4 520 

780 

17 

16 

1.7 

0.6 

 

2.3.3.4 OPV studies 

The active layer consists of the non-fullerene acceptor, ITIC, and thienopyrroledione 

containing donors. Various optimization studies (solvent selection, determination of 

donor: acceptor ratio, active layer's mass ratio optimizations, determination of the 

active layer's thickness, additive selection (diphenyl ether; DPE, 1-

chloronaphthalene; CN and 1, 8- diiodooctane; DIO), and thermal annealing) were 

carried out to obtain the best performance from the devices. As a result of the 

optimizations, the mass ratio was determined as 30 mg. mL-1. Polymers: Acceptor 

(ITIC) blend was dissolved in chlorobenzene (CB). Active layers were spin-coated 

with a rate of 2000 rpm for 30 s from ITIC: Polymer blends with and without solvent 

additive in N2 filled glove box. LiF (0.6 nm) and Al (100 nm) were evaporated at 

low pressure (~106 mbar) in a vacuum environment. 

J-V curves of the best devices are shown in Figure 2.13, and the photovoltaic 

parameters are summarized in Table 4. The best performance of the ME1: ITIC blend 

with the thickness of 161 nm was obtained by coating the active layer with 1: 1 
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Polymer: ITIC ratio and 7.94% PCE was obtained. Although additives are intended 

to improve film morphology, no improvement has been observed. As for ME2 based 

OPVs, CB was also seen as the best working solvent. The highest PCE achieved in 

the ME2 based OPV with a thickness of 106 nm was obtained by coating the active 

layer with a mass ratio of 1:1.5 at 2000 rpm, which is 1.96%. ME2 exhibited 

solubility problems due to a lack of alkyl chains, proving that the alkyl chain's 

introduction to the polymer's backbone enhances polymer solubility and electronic 

properties, hence photovoltaic performances 221. ME1 based OPVs exhibit superior 

performances than ME2 based ones because the Mn value of ME2 was deficient 

compared to ME1. As well known in the literature, the study also proves that the Mn 

affects the microstructure morphology and consequently PCE 222. This effect is 

explained in the TEM images in the active layer section. Theoretical VOC of all-

polymer solar cells is deduced from the difference between ELUMO of the acceptor 

and EHOMO of the donor. While the VOC value of ME1 OPVs is precisely the same as 

expected (can be calculated from Eq. (1)), the VOC value of ME2 based OPVs is 

lower than the theoretical value due to energetic disorder at the charge transport level 
223.  

VOC = (1/e)(|EDonor
HOMO − EAcceptor

LUMO |) − 0.3 V Eq. 1 

 

ME1 based OSCs display better performances than ME2 based OPVs, mainly 

profiting the higher VOC of 0.86 V and FF of 50.12%. All these findings can be 

supported by the fact that ME1 has higher crystallinity than ME2; The higher the 

crystallinity, the greater the tendency to self-aggregate, and the larger the field size 

in thin films with very high charge mobility 224. 

The devices based on ME3 and ME4 were fabricated the same way. The device based 

on the blend ME3: ITIC (1:1) gave an efficiency of 1.4%, with a FF of 28.55%, a 

VOC of 0.97 V, and a JSC of 5.06 mA.cm-2. As an additive addition, the addition of 

DPE did not improve the device's efficiency and resulted in an efficiency of 0.78% 

and a dramatically decreased JSC (2.71 mA.cm-2). The best device based on 
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ME4:ITIC (1:1) blend resulted in an efficiency of 1.32% with a VOC of 0.96 V , a JSC 

of 4.49 mA.cm-2, and a FF of 30.55%. Although the polymer ME4 possessed 

difficulties in dissolving compared to ME3, they do not have a distinct difference 

between the best efficiencies.  

Table 2.11 Photovoltaic parameters of ME1-ME4:ITIC devices. 

Polym. Solvent Weight 
(%) 

Polymer: 
ITIC 

Voc (V) Jsc 
(mA.cm-2) 

PCE 
(%) 

FF 
(%) 

Treatm
ent 

ME1 CB 3 1:1.5 0.87 15.26 7.09 53.40 - 

ME1 CB 3 1:1 0.86 18.45 7.94 50.12 - 
ME1 CB 3 1:0.8 0.85 16.87 5.94 41.38 - 
ME1 ODCB 3 1:1.5 0.88 8.54 4.56 60.90 - 

ME1 CB 3 1:1 0.88 15.69 5.99 43.21 1% CN 
ME2 CB 3 1:1.5 0.83 6.31 1.96 37.44 - 
ME2 ODCB 3 1:1.5 0.74 3.75 1.26 45.41 - 
ME3 CB 3 1:1 0.97 5.06 1.40 28.55 - 

ME4 CB 3 1:1 0.96 4.49 1.32 30.55 - 

 

To further compare the devices giving the best results with ITIC, PC71BM was also 

employed as an acceptor, and the performance for each device was investigated. It 

turned out that ME1 and ME2 based devices did not operate better than ITIC based 

devices. However, the trend for ME3 and ME4 was not the same. ME3:PC71BM 

(1:2) based device resulted in an efficiency of 2.27%, with a VOC of 0.96 V, a JSC of 

6.61 mA.cm-2, and a FF of 35%. The best device based on ME4:PC71BM (1:2) 

resulted in an efficiency of 2.37%. However, when treated with DPE, the efficiency 

slightly increased (2.45%). Both values obtained from ME4:PC71BM based devices 

are higher than that of ME4:ITIC. 

Table 2.12 Photovoltaic parameters of ME1-ME4:PC71BM devices 

Polym. Solvent Weight 
(%) 

Polymer: 
PC71BM 

Voc (V) Jsc 
(mA.cm-2) 

PCE 
(%) 

FF 
(%) 

Treatment 

ME1 ODCB 3 1:2 0.83 13.96 7.62 66.0 - 
ME2 ODCB 3 1:2 0.82 11.76 6.30 65.0 - 
ME3 ODCB 3 1:2 0.95 5.32 1.63 32.0 - 

ME3 ODCB 3 1:2 0.96 6.61 2.27 35.0 6% DPE 

ME4 ODCB 3 1:2 0.93 4.70 1.46 32.1 - 

ME4 ODCB 3 1:2 0.92 6.64 2.45 36.3 6% DPE 



 
 

65 

 
Figure 2.13. Current-voltage characteristics of (a) ME1/ME2:ITIC and (b) 

ME3/ME4:PC71BM devices under AM 1.5 G solar simulator. 

AFM images were recorded to examine the films' topographies. Figure 2.14.a, 

2.14.b, and 2.14.c shows 2D AFM images of ME1 and ME2, proving how uniformly 

the films are coated with ITIC. ME2 based OPVs, a rough surface image, and the 

non-uniform coating are seen in the 3D image of ME2 based OPV (See Figure 2.15), 

which already has a dissolution problem. The surface roughness of the ME2:ITIC 

blend was the largest among others (Figure 2.14). The TEM images were examined 

to obtain more in-depth information about morphology (Figure 2.16). The ideal 

morphology formed in the active layer provides suitable interfaces for efficient 

charge separation and promising percolation pathways for charge carrier transport to 

the respective electrodes to minimize free charge recombination 225. For the blend 

ME1:ITIC (Figure 2.16.a), ITIC is dispersed uniformly throughout the film, and 

percolations are thinner and precise. However, phase separation is so apparent for 

the ME2:ITIC blend (Figure 2.16.b) that large aggregates of ITIC (dark areas) are 

trapped within the polymer matrix. These aggregates are thought to interrupt charge 

transport, thus reducing device performance 226.  The FF value decreases 

considerably by adding 1% of CN to ME1:ITIC solution (Table 2.11). The devices 

made with PC71BM have a morphology that allows for high yields. The films' 

favorable percolation pathways and small domain sizes explain the high FF and JSC 

values, particularly in Figure 2.16.d. TEM images were used to understand the reason 

for this severe decrease. Comparing Figure 2.16.a and 2.16.c, the latter shows large-
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scale phase separation, resulting in less charge carrier photogeneration and hindered 

transport, finally decreasing photovoltaic properties 227. 

 
 

Figure 2.14. 2D AFM images of (a) ME1:ITIC, (b) ME2:ITIC, (c) ME1:ITIC w/ 

1% CN, d) ME1:PC71BM, e) ME2:PC71BM 

ME1 and ME2 based devices completed with PC71BM have roughness values of 

1.26 nm and 1.46 nm, respectively, and thicknesses of 149 nm and 60 nm. 

 
 

Figure 2.15. 3D AFM images of (a) ME1:ITIC, (b) ME2:ITIC, (c) ME1:ITIC w/ 

1% CN, (d) ME1:PC71BM, (e) ME2:PC71BM 
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Figure 2.16. TEM images of (a) ME1:ITIC, (b) ME2:ITIC, (c) ME1:ITIC w/1% 

CN (d) ME1:PC71BM, (e) ME2:PC71BM 

 

 
 

Figure 2.17. 2D AFM images of (a) ME3:PC71BM, (b) ME3:PC71BM w/6% DPE, 

(c) ME4:PC71BM, (d) ME4:PC71BM w/6% DPE 
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AFM topographical examination for ME3 and ME4 showed that the roughness 

values are 0.320, 0.340, 0.,48, and 0.387 nm, respectively (Figures 2.18.a, 2.18.b, 

2.18.c, and 2.18.d). And the film thickness values are found as 138 nm, 83nm, 111 

nm, and 77 nm, respectively.  

 
Figure 2.18. 3D AFM images of (a) ME3:PC71BM, (b) ME3:PC71BM w/ 6%DPE, 

(c) ME4:PC71BM, (d) ME4:PC71BM w/6%DPE 

The morphology of the films obtained by using ME3 and ME4 in the active layer 

was examined using TEM. It was observed that PCEs increased when DPE was used 

as a solvent additive in ME3 and ME4 based OSCs. This is due to the use of DPE as 

theta solvent that optimizes the morphology. It is clearly seen that PCBM 

aggregations are common in the morphology obtained without using the additive in 

Figure 2.19.a and 2.19.c and percolation occurs even when DPE is used in Figures 

2.19.b and 2.19.d.  
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Figure 2.19. TEM images of a) ME3:PC71BM, b) ME3:PC71BM w/6% DPE, c) 

ME4:PC71BM, d) ME4:PC71BM w/6% DPE 

The incident photon to electron conversion efficiency (IPCE) was studied to confirm 

the best device's photoresponse, as shown in Figure 2.20.a. The photocurrent 

response for both polymers was performed between 300 nm and 900 nm. The highest 

IPCE value for ME1 and ME2 reached 82% and 26%, respectively. The results 

obtained from the EQE curve are consistent with JSC values in Table 2.11. For the 

devices based on M1-ME4:PC71BM, EQE curves are illustrated in Figure 2.20.b. 

The IPCE values were obtained as 43%, 51 %, 45%, and 50%, respectively. 
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Figure 2.20. EQE curves of a) ME1: ITIC and ME2: ITIC, and b) ME1-

ME4:PC71BM devices 

2.3.4 Conclusions 

In this study, two new random copolymers containing TPD as the core unit were 

synthesized. ME1 containing alkyl thiophene has a larger molecular weight than P2, 

which is attributed to the lack of alkyl chain, which enhances the solubility of the 

polymer. The electrochemical and spectroelectrochemical properties of the two 

polymers were investigated. TPD as an acceptor moiety enhanced VOC values and 

provided deep HOMO levels, subsequently better OPV performances. The best 

result was obtained with the device based on ME1: ITIC with a PCE of 7.94%, a JSC 

value of 18.45 mA.cm-2, and an FF value of 50.12%. ME2 based devices exhibited 

comparatively lower PCEs (1.96% max) and other OPV parameters. We believe that 

the lower molecular weight of ME2 disturbed film morphology of the polymer: 

acceptor blend, which AFM and TEM images support. Thus, ME1 exhibited 

relatively better OPV performances. When blended with PC71BM, ME1 and ME2 

did not perform better than polymer:ITIC blends. However, ME3/ME4:PC71BM 

performed better than ME3/ME4:ITIC blends with and without solvent additive 

treatment. The FF values of the devices based on ME3 and ME4 increased when 

PC71BM was employed in the fabrication. Furthermore, when 6% DPE was 

introduced, the PCE of ME3:PC71BM based device enhanced almost 40%. The same 

trend was observed for ME4:PC71BM based device as well. When 6% DPE was 
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introduced, the PCE value increased almost 68%. Previously reported studies 

support that new TPD-containing random copolymers and NFA-based organic 

photovoltaics exhibit better PCEs compared to their fullerene-based counterparts 228–

233. 

2.4 Effect of introduction of a second TPD unit with different donor 

moieties on photovoltaic performance 

In this part, compound M1 went under random polymerization with a second TPD 

unit and different donor moieties, benzodithiophene and dithienopyrrole. Herein, the 

idea was to compare the photovoltaic performance of the polymers upon introduction 

of a second TPD unit since it is known that the TPD unit can both widen and lower 

band gaps, hence altering the optical properties and photovoltaic performance. The 

polymer ME5 was difficult to dissolve. Although there is a fair amount of alkyl 

chains on the polymer backbone, the presence of the fused structures makes it 

difficult to dissolve the polymer. Different halide solvents were employed to dissolve 

the polymer, and due to the poor solubility formation of the polymer film as a donor 

in the active layer of the solar cell was not uniform, and the solar device could not 

operate. For the same reasons, electrochemical and spectroelectrochemical 

investigations could not be conducted. ME6 was blended both with fullerene and 

ITIC. The best result was obtained from the blend ME6:PC71BM with a ratio of 1:3 

with a PCE of 3.94%, a VOC of 0.87 V, a FF of 59, and a JSC of 7.65 mA.cm-2.  
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2.4.1 Syntheses of the polymers (ME5 and ME6) 

 

Figure 2.21. Synthetic routes for ME5 and ME6 

M1 (73.4 µmol, 1 eq.), compound 4 (73.4 µmol, 1 eq.), and BDT(TiC8) or DTP (4-

(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole) (73.4 

µmol, 1 eq.) were dissolved in dry toluene:DMF (5 mL, 4:1 v/v) solvent system 

under Ar atmosphere in 25 mL Schlenk tube. Pd2(dba)3 (1.0 µmol) and P(o-tolyl)3 

(4.2 µmol) were added, and the reaction mixture was allowed to stir for 15 h at reflux. 

For the purification, the same procedure was followed as in the preparation of ME1-

ME2. ME5 was isolated in chlorobenzene, while ME6 was isolated in both 

chloroform and chlorobenzene. Solvents were removed, and ME5 (Yield: 32 mg, 

26%) and ME6 (Yield: 25 mg, 18% in chlorobenzene, 50 mg, 35% in chloroform) 
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were obtained as dark purple crystals following recrystallization from methanol. 

Since ME5 was obtained from chlorobenzene, it had solubility problems. That’s why 

electrochemical and photovoltaic investigations could not be conducted. ME6 was 

isolated in chloroform and chlorobenzene. The portion obtained from chloroform 

was employed in electrochemical and photovoltaic studies. Mn and Mw for ME6 were 

33.2 and 43.68 kDa (PDI=1.3), respectively. 

2.4.2 Results 

2.4.3 Electrochemical and spectroelectrochemical investigations 

Electrochemical investigations were conducted with cyclic voltammetry. The 

polymer ME6 showed ambipolar characteristics (both p-dopable and n-dopable). 

The same procedures as for ME1-ME4 were followed for the investigations. Single 

scan cyclic voltammetry of ME6 films was performed in a potential range between 

-2.0 V and 1.4 V in 0.1 M TBAPF6/ACN, electrolyte/solvent couple. ME6 showed 

reversible oxidation/reduction peaks at 1.13 V and -1.07/-1.54 V. HOMO and 

LUMO energy levels were calculated from oxidation/reduction values as -5.64 and 

-3.52 eV, respectively. The electronic band gap was determined as 2.12 eV as the 

difference between HOMO and LUMO levels. The electronic properties of ME6 are 

summarized in Table 2.13. 
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Figure 2.22. Cyclic voltammograms of ME6 on ITO electrode in 0.1 M 

TBAPF6/ACN electrolyte/solvent couple at a scan rate of 100 mV/s 

Table 2.13 Electrochemical properties of ME6 

Polymer Ep-doping 

(V) 

Eonset
p-

doping 

(V) 

En-doping 

(V) 

Eonset
n-

doping (V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg
el (eV) Eg

op (eV) 

ME6 1.13 0.89 -1.07/-

1.54 

-1.23 -5.64 -3.52 2.12 1.55 

 

Electronic absorption spectra of ME6 films were recorded upon applying a stepwise 

potential change ranging from 0 V to 1.4 V. The continuous change in the potential 

decreased the neutral absorption band. A new absorption band appeared at 824 nm 

due to the formation of radical cations, and the maximum onset value was determined 

as 800 nm, from which the optical band gap was calculated. The neutral absorption 

state was recorded as 610 nm, corresponding to π-π* transitions (See Figure 2.23.a). 
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Figure 2.23. (a) Electronic absorption spectra of ME6 solution between 0.0 V and 

1.4 V, (b) Percent transmittance changes for ME6 in 0.1 M TBAPF6/ACN solution. 

 

Optical properties are summarized in Table 2.14. 

 

Table 2.14 Optical properties of ME6 

Polymer λmax (nm) λonset
max (nm) Eg

op (eV) 

ME6 610 800 1.55 

 

The colors of ME6 film were recorded in neutral and reduced states. In oxidation 

state, the films did not show any change in color. However, when a potential between 

0 and -2.0 V, the color went gray tones. L, a, and b values of the polymer film are 

illustrated in Table 2.15.  
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Table 2.15 Colors of ME6 film at neutral and reduced states 

  -2.0 V                                                                       0 V  

ME6-RED 

 

L 52.37 52.05 50.87 54.19 34.13 

a 0.25 -1.47 -1.47 1.13 3.39 

b -5.31 -2.32 -2.33 -2.57 -12.41 

 

Optical contrast and switching times were recorded via kinetic studies. A square-

wave potential from 0 V to 1.4 V was used for two extreme states (oxidized/reduced 

states) with 5 seconds intervals at λmax located at 625 and 890 nm. Percent 

transmittance against time graphs are illustrated in Figure 2.23.b. Percent 

transmittance changes for ME6 were determined as 3% at 625 nm and 16% at 890 

nm, whereas switching times were calculated as 2.9 and 0.7 s, respectively. All 

electrochromic switching results are summarized in Table 2.16. 

Table 2.16 Kinetic properties of ME6 

Polymer λ (nm) Optical Contrast(%) Switching Time (s) 

ME6 625 

890 

3 

16 

2.9 

0.7 

 

2.4.4 OSC studies 

For ME6 based devices, the same procedures were followed as in the fabrication of 

OSC devices based on ME1-ME4. Preliminary results exhibited that ME6 based 

devices operate better when ME6 is blended with PC71BM. And the best result was 

3.94% with ME6:PC71BM (1:1, w/w) blend. Photovoltaic parameters for ME6 are 

summarized in Table 2.17, and the J-V curves are represented in Figure 2.24. 

 



 
 

77 

Table 2.17 Photovoltaic parameters of ME6:ITIC/PC71BM devices 

Polymer:Acceptor 

(w:w) 

Solvent Concentration 

(mg.mL-1) 
JSC (mA.cm

-2
) V

OC
  (V) FF (%) PCE 

(%) 

ME6:ITIC (1:1) ODCB 12 6.88 0.91 44 2.79 

ME6:PC
71

BM (1:2) ODCB 20 7.25 0.86 60 3.73 

ME6:PC
71

BM (1:3) ODCB 20 6.72 0.87 62 3.56 

ME6:PC
71

BM (1:3) ODCB 30 7.65 0.87 59 3.94 

 

 

Figure 2.24. Current-voltage characteristics of (a) the best devices based on 

ME6:ITIC/PC71BM and (b) ME6:PC71BM under AM 1.5 G solar simulator. 

2.5 Thienothiophene and benzochalcodiazoles containing conjugated 

polymers 

Herein, TPD unit was introduced a fused organic spacer, thienothiophene a brief 

explanation of its importance was given in section 2.1.2.2. The aim was to introduce 

thienothiophene to the TPD unit as a spacer and then randomly polymerize this new 

moiety with benzochalcodiazoles acceptor and BDT donor moieties. Obtained 

polymers were to be used as donor materials in OSC fabrication. As preliminary 

results, herein, syntheses of the polymers (ME7 and ME8), electrochemical, and 

spectroelectrochemical results are reported. 
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2.5.1 Experimental 

All molecules and the polymers were prepared according to the literature reports. 

ME7 and ME8 were obtained via Stille Polycondensation.  

2.5.2 Syntheses of the monomers and the polymers 

 
Figure 2.25. Synthetic route for the monomer M3 

2.5.2.1 Synthesis of tributyl(thieno[3,2-b]thiophen-2-yl)stannane (9) 

Under Ar atmosphere, thieno[3,2-b]thiophene (0.25 g, 1.8 mmol) was dissolved in 

dry THF. The solution was cooled to -78 °C in a dry ice bath. n-BuLi (0.71 mL, 2.5 

M) was added dropwise. The reaction mixture was allowed to stir at -78 °C for 1 h 

and followed by the addition of SnBu3Cl (0.75 g, 2.3 mmol).  The reaction mixture 

was warmed to ambient temperature and was allowed to stir overnight. The solvent 

was removed under reduced pressure, and DCM was added to the crude product. 

Organic layers were washed with saturated NaHCO3, distilled water, and brine. 

Washed organic layers were dried over Na2SO4, and after the solvent removal, the 

product was used without any further purification. Yield: 0.7 g, 92%. 
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1H NMR (400 MHz, CDCl3, δ, ppm): 7.32 (d, J=5.1 Hz, 1H), 7.23 (s, 1H), 7.22 (s, 

1H), 1.68-1.53 (m, 6H), 1.40-1.28 (m, 6H), 1.16-1.12 (m, 6H), 0.94-0.89 (m, 9H) 

13C NMR (100 MHz, CDCl3, δ, ppm): 145.2, 141.5, 140.5, 126.8, 125.3, 118.8, 28.8, 

27.1, 13.5, 11.5  

2.5.2.2 Synthesis of 4,7-dibromobenzo[c][1,2,5]thiadiazole (10) 

In a three-necked flask charged with a magnet bar, 2,1,3-benzothiadiazole (3 g, 22 

mmol) and N-bromosuccinimide (8.2 g, 46 mmol) were dissolved in concentrated 

H2SO4 (30 mL). The reaction mixture was stirred for 3 h at 60 °C in an oil bath. Then 

the mixture was cooled to ambient temperature and transferred to an ice bath. After 

dropwise addition of distilled water (100 mL), the product was extracted three times 

with toluene. Combined organic layers were dried over anhydrous Na2SO4. The 

solvent was removed under reduced pressure, and a white product was obtained. 

Yield: 3.9 g, 60%. 

1H NMR (400 MHz, CDCl3): δ: 7.72 (s, 2H).  

13C NMR (100 MHz, CDCl3): δ: 153, 132, 114. 

2.5.2.3 Synthesis of 3,6-dibromobenzene-1,2-diamine (11) 

In a 1 liter Erlenmeyer charged with a magnet bar, compound 10 was (1 g, 3.4 mmol) 

introduced. Ethanol (30 mL) was added, and the temperature of the flask cooled to 0 

°C in an ice bath. NaBH4 (5 g, 132 mmol) was added portion-wise. The reaction 

mixture was stirred overnight at ambient temperature. Distilled water was poured 

onto the mixture, and the product was extracted with Et2O. Organic phases were 

washed with distilled water. The solvent was removed under reduced pressure. A 

beige solid was isolated. Yield: 0.72 g, 79%. 

1H NMR (400 MHz, CDCl3): δ: 6.85 (s, 2H), 3.67 (s, 4H) 
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13C NMR (100 MHz, CDCl3): δ: 133.7, 123.3, 109.7. 

2.5.2.4 Synthesis of 4,7-dibromobenzo[c][1,2,5]selenadiazole (12) 

In EtOH (30 mL), compound 11 (1.4 g, 5.2 mmol) was dissolved. The solution was 

heated to reflux. A readily available solution of SeO2 (0.6 g, 5.2 mmol) in distilled 

water (6 mL) was added dropwise. Following the addition of SeO2 solution, the 

reaction mixture was refluxed 2 hours more. The obtained solution was poured into 

distilled water (100 mL) and filtered. The product was obtained through precipitation 

in ethyl acetate and used further without any purification. Yield: 1.4 g, 80%. 

2.5.2.5 Synthesis of 5-(2-ethylhexyl)-1,3-bis(thieno[3,2-b]thiophen-2-yl)-4H-

thieno[3,4-c]pyrrole-4,6(5H)-dione (13) 

A 50 mL Schlenk tube was charged and connected to a Schlenk tube. Under Ar 

atmosphere, compound 4 (0.15 g, 0.35 mmol) and Pd(PPh3)4 (50 mg, 0.041 mmol) 

were dissolved in dry toluene (15 mL). The Schlenk tube was located in an oil bath, 

and the temperature was set as 100 °C. At 50 °C, compound 9 (0.46 g, 1.05 mmol) 

was added slowly. TLC controlled reaction was stirred overnight at 100 °C. 

Following the cooling process, the solvent was removed under reduced pressure. 

Purifying the crude product over column chromatography on silica gel afforded 

yellow crystals. Yield: 0.15 g, 80%.    

1H NMR (400 MHz, CDCl3, δ, ppm): 8.39 (d, J = 3.1 Hz, 2H), 7.49 (d, J=5.3 Hz, 

2H), 7.24 (d, J=5.3 Hz, 2H), 3.57 (d, 2H), 1.82 (m, 1H), 1.33 (m, 8H), 0.92 (dt, J = 

13.9, 7.3 Hz, 6H). 

13C NMR (100 MHz, CDCl3, δ, ppm): 162.8, 139.5, 136.4, 133.3, 130.0, 122.2, 

119.3, 38.3, 27.7, 23.5, 22.4, 10.8.  
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2.5.2.6 Synthesis of 1,3-bis(5-bromothieno[3,2-b]thiophen-2-yl)-5-(2-

ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (M3) 

Compound 13 (0.15 g, 0.28 mmol) was dissolved in CHCl3 (20 mL) under Ar 

atmosphere at the ambient temperature. N-bromosuccinimide (0.11 g, 0.63 mmol) 

was added to the stirring solution portion-wise. TLC controlled reaction mixture was 

stirred overnight at ambient temperature. Following the addition of distilled water, 

the organic layer was separated and dried over Na2SO4 and concentrated under 

reduced pressure. Precipitation in ethanol afforded orange powder. Yield: 0.165 g, 

85%. 

1H NMR (400 MHz, CDCl3) δ 8.41 (s, 2H), 8.30 (s, 2H), 3.58 (d, J = 7.2 Hz, 2H), 

1.40-1.10 (m, 9H), 0.92 (dt, J = 14.5, 7.3 Hz, 3H), 0.83 (s, 3H). 

2.5.2.7 Synthesis of ME7 and ME8 

 

Figure 2.26. Synthetic routes for ME7 and ME8 
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Under Ar atmosphere M3 (50 mg, 0.071 mmol), compound 10 (21 mg, 0.071 mmol) 

or compound 12 (24 mg, 0.071 mmol), BDT(TiC8) (130 mg, 0.142 mmol), 

Pd2(dba)3 (15 mg), and P(o-tol)3 (15 mg) were dissolved in dry toluene (10 mL). 

The purification was achieved following the same method as in the preparation of 

ME1-ME2. ME7 was isolated in both chloroform (Yield: 85 mg, 66%) and 

chlorobenzene (Yield: 22 mg, 17%) fractions. ME8 was also isolated in the same 

solvents (Yield: 32 mg, 24% in chlorobenzene, 50 mg, 38% in chloroform). Mn and 

Mw for ME7 and ME8 were 4 and 9 kDa (PDI=2.25) and 5.5 and 14.1 kDa 

(PDI=2.56), respectively. 

2.5.3 Results 

2.5.3.1 Electrochemical and spectroelectrochemical investigations of ME7 

and ME8 

The polymer ME7 showed ambipolar characteristics (both p-dopable and n-

dopable), while the polymer ME8 did not get oxidized only. Single scan cyclic 

voltammograms of ME7 and ME8 films were conducted in a potential range between 

-1.8 V and 1.1 V, 0 V and 1.6 V respectively in 0.1 M TBAPF6/ACN, 

electrolyte/solvent couple (See Figure 2.27). ME7 showed reversible 

oxidation/reduction peaks at 0.76 V and -1.6 V, whereas ME8 showed an oxidation 

peak at 1.1 V. HOMO and LUMO energy levels of ME7 were found as -5.39 and -

5.52 eV, respectively. LUMO of ME8 was calculated using the optical band gap 

obtained from electronic absorption spectra. All electrochemical properties of ME7 

and ME8 are summarized in Table 2.18. 
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Figure 2.27. Cyclic voltammograms of ME7 and ME8 on ITO electrode in 0.1 M 

TBAPF6/ACN electrolyte/solvent couple at a scan rate of 100 mV/s 

 

Table 2.18 Electrochemical properties of ME7 and ME8 

Polymer Ep-doping 

(V) 

Eonset
p-

doping (V) 

En-doping 

(V) 

Eonset
n-

doping (V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg
el 

(eV) 

Eg
op 

(eV) 

ME7 0.76 0.64 -1.6 -1.16 -5.39 -3.59 1.8 1.66 

ME8 1.1 0.77 - - -5.52 -4.02 - 1.5 

 

Electronic absorption spectra of ME7 and ME8 films were recorded upon applying 

a stepwise potential change ranging from 0 V to 1.35 V and 0 V to 1.22 V, 

respectively (See Figure 2.28). The continuous change in the potential decreased the 

neutral absorption band for ME7, and a new absorption band appeared at 810 nm as 

a result of the formation of radical cations. The corresponding peak for ME8 was 

observed at 890 nm. Onset maximum values were determined as 748 nm and 828 

nm, from which the optical band gaps were calculated. 
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Figure 2.28. Electronic absorption spectra in 0.1 M TBAPF6/ACN solution 

between (a), 0.0 V and 1.4 V for ME7 (b), 0.0 V and 1.25 V for ME8 

The films of both polymers exhibited electrochromism and different colors in neutral 

and oxidized/reduced states upon applied potentials. In the oxidation state, the color 

of ME7 films went dark blue and went greyish in the reduction state. ME8 films went 

light pink in the oxidation state and went greyish in the reduced state. The colors and 

corresponding electrical potentials are illustrated in Table 2.19. 

Table 2.19 Colors of ME7 and ME8 film at neutral and oxidized/reduced states 

     -1.8 V              0 V                               +1.3 V 

ME7 

   

L 61.50 56.53 56.92 58.49 

a -0.39 10.66 6.59 5.06 

b -7.12 -12.08 -7.02 -7.55 

 

    -2.2 V                                                                                0 V                                                      +1.8 V 

ME8 

 

L 33.74 36.82 34.07 29.77 23.98 32.58 37.14 34.55 

a 0.82 1.39 0.41 -1.60 7.80 1.42 3.18 3.01 

b -2.95 -3.34 -3.09 -2.55 -3.16 -3.40 -7.81 -8.64 
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To investigate kinetic stability and calculate switching times with percent 

transmittance, kinetic studies were conducted under the same conditions followed 

for the previous polymers. For ME7, a square-wave potential from 0 V to 1.6 V was 

applied for two extreme states (oxidized/reduced states) with 5 seconds intervals at 

λmax located at 590 and 810 nm (See Figure 2.29). The percent transmittance changes 

for ME7 were determined as 18% at 590 nm and 22% at 810 nm. Switching times 

were calculated as 2.5 and 2.3 s, respectively.  

 

Figure 2.29. Percent transmittance changes for (a) ME7 and (b) ME8 in 0.1 M 

TBAPF6/ACN solution. 

For ME8, a square-wave potential from 0 V to 1.2 V was applied at λmax located at 

555 and 890 nm. The percent transmittance changes were found as 12% at 555 nm 

and 36% at 890 nm, while the switching times are calculated as 1.7 and 1.4 s, 

respectively. All electrochromic switching results are summarized in Table 2.20. 

Table 2.20 Kinetic properties of ME7 and ME8 

Polymer λ (nm) Optical Contrast (%) Switching Time (s) 

ME7 590 

810 

18 

22 

2.5 

2.3 

ME8 555 

890 

12 

36 

1.7 

1.4 
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CHAPTER 3  

3 CONSTRUCTION OF AMPEROMETRIC BIOSENSOR MODIFIED WITH 

CONDUCTING POLYMER/CARBON DOTS FOR THE ANALYSIS OF 

CATECHOL 

Phenolic compounds used in food industries and pesticide industry, are 

environmentally toxic and pollute the rivers and ground water. For that reason, the 

detection of phenolic compounds such as catechol by using simple, efficient, and 

cost-effective devices have been becoming increasingly popular. In this study, a 

suitable and a novel matrix was composed using a novel conjugated polymer, namely 

poly[1-(5-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b'] dithiophen-2-

yl)furan-2-yl)-5-(2-ethylhexyl)-3-(furan-2-yl)-4H thieno[3,4-c]pyrrole-4,6(5H)-

dione] (PFTBDT) and carbon dots (CDs) to detect catechol. PFTBDT and CDs were 

synthesized, and the optoelectronic properties of PFTBDT were investigated via 

electrochemical and spectroelectrochemical studies. Laccase enzyme was 

immobilized onto the constructed film matrix on the graphite electrode. The 

proposed biosensor was found to have a low detection limit (1.23 μM) and a high 

sensitivity (737.44 μA/mM.cm-2) with a linear range of 1.25-175 μM. Finally, the 

applicability of the proposed enzymatic biosensor was evaluated in a tap water 

sample, and a satisfactory recovery (96-104%) was obtained for catechol 

determination. 

This chapter is reproduced from J. Polym. Sci. 2020, 58, 3336–3348 with the 

permission of John Wiley & Sons. 
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3.1 Introduction 

Identification and quantification of phenolic compounds have received exceptional 

interest from the scientific community owing to their high toxicity in nature, water 

resources, and human health. Between the phenolic compounds, Catechol (1, 2- 

hydroxybenzene or 1, 2- benzenediol), is found in many everyday products, such as 

cosmetics, pesticides, pharmaceuticals and food additives 234. It has been classified 

as a periodic toxic pollutant. The US Environmental Protection Agency (US EPA) 

and the European Commission (EC) have created a list and special attention has been 

devoted to catechol because of its low degradation rate and high toxicity 235. 

Different analytical methods have been utilized for the detection of catechol, such as 

fluorescence 236, high performance liquid chromatography 237, and 

chemiluminescence 238. However, most of these techniques are not considered as 

practical and up to expected standards mainly due to their low sensitivity, high cost, 

extensive time, and sample handling/ preparation requirements. Enzyme-based 

electrochemical biosensors that overcome the aforementioned drawbacks, can be one 

alternative to the current techniques. Enzyme-based electrochemical biosensors are 

generally robust and facile sensing systems with relatively low overall cost 239. Most 

importantly, enzyme-based biosensors are highly selective and sensitive due to their 

specific high affinity toward their substrate 240. Detection of catechol or other 

phenolic compounds can be achieved by using tyrosinase, laccase or peroxidase 

enzyme-based biosensors. 

Laccases (benzenediol-oxygen oxidoreductase, E.C. 1.10.3.2) are copper containing 

enzymes found in higher plants, fungi, bacteria, and insects. They reduce oxygen to 

water during the oxidation of phenolic compounds in four electron transfer steps 

without forming hydrogen peroxide 241. Laccases have found use in various 

industries, such as bioremediation, paper and pulp, pharmaceutical, textile and food 

industries, besides being used in biosensors 242. One downside of the laccase 

biosensors is their stability. To provide a suitable matrix for enzyme immobilization 
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and enhance stability, conducting polymers (CPs) have been used in analytical 

systems due to their unique optoelectronic properties 243–245. 

The use of conducting polymer films to improve analytical performance appears to 

be a strong candidate for the development of biosensors. CPs permit easy localization 

of biomolecules on transducer surface and enhance the charge transfer between the 

active site of the enzyme and the electrode. Accordingly, they improve the 

biosensors' stability, sensitivity, and response time by providing a suitable matrix for 

enzyme immobilization 246. Thieno[3,4-c]pyrrole-4,6-dione-TPD has been used as 

an acceptor moiety in various conjugated polymers utilized for organic solar cells. 

TPD has a simple, symmetric, fused, planar, and compact structure leading to 

electron delocalization through the backbone of the polymer 247–250. Due to geometric 

strain, it exhibits decreased steric repulsion between the neighboring units. 

Additionally, the interactions between the sulfur and oxygen atoms lead to backbone 

planarity. These features make TPD-based polymers have relatively lower band gaps 

and closer π-π interactions, facilitating improved charge transport 202. Its strong 

electron-withdrawing effect leads to lower highest occupied molecular 

orbital/Lowest unoccupied molecular orbital (HOMO/LUMO) energy levels and 

makes TPD a good accomplice in both intermolecular and intramolecular 

interactions 199,201. Besides, TPD is able to stabilize itself by gaining a quinoidal 

thiophene-maleimide structure during excitation resulting in lower band gap energy 
251. TPD moiety can also be modified easily through the donor benzodithiophene-

BDT, mostly to improve polymer's solubility via the introduction of alkyl chains. 

Thus, due to its remarkable features, TPD moiety has been widely incorporated into 

conjugated polymers via Stille polycondensation reaction. 

One of the most critical steps in fabricating enzyme-based biosensors is enzyme 

immobilization. In this step, it is important to attach the recognizing element 

effectively. Otherwise, the enzyme may leak from the electrode surface during 

analysis hence reducing the signal and sensitivity of the biosensor. Over the last 20 

years, the use of nanomaterials in the construction of biosensing devices offers 

unique characteristics that give sensitive detection of catechol, such as carbon 
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nanomaterials, metal and metal alloy nanoparticles, and metal oxides. The small 

dimensions of nanomaterials contribute significantly in obtaining a surface that has 

an excellent adsorption property. Since nanomaterials have high chemical stability 

and high surface-to-volume ratio, they provide biocompatible matrices for biosensor 

applications 252. Carbon dots (CDs) are a relatively new class of zero-dimensional 

(0-D) carbon nanomaterials 253. Even though CDs have become powerful tools in 

chemo- and bio-sensing applications, they have not been explored widely in 

electrochemical biosensor applications 254–256. Their excellent properties like low 

cytotoxicity, simple synthesis, remarkable conductivity, and tunable luminescence 

activity enable CDs to be functional nanomaterials in electrochemical biosensor 

applications. Besides, their large surface area, ease of modification and excellent 

biocompatibility allow them to increase the amperometric response significantly 257. 

Motivated by the abovementioned shortcomings of current techniques in catechol 

detection, we constructed a new biosensor using a thienopyrroledione based 

conjugated polymer (PFTBDT) and CDs on a graphite electrode. While carbon dots 

increase the electrochemical signal of the biosensor, the polymer enhances the 

stability and reduces the response time in the constructed biosensor for catechol 

detection. The use of an enzyme-based electrochemical biosensor is a simple, 

sensitive, and low-cost alternative to other analytical methods for catechol 

determination. The developed sensor was found to have a wider linear dynamic range 

(LDR), a lower limit of detection (LOD), and higher sensitivity compared to other 

catechol biosensors based on laccase. The results obtained here show that the 

biosensor is most sensitive and has potential use for catechol detection. 

3.2 Experimental 

Laccase (Lac, EC 1.10.3.2 from T. versicolor, 21.8 Unit/ mg), glucose, ethanol, 

glutaraldehyde (50% wt in H2O), catechol (as a substrate), and all reagents were 

purchased from Sigma–Aldrich (Europe) and used without further purification. 

Number-average (Mn) and weight-average (Mw) molecular weights of the polymer 
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were obtained by size exclusion chromatography via a Shimadzu LC-20AT GPC in 

chloroform at 40 °C. All electrochemical measurements were performed with a 

three-electrode system. A platinum (Pt) wire and a silver (Ag) wire were used as the 

counter and the reference electrodes, respectively, while indium tin oxide (ITO) 

coated glass substrate was used as the working electrode. All potentials are referred 

to the pseudo-reference Ag electrode (+0.3 V vs. Fc/Fc+). Spectroelectrochemical 

measurements were conducted with Varian Cary 5000 UV-Vis spectrophotometer, 

and cyclic voltammograms of the polymer films were recorded using a GAMRY 

Reference 600 potentiostat. In chronoamperometric measurements, a modified 

graphite electrode (RW001 type, 0.07 cm2) was used as the working electrode. 

Amperometric studies were performed with PalmSens potentiostat. The crystallinity 

of carbon dots was investigated via X-ray diffraction (Rigaku Ultima-IV). Surface 

characterizations of the modified electrodes were performed by scanning electron 

microscopy (SEM) using a JEOL JSM-6400. 

3.2.1 Syntheses of CDs and PFTBDT 

3.2.1.1 Synthesis of Carbon Dots 

CDs were synthesized according to a previously reported hydrothermal method with 

a minor modification 258. 1.0 g of citric acid and 335.0 μL ethylene diamine were 

first dissolved in 10 mL Millipore (Milli-Q) water and stirred using a magnetic stirrer 

for 30 minutes followed by 3 minutes of sonication. Then, the mixture was 

transferred to a Teflon-lined stainless-steel autoclave and heated at 200 °C for 6 

hours. Next, the reaction mixture was allowed to cool down to room temperature and 

centrifuged at 7000 rpm for 45 minutes, followed by multiple steps of filtration and 

centrifugation (10000 rpm) to remove large precipitates. Afterward, the sample was 

filtered consecutively through the disposable sterile syringe filter units with 0.45 µM 

and 0.22 µM pore size hydrophilic PVDF membranes, respectively (Millipore, 

Millex-HV, Bedford, USA) in order to eliminate the large size carbon nanoparticles 
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and then dialyzed against pure water for 12 hours (MWCO = 1000 Da, Sigma 

Aldrich, St. Louis, USA) to obtain the pure S, N-CQDs. Finally, the resultant 

solution was lyophilized for 48 hours (at -57 °C and 0.1 mbar). The purified and 

lyophilized S, N-CQDs powder was further used to fabricate the modified graphite 

electrode after characterization. 

The wide-angle X-ray diffraction (XRD) pattern of the synthesized CDs was 

recorded on a Rigaku Ultima IV (Rigaku, Tokyo, Japan) powder diffractometer 

using Cu Kα radiation (λ=1.541874 Å generated at 40 kV and 30 mA) in the 2θ range 

of 10°-90°, with a scan rate of 2°/min and sampling interval of 0.02°. The XRD 

pattern of the CDs in Figure 1 demonstrates a broad diffraction peak centered at 

~20.6° (2θ), corresponding to an interlayer spacing of ~4.3 Å, which is in good 

agreement with the previously published reports in the literature.  The larger 

interlayer spacing is attributed to a highly disordered carbon structure with poor 

crystallization that is different from the bulk graphite (3.34 Å). 

3.2.1.2 Synthesis PFTBDT 

M2 (70 mg, 0.13 mmol), BDT(TiC8) (4,8-bis[5-(2-ethylhexyl) thiophen-2-yl]-2,6-

bis(trimethylstannyl)benzo[1,2-b:4,5-b’]) dithiophene (114 mg, 0.13 mmol), 

Pd2(dba)3 (6 mol%) and P(o-tol)3 (12 mol%) were dissolved in dry toluene (15 mL) 

under argon atmosphere in a Schlenk tube charged with a magnet bar. The Schlenk 

tube was transferred to an oil bath, and the mixture was stirred for 40 h at 95 °C. The 

reaction mixture was allowed to reach ambient temperature, and the solvent was 

removed under reduced pressure. As a palladium scavenger, sodium 

diethyldithiocarbamate trihydrate (10 mg) was added following the addition of 

methanol. The mixture was filtered after 1 h stirring and washed with acetone and 

hexane in a Soxhlet extractor to eliminate low molecular weight fractions. The 

polymer was obtained in the chloroform fraction. Removal of chloroform under 

reduced pressure gave dark red crystals. Yield: 0.11 g, 91%. 
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Mn: 8.4 kDa, Mw: 22.2 kDa, PDI=2.63 

 

 

Figure 3.1. Synthetic route for PFTBDT 

3.2.2 Preparation of modified electrode for biosensor application 

To prepare the modified electrodes, bare graphite electrodes were first polished with 

emery paper and then thoroughly washed with distilled water. First, 0.5 mg mL−1 

CDs solution was prepared and dispersed in DMF. Five microliters of the prepared 

solution were drop cast on the cleaned graphite electrode and allowed to air-dry for 

1 h at room temperature. Afterward, 10.0 μL of the PFTBDT solution (1.25 mg per 

1.0 mL of chloroform) was coated on CDs modified electrode. CDs/PFTBDT-

modified electrodes were allowed to air-dry followed by a distilled water wash 

before enzyme immobilization. Ten microliters of laccase enzyme (10.9 U) in 

phosphate buffer solution (pH 7.0, 50 mM) and glutaraldehyde solution (1% in H2O) 

as a cross-linking agent were added onto the modified electrodes, and 

CDs/PFTBDT/Lac electrodes were allowed to dry at room temperature for 2 h. 

Finally, the electrodes were washed with distilled water to remove any unbound 

enzyme molecules before used. 
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Figure 3.2. Design of the biosensor constructed for this study 

3.2.3 Amperometric measurements for detection of catechol 

Amperometric measurements were carried out at the ambient temperature in a 

sample holder that contains 10 ml sodium acetate buffer (50 mM, pH 5.5). After the 

working electrode reached equilibrium, catechol solution (as the substrate) was 

added to the buffer solution, and the current of the working electrode was monitored 

until a new equilibrium was established. The difference between two steady-state 

current values (μA) was recorded as the biosensor's response. After each 

measurement, the electrodes were washed with distilled water, and the reaction 

medium was refreshed. Amperometric measurements were performed at -0.3 V, 

which represents the biological activity of the enzyme. 
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3.2.4 Computational Studies 

Density functional theory (DFT) calculations were performed by using the 

B3LYP/6-311G*hybrid functional 259–261 and basis set, using 10-8 RMS density 

matrix convergence and 10-6 energy change criteria in Gaussian09 (Revision A.02) 
262. Successful results were achieved previously at this level of calculations for 

donor-acceptor studies in the literature 263,264. Results are validated by novel and 

promising TPSSh functional 265. HOMO, LUMO, electrostatic potential surfaces 

(ESP), counterpoise corrected interaction energy of PFTBDT with catechol and 

effect of catechol on the electronic structure such as charge transfer were calculated 

for the geometry optimized structures of tetramer model oligomers with methyl side 

chains. Vertical excitation energy of the first singlet excited state S0→S1 were 

calculated by TDDFT calculations in acetonitrile solvent effect. Vertical ionization 

potential and vertical electron affinity were calculated by the energy difference 

between the neutral tetramer and cation state of the optimized ground state geometry. 

Reorganization energies (λreorg) for the holes were estimated based on the 

formulation by Bredas et al 266. Periodic cells were minimized by molecular 

mechanics methods to understand packing structure of polymer by adopting polymer 

consistent force field 267 for 10,000 steps with 12 Å cutoff atomic distance for vdW 

interactions and Ewald summation for electrostatic interactions. 

3.3 Results 

3.3.1 Electrochemical and optical properties of the polymer  

CV technique was used to investigate the electrochemical behavior of PFTBDT 

polymer. Using the CV technique, redox behavior and doping characteristics of the 

polymer were examined. Also, the HOMO energy level was calculated from cyclic 

voltammogram of the polymer by spray coating the polymer solution (6.0 mg of 

PFTBDT in 1.0 mL of chloroform) onto the glass substrate coated with ITO. 
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Three electrode system was used in CV experiments, constructed using a silver wire 

as the pseudo-reference, platinum wire as the counter, and the prepared ITO as the 

working electrode, respectively. The CV studies were performed at a scan rate of 

100 mV/s, under a potential range between 0 and 1.7 V in 0.1 M TBAPF6/ ACN 

electrolytic medium. The polymer is p-dopable. It was doped at 1.47 V and de-doped 

at 0.98 V. The HOMO energy was determined as -5.67 eV via onset value of the 

corresponding oxidation potential using Equation 1 where the normal hydrogen 

electrode was taken as -4.75 eV against vacuum. The corresponding oxidation 

potential was determined from the interception of the tangent line drawn from the 

peak and the baseline in the related cyclic voltammograms (Figure 3.3.a). 

HOMO = - (4.75 +Eox, onset) (eV) 

The LUMO energy was determined from the difference between the optical band 

gap at the neutral state and the value of the HOMO energy level. The LUMO energy 

level was found as -4.15 eV. A summary of the electrochemical parameters for the 

polymer is shown in Figure 3.3.b. 

 

Figure 3.3. (a) Cyclic voltammogram of PFTBDT in 0.1 M TBAPF6/ACN solution 

and (b) electrochemical parameters of PFTBDT. 

Spectroelectrochemical studies were performed to complement the electrochemical 

investigation of PFTBDT thin films. The experimental procedure for the preparation 

of the thin film was almost the same with electrochemical studies. Here, stepwise 
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potential with appropriate increments was applied to the thin film. The response of 

the film to the applied potential was detected using UV–Vis Spectrophotometer 

(Figure 3.4.a). The maximum absorption peak of the polymer-coated thin film in the 

neutral state was observed at 515 nm. The intensity of this peak was decreased with 

increasing applied potential. Conversely, a polaron band arose with the increasing 

applied voltage. The polymer film was reddish-green at 1.7 V, while it was dark red 

in the neutral state. The optical band gap of the polymer was calculated as 1.52 eV 

using the onset value which was obtained from the intercept of the baseline and the 

tangent from the maximum absorption peak at the neutral state. 

Colorimetric investigations of the polymer film were also performed to determine L, 

a, and b values defined by CIE (Commission Internationale de l'Eclairage) where L 

stands for luminescence, a stands for red/green, and b stands for yellow/blue 

coordinates, respectively. The observed color change along with the corresponding 

L, a, and b values are depicted in Figure 3.4.b. 

 

Figure 3.4. (a) Electronic absorption spectra and (b) Colorimetric measurements of 

PFTBDT thin film in 0.1 M TBAPF6/ACN solution  

PFTBDT polymer films are known to oscillate between their neutral and p-doped 

states. Hence, the kinetic studies were performed to obtain the optical contrast, the 

percent change in transmittance, and switching times of the polymer using a UV-Vis 

Spectrophotometer. Measurements were performed via the application of varying 

square-wave potentials between 0 and 1.7 V within 5 s periods. Percent optical 
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contrasts between neutral and p-doped states were measured as 9 and 30% at 515 

and 755 nm, respectively. The switching times were determined as 2.5 and 0.9 s at 

515 and 755 nm, respectively, from the time duration between the two applied 

voltages at a 95% contrast. Percent transmittance changes of the polymer film at 515 

and 755 nm are depicted in Figure 3.5.a, and the obtained kinetic parameters are 

given in Figure 3.5.b. 

 

Figure 3.5. (a) Percent transmittance change at 515 and 755 nm with respect to time 

and (b) kinetic parameters obtained for PFTBDT thin film in 0.1 M TBAPF6/ACN 

solution at 515 nm and 755 nm 

3.3.2 Electrochemical and surface characterization of electrodes and 

carbon dot nanoparticles 

Characterizations of the effective surface area of the modified electrodes were 

investigated via CV. Voltammograms were recorded in a solution containing 5.0 mM 

[Fe(CN)6]3-, [Fe(CN)6]4-, 50 mM phosphate buffer solution (pH 7.0) and 0.1 M KCl 

under a potential range between -0.6 and 0.8 V at 100 mV/s scan rate. Figure 3.6 

displays the CVs of the bare graphite electrode (GE), modified electrode 

(GE/CDs/PFTBDT) and modified electrode with laccase enzyme 

(GE/CDs/PFTBDT/Lac) at ambient temperature. Randles-Sevcik equation affirms 

the direct relation between effective surface area and the peak current 268. The 

reaction taking place on the working electrode is as the following; 
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Here, at the bare GE electrode, the peak current was obtained as 86 μA. The peak 

current jumped to the value of 202 μA in the GE/CDs/PFTBDT electrode. The 

enhancement in the peak current proves the effect of charge transfer on the effective 

surface area of the modified GE/CDs/PFTBDT electrode (0.21 cm2). When laccase 

enzyme was immobilized onto modified GE/CDs/ PFTBDT electrode, peak current 

was recorded as 150 μA. The decrease in the peak current resulting from the 

insulating character of the biomolecule indicates the effective immobilization of the 

enzyme molecule onto the modified electrode. 

 

Figure 3.6. Cyclic voltammograms of GE, modified GE/CDs/PFTBDT and 

GE/CDs/PFTBDT/Lac electrodes 

Figure 3.7 displays the surface characterizations of GE/CDs/PFTBDT and 

GE/CDs/PFTBDT/Lac electrodes by SEM. The surface morphology of the only 

carbon dot coated graphite electrode was not observable with SEM. That is attributed 

due to the small size of the CDs. Image of GE/CDs/PFTBDT film shows the uniform 

cauliflower structure (Figure 3.7.a). This uniform cauliflower structure increased the 
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effective surface area and provided a proper surface for enzyme immobilization. 

After laccase immobilization, the surface of the electrode became smoother 

compared to GE/CDs/PFTBDT modified electrode (Figure 3.7.b). The surface's 

smoothness can be considered evidence for successful enzyme immobilization. 

 

Figure 3.7. SEM images of modified surfaces (a) GE/CDs/PFTBDT (b) 

GE/CDs/PFTBDT /Lac 

3.3.3 Optimization of the modified biosensor 

First, the parameters such as the amount of carbon dots, PFTBDT, enzyme, and pH 

of the working medium that affect biosensor performance were optimized to enhance 

the response and performance of the modified biosensor. To determine the optimum 

amount of CDs, GE/CDs/ PFTBDT/Lac electrodes with varying CD concentrations 

ranging between 0.1 and 1.0 mg.mL-1 were prepared and tested (Figure 3.8.a). The 

best response towards catechol was achieved with 0.5 mg.mL-1 CD concentration as 

depicted in Figure 3.8.a. Therefore, in the further optimization steps, CD 

concentration was kept constant at 0.5 mg.mL-1. The PFTBDT amount was 

optimized via using polymer solutions with varying PFTBDT concentrations on the 

CD-coated GE electrode (GE/CD). The polymer solutions with PFTBDT 

concentrations of 1.75, 1.50, 1.25, 1.0 and 0.75 mg.mL-1 were tested to obtain the 

best response. The highest signal was recorded for the GE/CDs/PFTBDT/Lac 
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electrode with 1.25 mg.mL-1 PFTBDT (Figure 3.8.b). Here, the higher 

concentrations of PFTBDT were found to be preventing the electron transfer, while 

the lower concentrations of PFTBDT were found to be insufficient for effective 

charge transfer. The laccase amount was optimized next. To determine the optimum 

enzyme amount, different amounts of enzyme (4.36-17.44 U) were immobilized onto 

GE/CDs/PFTBDT. The highest response for catechol biosensing was obtained with 

10.9 U of laccase as given in Figure 3.8.c. For enzyme activity, the pH of the working 

medium is also extremely important. Accordingly, to determine the best response of 

the laccase biosensor, the sensor was tested in different buffer solutions with varying 

pH values (pH 4.5-7.5). For GE/CDs/PFTBDT/Lac biosensor, the highest current 

was obtained in acetate buffer solution at pH 5.5 (Figure 3.8.d). In addition, the 

optimization experiments for constructed biosensor were performed in the presence 

of 125 μM catechol at room temperature. 

 

Figure 3.8. The effect of (a) CD amount, (b) polymer amount, (c) laccase amount 

and (d) pH on laccase biosensor response 
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3.3.4 Analytical merits of the catechol biosensor 

Analytical characterization of the catechol biosensor was examined under the 

optimized conditions at -0.3 V. The amperometric response of the modified 

biosensor was monitored via the injection of varying catechol amounts. For 

GE/CDs/PFTBDT/Lac biosensor, the LDR was obtained between 1.25 and 175 μM 

catechol with the equation of y = 48.31x + 0.4147 (R2 = 0.9994), while the LOD was 

calculated as 1.23 μM based on S/N=3 (Figure 3.9.a). Amperometric responses of 

the modified electrode in the presence of different concentrations of catechol were 

also represented in Figure 3.9.b. Additionally, the sensitivity of the biosensor was 

calculated as 737.4 μA. mM-1.cm-2 and the response time of the developed biosensor 

was about 8 s. Stability of the catechol detection using GE/CDs/PFTBDT/Lac 

biosensor was also verified via the recording of amperometric response for 10 

measurements under the optimized conditions in the presence of 125 μM catechol in 

the reaction medium. In order to test the reproducibility, three different electrodes 

were prepared with the same modification, and the response of these three electrodes 

showed a low standard deviation in the presence of 125 μM catechol. The SD of 10 

measurements was found to be ±0.072, and the SD of measurements of three 

different electrodes was found to be 7.80% indicating the reproducibility, high 

reliability, and robustness of the developed biosensor. 

Analytical performance of the developed catechol biosensor was compared to other 

catechol biosensors using the same laccase system in Table 3.1. The comparison 

reveals the wider LDR, lower LOD, and higher sensitivity of the developed biosensor 

in this work.  
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Figure 3.9. (a) Calibration curve of the modified electrode for catechol (in 50 mM 

acetate buffer, pH 5.5, 25 °C, -0.3 V) (b) Amperometric responses of the modified 

electrode in the presence of different concentrations of catechol 

Table 3.1 Analytical merits comparison of the proposed biosensor and the previously 

reported laccase-based biosensors for electrochemical detection/sensing of catechol 

Substrate(s) Modified 

electrode 

Detection 

techniqu

e 

Stability (%)a or 

reproducibilityb  

Sensitivity 

(μA cm−2 mΜ−1) 

LOD (µM; 

single CAT) 

LDR 

(µM) 

Sample(s) for 

method 

application 

Ref. 

Catechol AgNPs-

Pdop@Gr/

GCE 

DPV 2.0b NR 0.1 0.5–240 Pond water 269 

Catechol and 

hydroquinone 

P4VPBA/

PPy/GO/G

CE 

CV/DPV 6.34b NR 0.96 7.0-16 Tap water 270 

Catechol and 

hydroquinone 

AuNPs/Zn

O/Al2O3/G

O,chit/GC

E 

CV 93.1a NR 3.10 0.5-40 Local water 

sample 

271 

Catechol GO/PM/G

CE 

DPV 90.1a 537.0 0.008 0.03-138 Ground and tap 

water 

272 

Catechol Lac-F, N-

CDs/GCE 

 

CV, i-t 

 

11.76b 219.17 0.014 12–450 Tap and lake 

water 

273 

Catechol Lac-a-

Fe2O3NC-

CPE 

i-t 4.0b NR 4.28 8–800 Tap water and 

textile industry 

effluent 

274 

Catechol and 

hydroquinone 

PCH/AGC

E 

DPV 3.03b NR 0.066 1–300 Tap and lake 

water 

275 

Catechol MOF-

ERGO-

5/GCE 

DPV 97.0 NR 0.1 0.1–566 Tap water 276 

Catechol CPE‐ B CV 3.6b 232.0 ~ 1 ~12.7-

142.6 

Green tea 

sample 

277 

Catechol SPEs/MW

CNTs/Au

NWs/Tyr 

i-t NR NR 0.027 0.5- 42 - 278 
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Catechol and 

hydroquinone 

rGO-

Fe3O4-

Au/GCE 

DPV 2.3b NR 0.02 0.05–550 Artificial 

wastewater 

279 

Catechol, 

hydroquinone 

bisphenol A 

and phenol 

AgNPs/M

WCNT/G

CE 

SWV 2.6b ~310 0.2 20–260 Tap water 280 

Catechol and 

hydroquinone 

CS/MWC

NTs/PDA/

AuNPs/G

CE 

DPV 1.38b NR 0.047 0.1–10 Tap and lake 

water 

281 

Catechol and 

hydroquinone 

Lac/AP-

rGOs/Chit

/GC 

i-t 3.96b 15.79 7.0 15–700 Tap and lake 

water 

282 

Catechol Lac/PFTB

DT/CDs/G

E 

i-t 1.10b 737.44 1.2 1.25-175 Tap water This 

work 

 
P4VPBA: Poly (4-vinylphenylboronic acid); CV: Cyclic Voltammetry; DPV: Differential Pulse 

Voltammetry; CD: Carbon Dots; CPE: Carbon-Paste Electrode; NR: Not Reported; GCE: Glassy 

Carbon Electrode; MOF: Metal-Organic Framework; CPE‐ B: Carbon Paste Electrode Modified 

with Banana Tissue; AuNWs: Gold Nanowires; MWCNTs: Multi-Walled Carbon Nanotubes; rGO: 

Reduced Graphene Oxide; SWV: Square Wave Voltammetry. 

Finally, the interference effects on the proposed biosensor was investigated in the 

presence of different substrates. Urea, ethanol, and ascorbic acid were used as the 

interfering agents. A volume of 0.05 mM of these agents was injected into 50 mM 

acetate buffer at pH 5.5. Results showed no obvious current change in the presence 

of interfering agents. On the other hand, the response of the modified electrode was 

highly stable towards catechol (Figure 3.10.a). The results obtained here clearly 

demonstrate the proposed biosensor's specificity and sensitivity for catechol 

detection. Apart from interfering substances, the response of the electrode to other 

phenolic compounds was investigated. A volume of 0.05 M of catechol, phenol, and 

hydroquinone was injected into the system, and the only non-negligible response 

obtained was belonging to the catechol (Figure 3.10.b). This clarifies that the 

proposed system was highly specific to catechol. 

Table 3.1 Analytical merits comparison of the proposed biosensor and the previously 

reported laccase-based biosensors for electrochemical detection/sensing of catechol

(continued) 
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Figure 3.10. The response of the modified biosensor toward (a) different substrates 

including catechol (b) phenol derivatives including 125 µM catechol in 50 mM 

acetate buffer (pH 5.5) at - 0.3 V 

3.3.5 Real sample analysis 

The analytical applicability of the proposed biosensor was investigated using tap 

water. Results are given in Table 3.2. Recoveries were obtained by the determination 

of catechol concentration in the tap water sample after spiking with known 

concentrations of catechol. Three different concentrations (125 μM, high 25 μM, 

medium and 5 μM, low) of catechol were chosen for the spiking experiments. The 

quantitative recoveries were found to be 104, 100, and 96% for the spiked catechol 

concentration of 125, 25, and 5 μM, respectively. The recoveries, which are near 

100% clearly indicate the method's reliability for catechol detection. The obtained 

data proved that the GE/CDs/PFTBDT/Lac biosensor was highly accurate and 

effective for detecting catechol in real samples.  

Table 3.2 Determination of catechol in tap water 

Sample Cadded (mM) Cfound (mM) Recovery (%) 

 

Tap water 

 

0.125 

0.025 

0.005 

0.130 

0.025 

0.0048 

104 

100 

96 
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3.3.6 Computational results 

Two different conformations were determined for PFTBDT tetramer. Thiophene 

sulfur of the TPD acceptor and furan bridge oxygen have the same direction in the 

first conformer (Figure 3.11.a). This conformer (conf1) has a star shape from the 

edge view due to the dihedral angle 6° angle between TPD and furan at both sides 

and 10° average angle between donor group and furan bridge. Furan oxygen atoms 

and pyrrole-4,6(5H)-dione oxygen atoms are on the same side in the second structure 

(conf2) where the dihedral angle between TPD and furan group as well as donor and 

furan group is less than 2° in the optimized geometry as given in Figure 3.11.b. 

Although conf2 has highly planar geometry, which makes it a better candidate as 

donor-acceptor conducting copolymer, star-shaped conf1 of PFTBDT tetramer is 

0.31 eV more stable per donor:acceptor pair due to the repulsion between furan 

oxygen atoms and pyrrole-4,6(5H)-dione oxygen atoms in conf2. DFT calculations 

were performed for both conformers since molecular mechanics calculations showed 

that planar conf2 is more stable in multichain packing structure contrary to the 

single-chain energy comparison. This means that both low-density star-shaped conf1 

and planar well-packed conf2 can present in the PFTBDT film. ESP mapped onto 

the conf1 and conf2 showed that both polymers show sequential well-differentiated 

donor-acceptor structures (Figure 3.11.c,d). Interestingly, the highest electron 

density was observed on the pyrrole-4,6 (5H)-dione oxygen atoms of TPD acceptor 

that overlap with the high electrostatic potential of electron donor groups. This was 

valid for both conformers, especially can clearly be seen in the ESP of conf2 (Figure 

3.11.d). Overlap of electron density of TPD oxygen atoms with the donor is one of 

the important properties that provide enhanced effective coupling between the 

electron donor and acceptor groups and put TPD forward as an acceptor when it is 

used with suitable donor 283. 
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Figure 3.11. (a) Star shape conformation of PFTBDT (conf1), (b) planar 

conformation of PFTBDT (conf2), (c) Electrostatic potential surface (ESP) of conf1, 

(d) ESP of conf2, (e) Contour plots of the HOMO for conf1, (f) HOMO for conf2, 

(g) LUMO for conf1, (h) LUMO for conf2, (i) LUMO for conf1 and catechol 

complex, (j) LUMO for conf2 and catechol complex, (k) interaction and ESP of 

conf1 and catechol complex, (l) ESP of conf2 and catechol complex, (m) interaction 

and ESP of conf2 and catechol complex 
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Both HOMO and LUMO orbitals mapped on the PFTBDT are delocalized and 

distributed along the chain (Figure 3.11.e-h). The optical band gap was determined 

as 1.93 and 1.75 eV for conf1 by B3LYP and TPSSh functionals, respectively. There 

wasn't a significant difference between band gap values of conf1 and conf2. Hole 

reorganization energies are as low as 0.07 eV and 0.08 eV for two conformers, 

indicating high carrier mobilities for the pristine state. 

 

Catechol formed two hydrogen bonding interactions with the pyrrole-4,6(5H)-dione 

oxygen on TPD acceptor in the lowest energy complex formed by PFTBDT and 

catechol. Although HOMO orbital does not show any significant difference, LUMO 

orbitals are more localized onto the TPD acceptor, which forms a complex with 

catechol (Figure 3.11.i,j). ESP maps point out a significant charge transfer from 

PFTBDT to catechol and disruption in the sequential (Figure 3.11.l,m). The amount 

of charge transfer from polymer to catechol based on the electrostatic potential fitting 
284 is determined as 0.04 e-/catechol for both conformers. Vertical electron affinity 

became more negative from -2.2 eV to -2.4 eV, and vertical ionization energy is 

increased from 5.6 eV to 5.7 eV for pristine and catechol interacted PFTBDT. Most 

importantly, basis set superposition error-corrected interaction energy between 

catechol and PFTBDT is calculated as -0.46 and -0.57 eV per catechol for conf1 and 

conf2, respectively. Higher interaction energy observed for planar conf2 is due to the 

additional interaction between donor side-chain hydrogens and oxygen atoms of 

catechol (Figure 3.11.m). Two strong hydrogen bonds between catechol and 

PFTBDT, charge transfer from polymer to catechol, disruption of electrostatic 

potential surface, localization of unoccupied orbitals on the acceptor group were 

determined as the main mechanisms for the observed current decrease given in 

Figure 3.10, leading to the successful design of catechol electrochemical biosensor 

with high sensitivity and selectivity by using PFTBDT. 
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3.4 Conclusions 

In this study, the construction of a catechol electrochemical biosensor by laccase 

immobilization onto the modified working electrode via physical adsorption 

technique was reported. The modification was provided with CDs and PFTBDT 

coating on the graphite electrode. The proposed enzyme-based biosensor was 

optimized in terms of the amount of carbon dots, amount of PFTBDT, enzyme unit, 

and pH. The constructed biosensor exhibited linearity between 1.25 and 175 μM 

catechol, with a LOD of 1.23 μM and sensitivity of 737.4 μA.mM-1.cm-2. The probe 

was also highly selective toward catechol such that it did not show any response to 

the tested interfering agents. The applicability of the biosensor was demonstrated in 

tap water via the obtained high recovery rates. In conclusion, a novel, robust, and 

highly sensitive biosensor for catechol determination using carbon dots and 

PFTBDT was developed here. Compared to the previously reported studies, the 

developed biosensor is advantageous due to its wider LDR, lower LOD, and higher 

sensitivity. We believe the developed method can be a reliable alternative to the 

routine quantification of catechol in various matrices. 
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CHAPTER 4  

4 EFFECT OF RANDOM COPOLYMERIZATION ON THE OPTICAL 

PROPERTIES OF SELENOPHENE AND TPD CONJUGATED POLYMERS 

For the preparation of conjugated polymers having targeted band gaps, absorption, 

and optoelectronic properties, D-A approach has been one of the most convenient 

methods. Four new selenophene and thieno[3,4-c]pyrrole-4,6-dione (TPD) bearing 

conjugated polymers were synthesized for this study via Suzuki Stille 

Polycondensation. The effect of selenophene introduced as π-bridge and the 

introduction of a second TPD unit into the polymer backbones through random 

polymerization was investigated. Optoelectronic properties of the polymers were 

investigated via electrochemical and spectroelectrochemical studies. The study 

reveals the effects of TPD and selenophene moieties on absorption and band gaps of 

the polymer and provides a concise approach for the preparation of D-A conjugated 

polymers. 

4.1 Introduction 

The era of synthetic metals started after discovering that the conductivity of 

conjugated trans polyacetylene (PA) increases seven orders of magnitude upon 

doping with halogens 285. Since then, intensive research has been conducted on 

conjugated polymers, and tremendous progress has been made in syntheses and 

applications. Although highly conductive acetylene has been available, alternative 

conjugated polymers have been sought since the accessibility of PA was poor for 

applications. Academia showed great effort for new building blocks to obtain lower 

band gap polymers as an alternative to doped conjugated polymers 286. D-A 

approach, various electron-rich and electron-deficient groups are ordered through 

polymer backbones. D-A approach has led to numerous alternatives to doped 
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conjugated polymers, and the ease of modification and synthesis of monomers paved 

the way for more research and interest. D-A conjugated polymers allowed to 

engineer band gaps by tuning HOMO and LUMO energy levels, and their 

importance have proven in OSCs, OLEDs, and ECDs, etc.  287–300. Herein, we report 

four novel conjugated polymers obtained via Suzuki Polycondensation; thieno[3,4-

c]pyrrole-4,6-dione (TPD) was utilized as the core unit, selenophene moieties as π-

bridges, and carbazole/fluorene (Cz/Fl) as donor units. TPD-based conjugated 

polymers provided both low and wide band gaps due to their tunable optical 

properties, resulting in changes in frontier energy levels 156,199,200,301. Quinoidal 

geometry, strong electron deficiency, ease of synthesis, and accessibility to the imide 

site for introducing pendant groups make TPD a great candidate moiety for D-A 

conjugated polymers. Chalcogenophenes like thiophene, selenophene, and alkyl 

species of these molecules, have proven efficient in tuning optical properties of 

conjugated polymers when introduced as π-spacers to the polymer backbone. The 

introduction of chalcogenophenes provides broadened absorption, tunable HOMO 

and LUMO energy levels. Thiophene is widely used in conjugated polymers’ 

backbones. As an alternative to thiophene, selenophene was also utilized in D-A 

conjugated polymers, thanks to its similar properties with thiophene, physical and 

chemical. Selenophene has a lower ionization potential than thiophene; hence, 

introducing selenophene to polymer backbone provides reduced LUMO energy level 

and higher charge mobility 203–206,210,302–304. In the preparation of D-A conjugated 

polymers, carbazole (Cz) is widely used as a strong donor moiety. Full accessibility 

of Cz for modification provides tuning of optoelectronic properties of conjugated 

polymers due to connections through various open positions; 2,7-, 1,8-, and 3,6-. Cz 

polymers exhibited different planarity with the connection positions. Polymers 

obtained via connection through 2,7- and 3,6- positions provided higher planarity 
57,305,306. Fluorene (Fl) was also widely used as a donor unit in designing D-A 

conjugated polymers. Like Cz, Fl also has various available connection positions, 

and the introduction of pendant groups to Fl provides better solubility 307–309. 
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Hashimoto et al. reported TPD, Cz, and Fl-based conjugated polymers (PC-DTTPD 

and PF-DTTPD) utilized to fabricate organic solar cells (OSCs) 152. The polymer 

backbones were introduced thiophene as the π-spacer, and optoelectronic properties 

were investigated for OSCs. The Cz-based polymer has an onset wavelength value 

of 600 nm, an optical band gap (Eg
opt) of 2.07 eV, and an electronic band gap (Eg

el) 

of 2.02 eV. The Fl-based polymer exhibited an onset wavelength of 580 nm, an Eg
opt 

of 2.14 eV, and an Eg
el of 2.10 eV. PC-DTTPD and PF-DTTPD were reported by 

Tian et al., along with the modification of side chains, and instead of neat thiophene, 

alkylated thiophene was utilized as π-spacer 310. The optical band gap of Cz-based 

polymer was determined as 2.28 eV, while the electronic band gap was 2.01 eV. For 

Fl-based polymer, Eg
opt and Eg

gel were reported as 2.30 eV and 2.00 eV, respectively. 

Leclerc et al. reported a group of TPD and Cz comprising conjugated polymers with 

different alkyl side chains and optoelectronic properties were investigated 311. The 

optical band gaps varied between 2.05 and 2.21 eV, while the electronic band gaps 

changed between 1.93 and 2.02 eV. The report is a good example of the effect of 

alkyl side chains on optoelectronic properties. The findings of Pron et al. revealed 

similar values for a TPD and Cz-based conjugated polymer (Eg
opt=2.26 eV,  

Eg
el=2.20 eV) 312.  

In this study, TPD, selenophene, and Cz/Fl comprising conjugated polymers were 

synthesized via Suzuki Polycondensation. It was aimed to alter the optoelectronic 

properties of the polymers via the addition of a second TPD unit through random 

polymerization. Electrochemical and spectroelectrochemical investigations were 

conducted for analysis. 

4.2 Methods, Instrumentation, and Experimental 

Thiophene, 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester, 9-(9-

heptadecanyl)-9H-carbazole-2,7-diboronic acid bis(pinacol) ester, and other 

chemicals were purchased from Sigma Aldrich (Merck). Merck Silica Gel 60 (0.063-

0.200 mm, 70-230 mesh ASTM) was used for column chromatography. Structural 
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characterizations were performed using a Bruker Spectrospin Avance DPX-400 

Spectrometer. Number average (Mn) and weight average (Mw) molecular weights of 

the polymers were defined by size exclusion chromatography (SEC) on a Shimadzu 

LC-20AT liquid chromatograph. The optical properties of the polymers were 

investigated via electrochemical and spectroelectrochemical characterizations. A 

Gamry Reference 600 potentiostat was used to record cyclic voltammograms, and a 

JASCO V-770 UV-Vis-NIR Spectrophotometer was used to record spectra. 

4.2.1 Synthesis of polymers 

4.2.1.1 Synthesis of PS1 

Under argon atmosphere M1 (0.1 g, 0.147 mmol), 9-(heptadecan-9-yl)-2,7-

bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (0.96 g, 0.147 

mmol), and Pd(PPh3)4 (10 mol%) were dissolved in dry toluene (15 mL) in a 25 mL 

Schlenk-tube charged with a magnetic stir bar. 2M K2CO3 (2 mL) and three drops of 

Aliquat 336 were added. The reaction mixture was refluxed for 16 hours, controlled 

by TLC. After completion of the reaction, the solvent was removed under reduced 

pressure, and distilled water was added. The crude product was extracted with 

CHCl3. Collected organic layers were dried over Mg2SO4, and the solvent was 

evaporated. Following the addition of cold methanol, Sodium 

diethyldithiocarbamate trihydrate was added to remove any Pd residuals, and the 

mixture was stirred for one h. Then the crude product was filtered off and transferred 

to a Soxhlet thimble. The washing process was performed first with acetone and then 

hexane and chloroform, respectively. The polymer was recovered with the 

chloroform fragment. Yield: 25 mg, 19%. 

1H NMR (400 MHz, CDCl3) δ 9.83, 8.22, 8.07, 7.92, 7.80, 7.73, 7.64, 7.51, 7.40, 

4.62, 3.95, 3.90, 3.87, 3.60, 3.40, 3.12, 3.01, 2.95, 2.35, 2.03, 1.71, 1.42-1.15, 0.88-

0.80. 
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4.2.1.2 Synthesis of PS2 

The same method in the synthesis of PS1 was followed with M1 (0.1 g, 0.147 mmol), 

2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) (0.83 g, 0.147 

mmol), and with Pd(PPh3)4 (10 mol%). Yield: 60 mg, 45%. 

1H NMR (400 MHz, CDCl3) δ 7.92, 7.69, 7.56, 3.62, 3.43, 3.36, 2.05, 1.68, 1.40-

1.27, 1.19, 1.10, 0.96-0.87, 0.80, 0.70. 

4.2.1.3 Synthesis of RPS1 

Under Ar atmosphere M1 (50 mg, 0.07 mmol), compound 4 (32 mg, 0.07 mmol), 9-

(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-

carbazole (0.1 g, 0.15 mmol), and Pd(PPh3)4 (10 mol%) were dissolved in dry 

toluene (10 mL). 2M K2CO3 (2 mL) and three drops of Aliquat 336 were added. The 

reaction mixture was allowed to stir for 16 h under reflux. The purification process 

was conducted as in the syntheses of PS1 and PS2. The polymer was isolated both 

in chloroform and chlorobenzene. Yield: 70 mg, 73%.  

1H NMR (400 MHz, CDCl3): δ: 8.1, 8.0, 7.8, 7.5, 7.3, 4.6, 4.3, 3.7, 3.6, 3.5, 3.4, 2.5, 

2.4, 2.0, 1.3-0.8. 

4.2.1.4 Synthesis RPS2 

The same method as in the syntheses of RPS1 was followed with M1 (50 mg, 0.07 

mmol), compound 4 (32 mg, 0.07 mmol), 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis 

(1,3,2-dioxaborinane) (0.08 g, 0.15 mmol), and Pd(PPh3)4 (10 mol%). Yield: 35 mg, 

32%. 

1H NMR (400 MHz, CDCl3) δ 8.23, 7.92, 7.85, 7.68, 7.57, 6.88, 3.64, 3.45, 3.37, 

2.06, 1.94, 1.68, 1.35, 1.25, 1.11, 0.96, 0.92-0.69. 
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Figure 4.1. Synthetic routes for the polymers 

 

Mn and Mw for PS1, PS2, RPS1, and RPS2 are summarized in Table 4.1. 

Table 4.1 Molecular weights and PDI values of PS1, and PS2, RPS1, and RPS2 

Polymer Mn (kDa)  Mw (kDa) PDI 

PS1 1136 2633 2.31 

PS2 5.3 7.3 1.37 

RPS1 3.8 6.2 1.63 

RPS2 3.0 5.8 1.93 
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4.3 Results and Discussion 

Redox behavior of the polymers was investigated via cyclic voltammetry. CV is one 

of the methods to determine redox potentials and HOMO and LUMO energy levels. 

For each polymer, a 5 mg sample was dissolved in 1 mL of CHCl3. Polymer films 

were prepared upon spraying the polymer solutions on an ITO-coated glass substrate. 

For CV experiments, a three-electrode system was utilized in a solution of 0.1 M 

TBAPF6/ACN. An Ag wire was used as the reference, a Pt as the counter, and the 

ITO itself was used as the working electrode. Single scan cyclic voltammograms 

were recorded via cycling at 100 mV/s at ambient temperature. As shown in Figure 

4.2, PS2 exhibited an ambipolar character, both p-dopable and n-dopable. Oxidation 

potential was determined in the anodic region as 1.15 V for PS1, 1.34 V for PS2, 

1.49 V for RPS1, and 1.46 V for RPS2, respectively. As noticed, introducing a 

second TPD unit to the polymer backbone increased the oxidation potentials and 

subsequently deepened HOMO levels. The same trend was expected for reduction 

potentials, but PS2 was the only exhibiting ambipolar characteristics. Hence, the 

LUMO energy levels for PS1, RPS1, and RPS2 were determined by the difference 

between HOMO levels and optical bandgaps obtained during spectroelectrochemical 

investigations. In the cathodic region, PS2 exhibited a reduction potential of -1.25 

V. Onset potentials in anodic and cathodic areas were obtained with an intersection 

of the baseline and a tangent to the redox peaks. HOMO/LUMO energy levels for 

PS2 were calculated with respect to the normal hydrogen electrode (NHE, taken as -

4.75 eV against vacuum) (Equation 1 and 2). The electronic band gap for PS2 was 

calculated from Equation 3. The electrochemical parameters for the polymers are 

summarized in Table 4.2. 

 

𝐻𝑂𝑀𝑂 = −(4.75 + 𝐸𝑜𝑥,𝑜𝑛𝑠𝑒𝑡  )(eV)  (Eq. 1) 

𝐿𝑈𝑀𝑂 = −(4.75 + 𝐸𝑟𝑒𝑑,𝑜𝑛𝑠𝑒𝑡  )(eV)   (Eq. 2) 

𝐸𝑔
𝑒𝑙 = 𝐻𝑂𝑀𝑂 − 𝐿𝑈𝑀𝑂  (eV)  (Eq. 3) 
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Table 4.2 Electrochemical parameters for the polymers 

Polymer Ep-doping (V) Eonset
p-

doping (V) 

En-doping 

(V) 

Eonset
n-

doping (V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg
el 

(eV) 

Eg
op 

(eV) 

PS1 1.15 0.97 - - -5.72 -4.02 - 1.70 

PS2 1.34 1.18 -1.25 -0.92 -5.93 -3.83 2.1 1.93 

RPS1 1.49 1.15 - - -5.90 -4.12 - 1.78 

RPS2 1.46 1.17 - - -5.92 -3.96 - 1.96 

 

Color changes of the polymers upon the applied potentials were observed to see the 

applicability of the polymers for smart electrochromic devices. For electroactive 

conjugated polymers, electrochromism has a vital place. The polymers exhibited 

varying tones of their neutral state color. Except for PS2, the other three polymers 

showed color change at their oxidation states. Commission Internationale de 

l'Eclairage (ICE) defined L, a, and b values are provided in Table 4.3. L stands for 

the brightness of the color, a stands for red/green coordinate, and b stands for 

yellow/blue coordinate. 

 

Table 4.3 Color changes and L, a, and b values of PS1, PS2, RPS1, and RPS2 

 0 V                                                    +1.6 V 

PS1 

 
L 47.61 46.64 48.88 44.86 

a 25.82 5.65 -0.07 0.10 

b 21.62 8.23 3.60 1.27 
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Table 4.3 Color changes and L, a, and b values of PS1, PS2, RPS1, and RPS2
(continued)  

  -1.7  0 V                                                                                                                                   +1.7 V 

PS2 

 

L 35.35 36.

54 

28.

35 

26.

29 

27.

55 

30.

41 

30.

86 

31.

25 

32.

21 

34.

4 

34.

89 

38.

55 

37.

83 

38.

66 

37.

78 

36.

43 

39.

85 

a 36.02 51.

1 

33.

0 

25.

5 

20.

6 

14.

5 

11.

4 

9.8

4 

6.8

4 

1.9

7 

1.8

1 

1.3

9 

0 0 0.3

2 

-

0.4

9 

-

0.3

1 

b 4.96 23.

5 

6.8

8 

4.2

0 

3.2

3 

2.7

0 

2.6

4 

1.2

8 

1.2

9 

1.3

6 

1.9

5 

0.1

3 

0 0 -

1.1

5 

-

1.4

6 

1.1

4 

 

   0 V                                                                                  +1.7 V 

RPS1 

 

L 38.61 29.28 27.89 27.50 30.42 27.32 26.78 51.31 

a 41.16 12.84 9.50 9.77 13.75 9.05 7.20 3.25 

b 35.70 20.88 19.01 17.76 20.59 19.35 14.13 10.19 

 

   0 V                                                                                     +1.8 V 

RPS

2  
L 36.18 27.40 22.83 15.34 17.89 18.4 19.38 18.25 19.29 

a 49.05 35.89 28.53 16.41 0.57 -1.04 -1.09 0.12 0.59 

b 49.72 39.39 33.43 22.98 20.11 19.21 19.16 19.00 19.13 

 

PS1 provided a color range between orange and light grayish-blue when a potential 

between 0 and 1.6 V was applied. PS2 was the only polymer that showed ambipolar 

characteristics. In the anodic region, the color of the polymer went pink under a 

potential of -1.7 V. In the cathodic region, the polymer passed through various colors 

until it went light grayish-blue under 1.7 V. Under the applied potential range (0 to 

1.7 V) RPS1 and RPS2 (0 to 1.8 V) exhibited different tones of reddish and dark 
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green. This multichromic behavior of the polymer films paves the way for the 

applicability of the polymers in smart electrochromic materials. 

 
 

Figure 4.2. Single scan cyclic voltammograms of a) PS1, b) PS2, c) RPS1 d) RPS2 

on ITO in 0.1 M TBAPF6/ACN electrolyte/solvent couple at the scan rate of 100 

mV·s-1. 

For spectroelectrochemical investigations, the polymer films were prepared 

following the same procedure for CV investigations, and the same three-electrode 

system was equipped. Optical changes were conducted by doping polymer films 

stepwise via applied potentials. First, the absorption of the neat film was recorded 

and followed by observation of spectral changes as the applied potential increased 

gradually (Figure 4.3). The potential sweep was measured differently for each 

polymer film, accordingly with spectral changes. For PS1, the potential sweep started 

from 0 to 1.45 V, for PS2 from 0 to 1.5 V, for RPS1 from 0 to 1.6 V, and for RPS2 
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from 0 to 1.75 V. π-π* corresponding λmax and onset absorption values for each 

polymer were recorded. 

 

Figure 4.3. Changes in electronic absorption spectra of a) PS1, (b) PS2, c) RPS1 d) 

RPS2 upon stepwise oxidative doing in a 0.1 M solution of TBAPF6/CAN 

The optical properties of the polymers are summarized in Table 4.4. Herein, both the 

effect of introducing selenophene and a second TPD unit can be observed. It is 

known that with the introduction of selenophene into polymer backbone instead of 

thiophene as a π-spacer, the absorption behavior of the polymer alters and a red-shift 

in the absorption spectrum takes place 313. The polymers exhibited maximum 

absorption values changing between 490 and 556 nm. These findings are relatively 

higher than those of thiophene-based polymers, previously reported [40–43]. 

Moreover, when alternating and random polymers are compared, λmax values slightly 

change. While PS1 provided a λmax value of 500 nm, RPS1 provided 490, while PS2 

gave λmax as 556 nm, RPS2 gave 500 nm. This explains that introducing a second 
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TPD unit to the polymer backbone causes a blue shift in the absorption range, hence 

providing a wider optical band gap, as summarized in Table 4.4. A change of 10 nm 

was observed between PS1 and RPS1, and a 44 nm shift was observed between PS2 

and RPS2. The optical band gaps were determined as 1.70, 1.93, 1.78, and 1.96 eV 

for PS1, PS2, RPS1, and RPS2, respectively. 

Table 4.4 Optical properties of PS1, PS2, RPS1, and RPS2 

Polymer λmax (nm) λonset
max (nm) Eg

op (eV) 

PS1 500 727 1.70 

PS2 556 643 1.93 

RPS1 490 696 1.78 

RPS2 500 632 1.96 

 

Electrochromic switching and optical contrast studies of the polymer films were 

performed. The polymer films were prepared with the same methodology discussed 

earlier. Under certain potentials and at specific wavelengths, measurements were 

conducted with square-wave potential by implementing a UV-Vis 

spectrophotometer to record percent optical contrast values. The measurements were 

conducted by applying 0/1.5, 1.7, 1.75, and 1.7 V, for PS1, PS2, RPS1, and RPS2, 

respectively, within 5 s time intervals. The percent optical contrasts were recorded 

with respect to the specified wavelengths; 500 and 700 for PS1, 555 and 760 nm for 

PS2, 750 nm for RPS1, and 505 and 740 nm for RPS2. 
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Figure 4.4. Percent transmittance and electrochromic switching changes of (a) PS1, 

(b) PS2, (c) RPS1, (d) RPS2 

Table 4.5 Kinetic properties of PS1, PS2, RPS1, and RPS2  

Polymer λ (nm) Optical Contrast(%) Switching Time (s) 

PS1 500,700 13,20 3.6,1.7,0.7 

PS2 555,760 25,67 2.5,1.5,0.9 

RPS1 500,750 15, 1.4 

RPS2 505,740 21,27 3.5,2.0,1.8 

 

4.4 Conclusions 

The study exhibited that introduction of selenophene as a π-spacer leads red shift in 

absorbance and decreases the optical band gaps of the polymers, in accordance with 

the literature. Since it is known that TPD moiety can tune the optoelectronic 
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properties of the polymers, the introduction of a second TPD unit altered the 

absorption and band gaps as well. Here, the effect of the introduction of selenophene 

and a second TPD to the polymer backbones were investigated and explained with a 

synthetic approach.
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CHAPTER 5  

5 ORGANIC CATIONS FOR TREATMENT OF 3D PEROVSKITE FILMS 

The growing interest in solar cells led academia to conduct intensive research on 

finding new materials. Low efficiencies in OSCs and expensive materials employed 

in the preparation process have required new approaches for harvesting the sun. 

Currently, the solar cell market is dominated by crystalline silicon solar cells. 

However, drawbacks like expensive raw materials and fabrication processes have 

led researchers to work on new solar cell technologies that combine both high 

efficiency and cost-effective materials. With perovskite materials, the concern about 

prices and efficiencies has been considerably reduced. Due to their outstanding 

performance, ease of processing, and cost-effectiveness, perovskite materials have 

gained great attention in academia 314,315. Since Perovskite solar cells (PSCs) can 

easily be prepared via wet chemistry and cost-effective methodologies, they do not 

require expensive and complicated processes. Perovskite materials can be prepared 

by dip coating, spin coating, evaporation, and screen printing. Although PSCs exhibit 

excellent performance, poor device stability is an obstacle to the commercialization 

of such materials. Compared to other solar cells, efficiencies of PSCs have risen from 

3% to over 20% over ten years, while others could not have this achievement over 

the past thirty years 316–318. One of the properties that makes perovskite materials 

different from others is that they can be both absorber and charge transport layers. 

Unique properties of perovskite materials like high carrier diffusion length, high 

electron mobility, ambipolar charge transport, high absorption coefficient, low 

exciton binding energy, optimized band gap, etc., make perovskite materials 

significantly distinguished 319–322. 
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5.1 Brief History 

The perovskite mineral is calcium titanium oxide (CaTiO3) found by Gustav Rose in 

1939 and named after Lev Alekseevich Perovski, who conducted further research 
322. Other perovskite materials are derivative of CaTiO3, which has a molecular 

structure of ABX3. Optoelectronic properties of organic-inorganic perovskites were 

investigated in the 90s 323. The first perovskite solar cell research was reported in 

2009 by Miyasaka et al. 316. The study revealed the utilization of the perovskite 

material as a liquid sensitizer in Dye-sensitized solar cells (DSSCs). MAPbI3 and 

MAPbBr3 were employed as liquid sensitizers. The perovskite solar cell operated 

with 3.8% and 3.2% efficiency. As mentioned earlier, PSCs suffer from poor 

stability, so this device worked only for seconds due to liquid electrolyte. In 2011, 

Im et al. reported utilization of quantum dots of nanomaterials and constructed 

DSSCs 324. The obtained efficiency was 6.54%. However, due to stability problems 

the device operated only for 10 minutes. Since liquid electrolytes heavily cause poor 

stability, Kim et al. revealed an all-solid-state perovskite solar cell hoping to 

overcome this problem 325. As hole transport layer (HTL), they employed spiro-

OMeTAD. The PSC operated with an efficiency of 9.7%.  The results have impacted 

the field not because of only the efficiency but also the stability since the device 

operated for around 500 hours. Following this achievement, various studies were 

reported revealing efficiencies from 15% to 22.1% 326–331. Currently, the best 

efficient perovskite-based solar cell exhibited 29.15% claimed by Albrecht et al. 332 

5.2 Structure of Perovskite Materials 

The structure of perovskite materials is similar to CaTiO3 with the general 

representation of ABX3. A stands for a monovalent cation, B represents lead or tin 

cations, and X generally stands for halides, oxygen, nitrogen, and carbon. The A 

group can be methylammonium (CH3NH3
+) or formamidinium (CH(NH2)2

+) that are 

located in the vertex of the face-centered cubic system. The B group can be (Pb2+, 
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Sn2+, etc.) or halogen anions (Cl-, Br-, or I-) 333. The most famous absorbent employed 

in PSCs is methylammonium lead trihalide (MAPbX3) 334–337.  

 

 

Figure 5.1. The general structure of a 3D perovskite material 

5.3 Aim of the study 

In this chapter, phenylmethanamine, aniline, and pyridine-based organic cations 

containing chacogenophenes were synthesized for the treatment of 3D perovskite 

films. Organic halide cations have been known for enhancing perovskite film to 

stabilize the crystal structure and obtain higher PCE values. Organic halide cations 

are employed as salt additives containing heteroatoms. These cations form larger 

grains and subsequently a uniform surface. Besides, some organic halide salts are 

prone to react with PbI2 and form an intermediate phase that can slowly convert to 

the perovskite during thermal annealing if excess MAI is present. 2D and 3D 

perovskite films can be enhanced when treated with organic halide salt additivies 

with large organic moieties. They favor the formation of high-quality perovskite 

films with 2D perovskites on the surface of 3D perovskites, which significantly 

enhances the stability.  
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For this purpose, phenylmethanamine, aniline, and pyridine-based organic cations 

were designed and synthesized. This part of the thesis covers synthetic procedures 

of the organic cations and preliminary results of perovskite devices fabricated via the 

treatment of perovskite films by compound 21. 

5.4 Phenylmethanamine-based organic cations 

In this section, organic halide cations containing phenylmethanamine and 

chalcogenophene (thiophene, selenophene, and furan) were synthesized. Figure 5.2 

represents the synthetic routes for each compound. 
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5.4.1 Syntheses of phenylmethanamine-based organic cations 

 
Figure 5.2. Synthetic route for the syntheses of phenylmethanamine-based organic 

cations 

5.4.1.1 Synthesis of tributyl(thiophen-2-yl)stannane (14) 

Under Ar atmosphere, to a 100 mL flask charged with a magnetic stir bar, thiophene 

(3 g, 35.6 mmol) was introduced. Dry THF (60 mL) was added, and the solution was 

stirred for 5 minutes. The temperature of the solution was set as -78 °C. n-BuLi (16 
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mL, 2.5 M) was added dropwise, and the reaction mixture was allowed to stir for 1 

h at the same temperature. SnBu3Cl (10.7 mL, 40 mmol) was added slowly, and the 

reaction mixture was warmed to the ambient temperature. The reaction mixture was 

stirred overnight, and the solvent was removed. The crude product was diluted with 

DCM, and organic layers were washed with NaHCO3, water, and brine, respectively. 

Combined organic layers were dried over Mg2SO4, and the solvent was removed. A 

yellow oil was obtained and used without any further purification. Yield: 12.45 g, 

93%. 

1H NMR (400 MHz, CDCl3): δ: 7.70 (tt, J = 5.2, 3.0 Hz, 1H), 7.33 (dt, J = 4.8, 2.9 

Hz, 1H), 7.29-7.23 (m, 1H), 1.76-1.48 (m, 8H), 1.48-1.30 (m, 8H), 1.29-1.06 (m, 

7H), 0.96 (tt, J = 7.2, 2.0 Hz, 9H). 

13C NMR (100 MHz, CDCl3): δ: 136.0, 135.0, 130.4, 127.7, 28.8, 27.1, 13.5, 10.7. 

5.4.1.2 Synthesis of 4-(thiophen-2-yl)benzonitrile (15) 

Under Ar atmosphere, 4-bromobenzonitrile (0.5 g, 2.75 mmol) and (PPh3)4PdCl2 (40 

mg) were dissolved in dry THF (10 mL). Compound 14 (1.25 g, 3.3 mmol) was 

added. TLC controlled reaction mixture was heated to 65 °C and allowed to stir for 

16 h under reflux. Following cooling down to the ambient temperature, the mixture 

was extracted with DCM, and collected organic layers were washed with brine and 

dried over Mg2SO4. The solvent was removed, and the crude product was purified 

on silica gel (SiO2, hexane: dichloromethane, 1:1). A white powder was obtained. 

Yield: 0.38 g, 75%.  

1H NMR (400 MHz, CDCl3): δ: 7.79-7.58 (m, 4H), 7.50-7.40 (m, 2H), 7.40 (s, 1H), 

7.12 (ddd, J = 8.9, 5.1, 3.6 Hz, 1H). 

13C NMR (100 MHz, CDCl3): δ: 141.9, 138.5, 132.6, 128.4, 126.9, 125.9, 125.0, 

118.7, 110.4. 
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5.4.1.3 Synthesis of 4-(selenophen-2-yl)benzonitrile (16) 

4-Bromobenzonitrile (0.5 g, 2.75 mmol) and (PPh3)4PdCl2 (40 mg) were dissolved 

in dry THF (10 mL) under an Ar atmosphere. Compound 5 (tributyl(selenophen-2-

yl)stannane) (1.4 g, 3.3 mmol) was added slowly. The reaction mixture was heated 

to 65 °C and allowed to stir for 16 h under reflux. TLC controlled reaction was cooled 

to the ambient temperature, and the mixture was extracted with DCM. Collected 

organic layers were washed with brine and dried over Mg2SO4. The solvent was 

removed under reduced pressure, and the crude product was purified on silica gel 

(SiO2, hexane: dichloromethane, 1:1). Yield: 0.6 g, 93%.  

1H NMR (400 MHz, CDCl3): δ: 8.08 (dd, J = 5.5, 1.1 Hz, 2H), 7.64 (s, 3H)7.59 (dd, 

J = 3.9, 1.1 Hz, 1H), 7.37 (dd, J = 5.6, 3.9 Hz, 1H). 

13C NMR (100 MHz, CDCl3): δ: 148.1, 140.5, 132.6, 132.4, 130.9, 127.3, 126.4, 

118.7, 110.4. 

5.4.1.4 Synthesis of 4-(furan-2-yl)benzonitrile (17) 

Under Ar atmosphere, in a 50 mL Schlenk tube, 4-bromobenzonitrile (0.43 g, 2.33 

mmol) and Pd(PPh3)4 (0.19 mg) were dissolved in dry toluene (20 mL). At 50 °C, 

compound 6 (tributyl(furan-2-yl)stannane) (1.0 g, 2.8 mmol) was added slowly. The 

reaction möixture was heated to reflux temperature and allowed to stir overnight. 

Following cooling to the ambient temperature, the solvent was removed, and the 

crude product was eluted through silica gel (SiO2, hexane: DCM, 1:1). Yield: 0.37 

g, 94%. 

1H NMR (400 MHz, CDCl3): δ: 7.74 (dt, J = 8.4, 1.9 Hz, 2H), 7.66 (dt, J = 8.4, 1.9 

Hz, 2H), 7.54 (q, J = 2.1 Hz, 1H), 6.82 (dt, J = 3.7, 2.2 Hz, 1H), 6.53 (dq, J = 3.5, 

2.0 Hz, 1H). 

13C NMR (100 MHz, CDCl3): δ: 150.9, 143.5, 134.5, 132.4, 123.8, 118.8, 112.1, 

110.1, 108.0. 
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5.4.1.5 Synthesis of (4-(thiophen-2-yl)phenyl)methanamine (18) 

Under Ar atmosphere, compound 15 (0.34 g, 1.48 mmol) was dissolved in dry THF 

(10 mL). LiAlH4 (0.21 g, 5.5 mmol) was added slowly. The temperature of the 

reaction mixture was raised to 50°C, and the mixture was allowed to stir overnight. 

Following cooling down to the ambient temperature, saturated Na2SO4 was added to 

the mixture until no bubbles were observed. The solution was washed with Et2O 

several times, and the filtrate was dried over Na2SO4. The solvent was removed 

under reduced pressure, and the product was used without any other purification. 

5.4.1.6 Synthesis of (4-(selenophen-2-yl)phenyl)methanamine (19) 

Under Ar atmosphere, compound 16 (0.2 g, 0.86 mmol) was dissolved in dry THF 

(10 mL), and to this solution was added LiAlH4 (0.1 g, 2.6 mmol). At 50°C. The 

reaction mixture was allowed to stir overnight. The same procedure in the 

preparation of compound 21 was followed. 

5.4.1.7 Synthesis of (4-(furan-2-yl)phenyl)methanamine (20) 

The same procedure in the preparation of compound 18 was followed with 

compound 17 (0.3 g, 1.77 mmol) and LiAlH4 (0.25 g, 6.39 mmol). 

5.4.1.8 Synthesis (4-(thiophen-2-yl)phenyl)methanaminium iodide (21) 

At 0 °C, compound 18 (1.5 g, 7.9 mmol) was dissolved in EtOH (50 mL). HI (57 

wt% in water) (1.25 mL) was added slowly. The reaction mixture was allowed to stir 

for 1 h, and the solvent was removed. The precipitate was dissolved in EtOH and 

recrystallized by slow addition of Et2O. Obtained crystals were filtered and washed 

with cold Et2O several times, followed by drying under vacuum overnight. 

Yield: 1.5 g, 60%. 
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1H NMR (400 MHz, DMSO-d6): δ: 8.13 (s, 3H), 7.73 (d, J = 8.2 Hz, 2H), 7.58 (t, J 

= 4.0 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 7.16 (dd, J = 5.0, 3.7 Hz, 1H), 4.06 (q, J = 

5.6 Hz, 2H). 

13C NMR (100 MHz, DMSO-d6): δ: 142.9, 130.0, 128.9, 126.4,125.8, 124.5, 42.2.  

5.4.1.9 Synthesis of (4-(selenophen-2-yl)phenyl)methanaminium iodide (22) 

Under Ar atmosphere, compound 19 (0.55 g, 2.35 mmol) was dissolved in EtOH 

(mL). Following the addition of HI (57 wt% in water) (0.4 mL), the reaction mixture 

was allowed to stir for 1 h. The same procedure in the preparation of compound 24 

was followed. 

Yield: 0.47 g, 62%.  

1H NMR (400 MHz, DMSO-d6): δ: 8.17 (d, J = 5.6 Hz, 1H), 8.13 (s, 3H), 7.74-7.65 

(m, 3H), 7.47 (d, J = 8.0 Hz, 2H), 7.36 (dd, J = 5.6, 3.8 Hz, 1H), 4.06 (t, J = 5.4 Hz, 

2H). 

13C NMR (100 MHz, DMSO-d6): δ: 131.8, 131.2, 130.0, 126.5, 126.3, 124.9, 42.2. 

5.4.1.10 Synthesis of (4-(furan-2-yl)phenyl)methanaminium iodide (23) 

The same procedure in the preparation of compound 22 was followed with 

compound 20 (0.24 g, 1.4 mmol) and HI (57 wt% in water) (0.25 mL). 

Yield: 0.25 g, 59%. 

1H NMR (400 MHz, DMSO-d6): δ: 8.13 (s, 3H), 7.76 (d, J = 7.7 Hz, 2H), 7.51 (d, J 

= 8.0 Hz, 2H), 7.01 (d, J = 3.4 Hz, 1H), 6.62 (p, J = 2.7 Hz, 2H), 4.06 (d, J = 5.5 Hz, 

2H). 

13C NMR (100 MHz, DMSO-d6): δ: 152.8, 143.5, 133.2, 130.7, 129.8, 123.8, 112.5, 

106.8, 42.3.  
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5.4.2 Experimental and results 

In order to fabricate perovskite solar cells, a glass substrate coated ITO was 

employed. Onto ITO layer SnO2 was coated, and the perovskite layer was prepared 

onto this layer. The organic cations are coated between the perovskite layer and a 

spiro compound (Spiro OMeTAD) employed as electron transport layer (ETL). 

Finally, Ag was evaporated as the cathode. The architecture of the devices is 

illustrated in Figure 5.3. 

 

Figure 5.3. Structure of the devices fabricated in this study 

A detailed methodology for the preparation of the perovskite layer and the 

fabrication of devices are illustrated in Figure 5.4. 

 

Figure 5.4. Methodology of device fabrication 
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Solutions of compound 21 were prepared in various concentrations (3 mg.mL-1, 4 

mg.mL-1, 5 mg.mL-1, and 6 mg.mL-1). The average device parameters are shown in 

Table 5.1. Preliminary results showed that the best PCE (22.43%) was obtained from 

compound 21, 5 mg.mL-1. As the concentration increased, PCE decreased due to low 

FF. 

Table 5.1 Photovoltaic parameters of compound 21 containing devices with 

different concentrations 

Device parameters VOC (V) JSC (mA.cm-2) FF (%) PCE (%) 

Reference 1.09 22.67 82.78 20.46 

Comp. 21, 3 mg.mL-1 1.14 22.48 81.76 21.33 

Comp. 21, 4 mg.mL-1 1.15 22.75 80.98 21.19 

Comp. 21, 5 mg.mL-1 1.16 24.15 80.06 22.43 

Comp. 21, 6 mg.mL-1 1.16 22.45 77.13 20.09 

 

The highest PCE was achieved by compound 21, 5 mg.mL-1 (22.43%). JSC was 

obtained as 24.15 mA.cm-2 from J-V measurement, and its integrated JSC (by EQE) 

was measured 22.78 mA.cm-2. For the reference device, the highest PCE was 20.46% 

with a JSC of 22.67 mA.cm-2, and its integrated JSC was calculated as 21.65 mA.cm-2 

from the EQE measurements. 
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Figure 5.5. Photovoltaic parameters of compound 21 containing devices with 

different concentrations (a) J-V, (b) EQE 

5.5 Syntheses of aniline-based organic halide cations 

In this section, organic halide cations containing aniline and chalcogenophene 

(thiophene, selenophene) were synthesized. Figure 5.6 represents the synthetic 

routes for each compound. Compounds 28 and 29 will be employed for the treatment 

of 3D perovskite films. 
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5.5.1 Synthesis 

 

Figure 5.6. Synthetic routes for the compounds 28 and 29 

5.5.1.1 Synthesis of 2-(4-nitrophenyl)selenophene (24) 

Under Ar atmosphere, 1-bromo-4-nitrobenzene (1 g, 5.8 mmol), compound 5 (2.1 g, 

5.0 mmol), and PdCl2(PPh3)2 (0.12 g, 0.16 mmol) were dissolved in dry DMF (10 

mL). the reaction mixture was allowed to stir for 24 h at 90 °C. The reaction was 

quenched with MeOH and saturated KF solution, followed by cooling down the 

reaction mixture to the ambient temperature. Organic layers were extracted with 

DCM and dried over Mg2SO4. The solvent was removed under reduced pressure. 

The desired product was obtained via purification with column chromatography 

(SiO2, DCM: hexane, 1:3). Yield: 0.9 g, 61%. 

  



 
 

138 

1H NMR (400 MHz, CHCl3): δ: 8.22 (d, J = 8.9 Hz, 2H), 8.12 (d, J = 5.5 Hz, 1H), 

7.71 – 7.62 (m, 3H), 7.39 (t, J = 4.7 Hz, 1H). 

13C NMR (100 MHz, CHCl3): δ: 147.62, 146.52, 142.44, 133.17, 131.06, 127.95, 

126.43, 124.32. 

5.5.1.2 Synthesis of 4-(selenophen-2-yl)aniline (25) 

Compound 24 (0.5, 1.98 mmol) was dissolved in ethanol, and CuSO4 (20 mg, 2 M 

in water) was added. The temperature of the reaction mixture was decreased to 0 °C, 

and NaBH4 (30 mg, 0.08 mmol) was added portion-wise. The TLC-controlled 

reaction was allowed to stir under ambient conditions. The mixture was diluted with 

ethyl acetate, washed with distilled water, and dried over Mg2SO4. The solvent was 

removed under reduced pressure, and the obtained product was used without further 

purification. Yield: 0.43 g, 97%. 

5.5.1.3 Synthesis of 4-(thiophen-2-yl)benzenaminium iodide (28) 

HI (57 wt% in water) (1.72 mmol) was added to the solution of 4-(thiophen-2-yl) 

aniline (0.25 g, 1.43 mmol) in ethanol (10 mL) at 0 °C. The reaction mixture was 

stirred for 4 h at 0 °C. The solvent was removed under reduced pressure, and the 

crude product was recrystallized in diethyl ether. The product was further washed 

with cold diethyl ether two times. The final product was dried under reduced pressure 

and obtained as a yellowish powder. Yield: 0.35 g, 81%.  

 
1H NMR (400 MHz, DMSO-d6): δ: 7.74 (d, J= 8.55, 2H), 7.58 (d, J = 5.07 Hz, 1H), 

7.53 (d, J = 3.61 Hz, 1H), 7.30 (d, J = 8.54 Hz, 2H), 7.15 (dd, J = 8.55 Hz, 1H). 

13C NMR (100 MHz, DMSO-d6): δ: 128.60, 127.75, 126.57, 126.07, 124.93, 124.11-

124.05, 122.85-122.77, 118.14. 
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5.5.1.4 Synthesis of 4-(selenophen-2-yl)benzenaminium iodide (29) 

To a solution of compound 25 (0.4 g, 1.8 mmol) in EtOH (10 mL), HI (57% in water) 

(2.17 mmol) was added at 0 °C. The reaction mixture was allowed to stir for 3 hours 

at the same temperature. The solvent was removed, and the crude product was 

precipitated in colt Et2O. The final product was further washed cold Et2O several 

times and dried under vacuum. A yellow powder was obtained. Yield: 0.28 g, 45%.  

 
1H NMR (400 MHz, CDCl3) δ: 8.28 – 8.19 (m, 2H), 8.12 (dd, J = 5.6, 1.1 Hz, 1H), 

7.70 (d, J = 2.0 Hz, 2H), 7.68 (d, J = 2.1 Hz, 1H), 7.39 (dd, J = 5.6, 3.9 Hz, 1H), 3.29 

(s, 3H). 

13C NMR (100 MHz, CDCl3): δ: 147.60, 142.45, 133.10, 131.0, 127.90, 126.40, 

124.30.  

5.6 Synthesis of pyridine-based organic halide cation 

In this section, an organic halide cation containing pyridine and thiophene was 

synthesized. Figure 5.7 represents the synthetic routes for each compound. These 

molecules will be employed for the treatment of 3D perovskite films. 

5.6.1 Synthesis 

 
Figure 5.7. Synthetic route for the compound 31 
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5.6.1.1 Synthesis of 4-(thiophen-2-yl)pyridine (30) 

Under Ar atmosphere, 4-bromopyridine hydrochloride (0.5 g, 2.57 mmol) and 

trimethylamine (0.4 mL) were introduced to a 50 mL Schlenk tube charged with a 

magnetic stir bar. Dry toluene (15 mL) was added. To this mixture, Pd(PPh3)4 (0.3 

g, 10% mol) was added. The reaction mixture was allowed to stir for 30 minutes at 

the ambient temperature, and compound 14 (1.0 g, 2.83 mmol) was added. The 

reaction mixture was stirred for an additional 30 minutes at the ambient temperature, 

and the temperature was set to 110 °C. After 30 h, the reaction mixture was cooled 

down to the ambient temperature and filtered through celite pad. The desired product 

was obtained from column chromatography (SiO2, 3% triethyl amine in hexane: 

ethyl acetate, 1:1). Yield: 0.375 g, 82%.   

1H NMR (400 MHz, CDCl3): δ: 8.58 (d, J = 6.1 Hz, 2H), 7.67 (m, 2H), 7.53 (m, 1H), 

7.30 (m, 1H), 7.14 (m, 1H). 

13C NMR (100 MHz, CDCl3): δ: 149, 132, 128.4, 127.13, 125.26, 119.59. 

5.6.1.2 Synthesis of 4-(thiophen-2-yl)pyridin-1-ium iodide (31) 

Compound 30 (0.375 g, 2.3 mmol) was dissolved in EtOH (10 mL) at 0 °C. To this 

solution, HI (57% in water) (2.8 mmol) was added. The reaction mixture was allowed 

to stir for 4 hours at the same temperature. The solvent was removed under reduced 

pressure, and the crude product was precipitated in cold Et2O. The product was 

filtered and further washed with Et2O several times. The product was dried under a 

vacuum. Yield: 0.18 g, 67%. 

 
1H NMR (400 MHz, DMSO-d6): δ: 8.84 (m, 2H), 8.26 (m, 3H), 8.1 (m, 1H), 7.38 

(m, 1H). 

13C NMR (100 MHz, DMSO-d6): δ: 143, 137.9, 134.1, 131.9, 130.3, 121.8. 
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CHAPTER 6  

6 OUTLOOK 

This thesis reports the design, synthesis, characterization, and optoelectronic 

applications of thienopyrroledione (TPD)-based conjugated polymers and organic 

cations. The first chapter provides a brief introduction for CPs, including preparation 

of CPs and application areas. Although several preparation methods for CPs,  Stille 

Polycondensation, Suzuki Polycondensation, and Direct Heteroarylation 

Polymerization techniques, are shortly reviewed in the first chapter. In addition, 

application areas of CPs like OSCs, biosensors, and electrochromism are briefly 

reviewed in the first chapter.  

The second chapter of the thesis focuses on the design, synthesis, characterization, 

and NFA OSCs applications of TPD-based random conjugated polymers. For this 

study,  eight new random conjugated polymers (ME1-ME8)  were designed and 

synthesized to be employed as donor materials. In the first part of the chapter, 

investigations of the effect of alkyl chains on the performance of NFA OSCs were 

reported along with the effect of different chalcogenophenes, and this part of the 

chapter was partially published in Renewable Energy. Although the main aim was 

to fabricate NFA OSCs, for comparison, the polymers were blended with PC71BM 

as well. In the second part of the chapter, two different random polymers (ME5 and 

ME6) were to be employed as donor materials in the fabrication of OSCs. However, 

we were able to process only ME6 due to the solubility problems of ME5. ME6 was 

blended with both PC71BM and ITIC to fabricate OSCs, and preliminary results are 

included. For the last part of the chapter, two random conjugated polymers (ME7 

and ME8) were studied. The chapter consists of only synthesis, electrochemical, and 

spectroelectrochemical investigations for these polymers. As a post-study, OSC 

fabrications will be performed. 



 
 

142 

The third chapter of the thesis reveals our findings on the fabrication of an 

amperometric biosensor modified with CDs and a TPD-based conjugated polymer. 

The construction of the biosensor by laccase immobilization onto the modified 

electrode via physical adsorption technique was reported. The enzyme-based 

biosensor was optimized in terms of the amount of CDs, amount of the employed 

conjugated polymer, the enzyme unit, and pH. The biosensor exhibited linearity 

between 1.25 and 1.75 μM catechol, with a limit of detection (LOD) of 1.23 μM and 

sensitivity of 737.4 μA.mM-1.cm-2. This study was published in Journal of Polymer 

Science. 

In the fourth chapter of the thesis, the effect of random polymerization on the 

optoelectronic properties of a series of conjugated polymers obtained via Suzuki 

Polycondensation is investigated. The study revealed that the introduction of 

selenophene as a π-spacer leads to redshift in absorbance, decreasing the polymers' 

optical band gaps. The effect of the introduction of a second TPD to the polymer 

backbones was also investigated and explained with a synthetic approach.  

The final and last chapter of the thesis focuses on the syntheses and utilization of 

phenylmethanamine, aniline, and pyridine-containing organic cations to treat 3D 

perovskite layers. One of the phenylmethanamine-based organic cations (Compound 

21) was employed to treat 3D perovskite layers. The maximum PCE value obtained 

from the perovskite solar cells was found as 22.43%. Other organic cations will be 

utilized for the same purpose as a post-study. 
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APPENDICES 

A. NMR Spectra 

 

Figure A1. 1H NMR spectrum of compound 2 in CDCl3 
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Figure A2. 13C NMR spectrum of compound 2 in CDCl3 
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Figure A3. 1H NMR spectrum of compound 3 in CDCl3 
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Figure A4. 13C NMR spectrum of compound 3 in CDCl3 
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Figure A5. 1H NMR spectrum of compound 4 in CDCl3 
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Figure A6. 13C NMR spectrum of compound 4 in CDCl3 
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Figure A7. 1H NMR spectrum of compound 5 in CDCl3 
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Figure A8. 13C NMR spectrum of compound 5 in CDCl3 
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Figure A9. 1H NMR spectrum of compound 7 in CDCl3 
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Figure A10. 13C NMR spectrum of compound 7 in CDCl3 
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Figure A11. 1H NMR spectrum of compound M1 in CDCl3 
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Figure A12. 13C NMR spectrum of compound M1 in CDCl3 
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Figure A13. 1H NMR spectrum of compound 8 in CDCl3 
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Figure A14. 13C NMR spectrum of compound 8 in CDCl3 
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Figure A15. 1H NMR spectrum of M2 in CDCl3 
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Figure A16. 13C NMR spectrum of M2 in CDCl3 
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Figure A17. 1H NMR spectrum of compound 9 in CDCl3 
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Figure A18. 13C NMR spectrum of compound 9 in CDCl3 
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Figure A19. 1H NMR spectrum of compound 10 in CDCl3 
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Figure A20. 13C NMR spectrum of compound 10 in CDCl3 
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Figure A21. 1H NMR spectrum of compound 11 in CDCl3 
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Figure A22. 13C NMR spectrum of compound 11 in CDCl3 
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Figure A23. 1H NMR spectrum of compound 12 in CDCl3 
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Figure A24. 1H NMR spectrum of compound 13 in CDCl3 
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Figure A25. 13C NMR spectrum of compound 13 in CDCl3 
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Figure A26. 1H NMR spectrum of compound M3 in CDCl3 
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Figure A27. 1H NMR spectrum of PS1 in CDCl3 
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Figure A28. 1H NMR spectrum of PS2 in CDCl3 
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Figure A29. 1H NMR spectrum of RPS1 in CDCl3 
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Figure A30. 1H NMR spectrum of RPS2 in CDCl3 
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Figure A31. 1H NMR spectrum of compound 14 in CDCl3 
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Figure A32. 13C NMR spectrum of compound 14 in CDCl3 
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Figure A33. 1H NMR spectrum of compound 15 in CDCl3 



 
 

214 

 

Figure A34. 13C NMR spectrum of compound 15 in CDCl3 
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Figure A35. 1H NMR spectrum of compound 16 in CDCl3 
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Figure A36. 13C NMR spectrum of compound 16 in CDCl3 
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Figure A37. 1H NMR spectrum of compound 17 in CDCl3 
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Figure A38. 13C NMR spectrum of compound 17 in CDCl3 
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Figure A39. 1H NMR spectrum of compound 21 in DMSO-d6 
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Figure A40. 13C NMR spectrum of compound 21 in DMSO-d6 
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Figure A41. 1H NMR spectrum of compound 22 in DMSO-d6 
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Figure A42. 13C NMR spectrum of compound 22 in DMSO-d6 
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Figure A43. 1H NMR spectrum of compound 23 in DMSO-d6 
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Figure A44. 13C NMR spectrum of compound 23 in DMSO-d6 
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Figure A45. 1H NMR spectrum of compound 24 in CDCl3 
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Figure A46. 1H NMR spectrum of compound 24 in CDCl3 
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Figure A47. 1H NMR spectrum of compound 28 in DMSO-d6 



 
 

228 

 

Figure A48. 13C NMR spectrum of compound 28 in DMSO-d6 
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Figure A49. 1H NMR spectrum of compound 29 in DMSO-d6 
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Figure A50. 13C NMR spectrum of compound 29 in DMSO-d6 
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Figure A51. 1H NMR spectrum of compound 30 in CDCl3 
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Figure A52. 13C NMR spectrum of compound 30 in CDCl3 
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Figure A53. 1H NMR spectrum of compound 31 in DMSO-d6 
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Figure A54. 13C NMR spectrum of compound 31 in DMSO-d6
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