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Abstract 

Fossil fuels are part of fuels that are formed from natural processes and they are called non-

renewable sources of energy. These include natural gas, coal and oil. They have been used for 

decades to produce energy globally. However, there are some factors that related with the use of 

fossil fuels which results in an increase in the requirement of large amounts of energy. In addition, 

the use of fossil fuels as energy source has a negative impact on the environment and they cannot 

be reused. It is expected that at some point they will run out. Thus, a need for a renewable, clean 

and plentiful source of energy is urgent. Solar energy is one of the energy sources that may 

overcome fossil fuel drawbacks. The use of solar energy has attracted a lot of researchers to 

perform their investigations focused on utilizing solar energy to generate electricity. In this regard, 

photovoltaic cells play an important role. To date, most photovoltaic cells that are commercially 

available are based on inorganic materials and they are costly to fabricate while also using toxic 

elements. These make organic based photovoltaic cells advantageous over inorganic ones. In this 

work, we focus on developing novel donor materials for organic photovoltaic cells application. 

The synthesized compounds in this work were confirmed by a variety of characterization 

techniques. The synthesis of polypropylenimine tetra(thiophene), polypropylenimine tetra(N-

methylpyrrole) and polypropylenimine tetra(5-bromosalicylaldimine) were confirmed by nuclear 

magnetic resonance spectroscopy, Fourier-transform infrared spectroscopy and mass 

spectroscopy, while hexathienylbenzene and tetrathienylthiophene were confirmed by nuclear 

magnetic resonance spectroscopy and Fourier-transform infrared spectroscopy. After the synthesis 

of polypropylenimine tetra(thiophene), polypropylenimine tetra(N-methylpyrrole), 

polypropylenimine tetra(5-bromosalicylaldimine), hexathienylbenzene and tetrathienylthiophene, 

they were all decorated by growing poly(3-hexylthiophene-2,5-diyl) on their surface. The resulting 

composites namely; polypropylenimine tetra(thiophene)-co-poly(3-hexylthiophene-2,5-diyl), 

polypropylenimine tetra(N-methylpyrrole)-co-poly(3-hexylthiophene-2,5-diyl), 

polypropylenimine tetra(5-bromosalicylaldimine)-co-poly(3-hexylthiophene-2,5-diyl), 

hexathienylbenzene-co-poly(3-hexylthiophene-2,5-diyl) and tetrathienylthiophene-co-poly(3-

hexylthiophene-2,5-diyl) were characterized using different characterization techniques and the 

effect of reaction time, molar ratio and solvents were performed on different composites. The 
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finding revealed that as the reaction time, molar ratios and solvent changes, the spectroscopic and 

electrochemical properties of composites also changes. The properties of tetrathienylthiophene-

co-poly(3-hexylthiophene-2,5-diyl) were compared to those of poly(3-hexylthiophene-2,5-diyl). 

Tetrathienylthiophene-co-poly(3-hexylthiophene-2,5-diyl) was found to have wider band gap and 

poor organic photovoltaic cell performance than poly(3-hexylthiophene-2,5-diyl). We also used 

electrochemical methods to study the degree at which poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate blocks electrons from the active layer using electrochemical methods. The 

study revealed that poly(3,4-ethylenedioxythiophene) polystyrene sulfonate does not block 

electrons completely. It was also revealed in this work that the presence of poly(3-hexylthiophene-

2,5-diyl) on the surface of polypropylenimine tetra(5-bromosalicylaldimine) turn to improve the 

thermal, optical and conductivity properties of polypropylenimine tetra(5-bromosalicylaldimine). 

Organic photovoltaic cells of the polymers synthesized in this study as donor materials were 

fabricated. The effect of solvent, molar ratio and reaction time were investigated. It was revealed 

that polypropylenimine tetra(thiophene)-co- poly(3-hexylthiophene-2,5-diyl) synthesized using 

molar ratio of 1 polypropylenimine tetra(thiophene): 40 3-hexylthiophene gave highest power 

conversion efficiency when compared to other molar ratios because of its narrow optical band gap 

and small distance between the LUMO energy levels of donor and acceptor materials. 

Hexathienylbenzene-co-poly(3-hexylthiophene-2,5-diyl) was used as a donor material to study the 

effect of solvent on photovoltaic parameters such as fill factor, open circuit voltage, short circuit 

current and power conversion efficiency. The highest photovoltaic parameters were obtained in 

chlorobenzene due to faster electron transfer confirmed by electrochemical impedance 

spectroscopy. It was also revealed that polypropylenimine tetra(N-methylpyrrole)-co- poly(3-

hexylthiophene-2,5-diyl) synthesized for 24 h has highest power conversion efficiency and open 

circuit voltage when compared to 48 and 72 h which were attributed to sufficient electron-hole 

separation at the donor:acceptor interface revealed by photoluminescence studies and its high 

crystallinity. Polypropylenimine tetra(5-bromosalicylaldimine)-co-poly(3-hexylthiophene-2,5-

diyl) as a donor material gave power conversion efficiency of 0.21%. 
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Chapter 1 

1.1. Introduction 

With increasing population and economic development, communities need a large amount of 

energy to create a good living condition. We depend more on energy required services such as 

heating, hospitals, refrigeration and transportation to maintain our way of living which makes it 

impossible to imagine life without electricity. More energy is generated by the burning of fossil 

fuels which leads to serious problems to the environment such as acid rain, air pollution, climate 

change, and global warming [1–5]. To overcome these challenges of environmental pollution and 

energy shortage, there is an urgent need to develop technologies which produce renewable energy 

especially photovoltaic cells.  

To date, there are already commercially available photovoltaic cells but they are based on 

inorganic materials such as polycrystalline silicon [6,7], copper indium gallium selenide (CIGS) 

[8,9] and cadmium telluride (CdTe) [10]. As for silicon based photovoltaic cells, they are very 

costly manufacture because of very challenging manufacturing processes, expensive wafer and 

high thermal budget [11,12]. As for CIGS, the problem is the cost of indium. Estimated amount of 

about 27 000 kg is required to manufacture approximately 1 GW of CIGS based photovoltaic cells 

[8,9]. For large scale production of CIGS based photovoltaic cells, the price may be unbalanced 

because of high demand [12]. Much effort has been done to find alternative materials to replace 

CIGS. Copper zinc tin sulphide (CZTS) has been found as an alternative material because is 

composed of plentiful and nontoxic elements. However, this material suffers many challenges such 

as structural defects, presence of secondary phases and formation of multiple quaternary phases 

during synthesis [13–15]. CdTe on the other hand suffers drawbacks such as extreme rarity of 

tellurium and high toxicity of cadmium [16,17]. Therefore, these drawbacks make organic based 

photovoltaic cells advantageous over inorganic one. 

In the recent years, the improvement of photovoltaic cells based on organic materials is the most 

investigated way to produce solar devices owing to the favourable combination of an easy 

manipulation in the production process [18–22]. In addition, they are studied due to their light 
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weight and possible low fabrication costs because they can be processed from solution [23–25]. 

The disadvantage of the organic-based photovoltaics (OPVs) is that they have low light conversion 

efficiency which limits them from being economically interesting alternative of expensive and 

toxic inorganic based photovoltaic cells especially when using poly(3-hexylthiophene-2,5-diyl) 

(P3HT). The improvement in organic based photovoltaic cells is achieved by modification of either 

donor or acceptor materials.   

1.2. Aim and Objectives 

The aim of this work is to synthesize a variety of modified P3HT based organic donor materials 

for use in photovoltaic cells. The synthesized materials were characterized with different analytical 

techniques to study their structural and photophysical properties for potential use in organic 

photovoltaic cells. In order to accomplish these aims, the following objectives were set: 

➢ Synthesis of polypropylenimine tetra(thiophene) (PPI-Th), polypropylenimine tetra(N-

methylpyrrole) (PPI-Py), polypropylenimine tetra(5-bromosalicylaldimine) (PPI-Sal), 

hexathienylbenzene (HTB) and tetrathienylthiophene (TTT). 

➢ Characterization of PPI-Th, PPI-Py and PPI-Sal by nuclear magnetic resonance (NMR), 

Fourier-transform infrared spectroscopy (FTIR), mass spectroscopy, thermogravimetric 

analysis (TGA) and electrochemical impedance spectroscopy (EIS) analysis. 

➢ Characterization of HTB and TTT with NMR and FTIR. 

➢ Synthesis of polypropylenimine tetra(thiophene)-co-poly(3-hexylthiophene-2,5-diyl) 

(PPI-Th-co-P3HT), polypropylenimine tetra(N-methylpyrrole)-co-poly(3-

hexylthiophene-2,5-diyl) (PPI-Py-co-P3HT), polypropylenimine tetra(5-

bromosalicylaldimine)-co-poly(3-hexylthiophene-2,5-diyl) (PPI-Sal-co-P3HT), 

hexathienylbenzene-co-poly(3-hexylthiophene-2,5-diyl) (HTB-co-P3HT) and 

tetrathienylthiophene-co-poly(3-hexylthiophene-2,5-diyl) (TTT-co-P3HT) composites. 

➢ The synthesized composites are characterized using NMR, FTIR, TGA, EIS, CV, size-

exclusion chromatography, UV-Vis, scanning electron microscope (SEM) and 

transmission electron microscope (TEM). 

➢ The synthesized donor materials are blended with acceptor materials [6,6]-Phenyl C71 

butyric acid methyl ester and [6,6]-phenyl-C61-butyric acid methyl ester. 
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➢ After blending, the blends were analyzed with electrochemical impedance spectroscopy, 

and photoluminescence. 

➢ The organic photovoltaic cells were fabricated.  

1.3. Thesis outline 

This thesis is divided into nine chapters. The following presents summary of each chapter:  

Chapter 1: highlights the importance of photovoltaic cells and gives the challenges with the 

current photovoltaic cells that are already commercially available. It indicates why organic 

photovoltaic cells are advantageous than inorganic based ones. In addition, it also gives objectives 

that must be met in order for this work to be complete. 

Chapter 2: provides the operation mechanism of photovoltaic cells and also explain in details how 

the parameter such as open circuit voltage, short circuit current and fill factor are affected when 

organic materials are modified and preparation factors changes.  

Chapter 3: gives the description of the characterization techniques and mechanisms of the 

synthetic methods used in this study. 

Chapter 4: reports on the synthesis and characterization of PPI-Th-co-P3HT composite. The effect 

of molar ratio on optical, morphology and electrochemical properties were investigated.  

Chapter 5: the effect of the reaction time during synthesis of PPI-Py-co-P3HT composite were 

investigated. Electrochemical, thermal and spectroscopic methods were used to study the effect of 

reaction time.  

Chapter 6: reports on the comparison of PPI-Sal and PPI-Sal-co-P3HT to study the effect of P3HT 

on the surface of PPI-Sal. 

Chapter 7: this chapter presents the synthesis and characterization of HTB-co-P3HT. The effect 

of solvent on the optical and electrochemical response of HTB-co-P3HT composite were 

investigated. 
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Chapter 8: reports on the synthesis of TTT-co-P3HT composite, its characterization and 

photovoltaic performance. It also shows how electrochemical methods can be used to study the 

layer of photovoltaic cells. 

Chapter 9: this chapter summarizes the overall findings of this work.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/ 
 



5 
 

References 

[1] Tahri, F., Tahri, A. and Oozeki, T., 2018. Performance evaluation of grid-connected 

photovoltaic systems based on two photovoltaic module technologies under tropical climate 

conditions. Energy Conversion and Management, 165, pp.244-252.  

[2] Lee, J., Lee, K. and Park, S.S., 2016. Environmentally friendly preparation of nanoparticle-

decorated carbon nanotube or graphene hybrid structures and their potential applications. 

Journal of Materials Science, 51, pp.2761-2770. 

[3] Desideri, U., Proietti, S., Zepparelli, F., Sdringola, P. and Bini, S., 2012. Life Cycle 

Assessment of a ground-mounted 1778 kWp photovoltaic plant and comparison with 

traditional energy production systems. Applied Energy, 97, pp.930-943. 

[4] Peng, J., Lu, L. and Yang, H., 2013. Review on life cycle assessment of energy payback 

and greenhouse gas emission of solar photovoltaic systems. Renewable and Sustainable 

Energy Reviews, 19, pp.255-274. 

[5] Rwenyagila, E.R., 2017. A review of organic photovoltaic energy source and its 

technological designs. International Journal of Photoenergy, 2017, pp.1-12. 

[6] Kruse, C.N., Schäfer, S., Haase, F., Mertens, V., Schulte-Huxel, H., Lim, B., Min, B., 

Dullweber, T., Peibst, R. and Brendel, R., 2021. Simulation-based roadmap for the 

integration of poly-silicon on oxide contacts into screen-printed crystalline silicon solar 

cells. Scientific Reports, 11, pp.1-14. 

[7] Yang, X., Kang, J., Liu, W., Zhang, X. and De Wolf, S., 2021. Solution-Doped Polysilicon 

Passivating Contacts for Silicon Solar Cells. ACS Applied Materials & Interfaces, 13, 

pp.8455−8460. 

[8] Misra, P., Atchuta, S.R., Mandati, S., Sarada, B.V., Rao, T.N. and Sakthivel, S., 2021. A 

non-vacuum dip coated SiO2 interface layer for fabricating CIGS solar cells on stainless 

steel foil substrates. Solar Energy, 214, pp.471-477. 

[9] Uličná, S., Welch, L.M., Abbas, A., Togay, M., Tsai, V., Betts, T.R., Malkov, A.V., Walls, 

J.M. and Bowers, J.W., 2021. Sodium doping of solution‐processed amine‐thiol based CIGS 

solar cells by thermal evaporation of NaCl. Progress in Photovoltaics: Research and 

Applications, pp.1-12. 

http://etd.uwc.ac.za/ 
 



6 
 

[10] Watts, M.J., Hatton, P., Smith, R., Fiducia, T., Abbas, A., Greenhalgh, R., Walls, J.M. and 

Goddard, P., 2021. Chlorine passivation of grain boundaries in cadmium telluride solar 

cells. Physical Review Materials, 5, p.035403. 

[11] Wang, K., Liu, C., Meng, T., Yi, C. and Gong, X., 2016. Inverted organic photovoltaic cells. 

Chemical Society Reviews, 45, pp.2937-2975. 

[12] Ramanujam, J. and Singh, U.P., 2017. Copper indium gallium selenide based solar cells–a 

review. Energy & Environmental Science, 10, pp.1306-1319. 

[13] Prabeesh, P., Sajeesh, V.G., Selvam, I.P. and Potty, S.N., 2021. Influence of thiourea in the 

precursor solution on the structural, optical and electrical properties of CZTS thin films 

deposited via spray coating technique. Journal of Materials Science: Materials in 

Electronics, 32, pp.1-11. 

[14] Padhy, S., Mannu, R. and Singh, U.P., 2021. Graded band gap structure of kesterite material 

using bilayer of CZTS and CZTSe for enhanced performance: A numerical approach. Solar 

Energy, 216, pp.601-609. 

[15] Niedenzu, S., Gurieva, G. and Schorr, S., 2019. Cu2ZnGe(S1-xSex)4 – The challenge to 

synthesize single phase material. Thin Solid Films, 669, pp.625-628. 

[16] Bousselmi, G., Khemiri, N., Ahmadi, S., Cantarero, A. and Kanzari, M., 2021. Cation 

Substitution of Copper by Silver in the Earth-Abundant Compound Cu2ZnSnS4: 

Comparative Study of Structural, Morphological, and Optical Properties. Journal of 

Electronic Materials, 50, pp.1-8. 

[17] Soleimani, Z., Zoras, S., Ceranic, B., Shahzad, S. and Cui, Y., 2021. The cradle to gate life-

cycle assessment of thermoelectric materials: A comparison of inorganic, organic and 

hybrid types. Sustainable Energy Technologies and Assessments, 44, p.101073. 

[18] Wu, J., Fan, Q., Xiong, M., Wang, Q., Chen, K., Liu, H., Gao, M., Ye, L., Guo, X., Fang, 

J. and Guo, Q., 2021. Carboxylate substituted pyrazine: A simple and low-cost building 

block for novel wide bandgap polymer donor enables 15.3% efficiency in organic solar 

cells. Nano Energy, 82, p.105679. 

[19] Wan, J., Xia, Y., Fang, J., Zhang, Z., Xu, B., Wang, J., Ai, L., Song, W., Hui, K.N., Fan, X. 

and Li, Y., 2021. Solution-Processed Transparent Conducting Electrodes for Flexible 

Organic Solar Cells with 16.61% Efficiency. Nano-Micro Letters, 13, pp.1-14. 

http://etd.uwc.ac.za/ 
 



7 
 

[20] Fu, H., Li, Y., Yu, J., Wu, Z., Fan, Q., Lin, F., Woo, H.Y., Gao, F., Zhu, Z. and Jen, A.K.Y., 

2021. High Efficiency (15.8%) All-Polymer Solar Cells Enabled by a Regioregular Narrow 

Bandgap Polymer Acceptor. Journal of the American Chemical Society, 143, pp.2665-2670. 

[21] Liu, X., Wei, Y., Zhang, X., Qin, L., Wei, Z. and Huang, H., 2021. An ADA′-DA type 

unfused nonfullerene acceptor for organic solar cells with approaching 14% efficiency. 

Science China Chemistry, 64, pp.228-231. 

[22] Guo, X., Fan, Q., Wu, J., Li, G., Peng, Z., Su, W., Lin, J., Hou, L., Qin, Y., Ade, H. and Ye, 

L., 2021. Optimized active layer morphologies via ternary copolymerization of polymer 

donors for 17.6% efficiency organic solar cells with enhanced fill factor. Angewandte 

Chemie International Edition, 60, pp.2322-2329. 

[23] Kaltenbrunner, M., White, M.S., Głowacki, E.D., Sekitani, T., Someya, T., Sariciftci, N.S. 

and Bauer, S., 2012. Ultrathin and lightweight organic solar cells with high flexibility. 

Nature Communications, 3, pp.1-7. 

[24] Lopez, S.A., Sanchez-Lengeling, B., de Goes Soares, J. and Aspuru-Guzik, A., 2017. 

Design principles and top non-fullerene acceptor candidates for organic photovoltaics. 

Joule, 1, pp.857-870. 

[25] Arshad, M.A. and Maaroufi, A., 2018. Kinetics of photodegradation mechanisms in organic 

photovoltaics. Physica B: Condensed Matter, 545, pp.465-474. 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/ 
 



8 
 

Chapter 2 

Literature review: Operating Mechanism and Factors 

Affecting the Performance of Organic Photovoltaic Cells 

Abstract 

Due to the negative impact and possible run out of fossil fuels, the use of an alternative source of 

energy which is plentiful, it is crucial. The use of sunlight to produce energy by means of 

photovoltaic cell devices is the perfect approach to deal with the disadvantages of fossil fuels. 

Now, the photovoltaics that are already in market because of their power conversion efficiency 

(PCE) and stability are based on inorganic materials with drawbacks such as use of toxic 

substances during manufacturing, and expensive to manufacture. Changing inorganic materials to 

organic photovoltaic cells (OPVs), it is very important to overcome those drawbacks. The problem 

with the OPVs is the low PCE and stability. For over a decade now, researchers have been trying 

to improve the performance of OPVs with the PCE of over 11% reached. Here, we report the 

general mechanism of OPVs, materials that can be used as donor or acceptor materials and review 

recent work done on factors affecting the performance of the OPVs during fabrication. 

 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/ 
 



9 
 

2.1. Introduction 

OPVs have fascinated significant attention recently because of their advantages such as their great 

ability of producing flexible, low-cost, simple preparation process and light weight devices [1–3]. 

New organic materials have been developed for use in OPVs in order to improve their PCE [4,5]. 

Most important that should be taken into consideration during fabrication of OPVs, it is the 

appropriate choice of an electron acceptor and electron donor materials. It is believed that factors 

like light absorption, exciton diffusion, charge separation, charge transportation and morphology 

which lead to poor charge collection by metal electrode in organic active layer limits the PCE of 

the device [6–9]. OPVs with over 11% PCE have been reported based on fullerenes and non-

fullerenes acceptor materials together with thiophene derivatives donor materials [10–13].  

Currently, fullerene derivative materials are dominating in OPVs as electron acceptors. However, 

fullerene derivatives acceptors have a relatively narrow absorption region which results to poor 

harvesting of sunlight and have advantages such as sufficient charge separation and good electron 

transportation [14,15]. Therefore, donor materials with wide absorption properties are required for 

sufficient excitons generation which are directly proportional to the performance of the device. 

Donor-Acceptor organic active layers for OPVs have been widely studied in order to achieve a 

way of regulating band gap and energy levels [7,16–18]. Nevertheless, to attain good organic donor 

materials is still a problem since it must have a good balance with all the OPVs device parameters 

such as short circuit current (JSC), fill factor (FF) and open circuit voltage (VOC) which are related 

to PCE by Equation 2.1 below: 

PCE =
Jsc×Voc×FF

Pin
                                                 2.1 

where Pin is the input light power. Understanding of the degradation mechanism in OPVs and how 

the OPVs parameters are affected are essential factors in order to improve their lifespan as well as 

donor and acceptor materials properties [19]. 

Therefore, fabrication conditions such as active layer thickness, donor-acceptor materials ratio, 

solvents, annealing temperature and annealing time were investigated on how they affect 

photovoltaic parameters [20–23]. Studies have been carried out to determine the optimal 
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fabrication conditions using fullerene derivative acceptor materials together with P3HT donor 

material and revealed that even a small change in those conditions causes a huge change in 

photovoltaic parameters [23–28]. To date, a lot of researchers still attempt to find optimal 

fabrication conditions and are also developing novel donor-acceptor materials hoping for high 

OPVs performance. However, a significant progress has been achieved in OPVs but their 

performances are still low as compared to other commercial photovoltaic cells such as silicon-

based photovoltaic cells. We believe that OPVs performance can reach the target through 

researching. 

In this chapter, we highlight the general operation mechanism of OPVs and discuss the processes 

that take place in the organic active layer of the device. Also, this chapter presents different 

materials that can be used as acceptor materials and donor materials as well as how the fabrication 

conditions affect the photovoltaics parameters. We trust that understanding how OPVs works 

together with fabrication conditions may help a lot in improving the performance of the devices. 

Stability and lifetime of the OPVs are also discussed. 

2.2. Operating principle of OPVs and active layer processes 

The working principle of OPVs is one of the most debated and researched issue. The devices use 

organic donor and organic acceptor materials which are sandwiched between transparent and metal 

electrodes. Transparent electrode allows the light to pass through it and strike the active layer of 

the device and the most commonly used material is indium tin oxide (ITO) which is supported on 

a glass substrate. For the metal electrode, they mostly use metals such as aluminium (Al), gold 

(Au) and silver (Ag) as opaque electrodes [29]. The structure of OPVs is shown in Figure 2.1. In 

OPVs, the acceptor material can be mixed with or deposited onto the donor material to form an 

active layer. In the active layer, several processes are taking place and are discussed below. 
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Figure 2.1: Schematic diagram of typical OPV cell. 

2.2.1. Light absorption 

This process is the first one that takes place in the organic active layer. The light travels through 

the transparent electrode to the active layer. After striking the active layer, light get absorbed 

leading to the production of electron-hole pairs. Due to high band gap of organic materials, 

utilization of visible-near infrared region of solar spectrum is a problem. The schematic of this 

process is shown in Figure 2.2. The metal electrode reflects light that was not absorbed by the 

donor material in the active layer. The reflected light can be trapped to be absorbed by introducing 

inorganic materials in the active layer [30,31]. 

 

Figure 2.2: Schematic diagram of light absorption process in OPVs cell. 
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2.2.2. Exciton diffusion 

After generation of electron-hole pair, they move to donor/acceptor interface. A schematic of this 

process is shown in Figure 2.3. The electron-hole pairs with large diffusion length can travel to 

donor/acceptor interface and thus contribute to PCE if the coulombic bound electron−hole pairs 

are not dissociated within their lifetime [32]. The electron-hole pair diffusion length (LD) is a 

physical quantity known by Equation 2.2 below:   

LD = (Dτ)
1

2                                    2.2 

where D is diffusion coefficient and τ is an electron-hole pairs lifetime. The lifetime of most 

conjugated polymers is typically less than 1 ns, limiting the diffusion lengths to 20 nm. As a result, 

limited part of the electron-hole pair generated will diffuse to donor/acceptor interface in bilayer 

OPVs. Therefore, bulk heterojunction OPVs are introduced in order to harvest more electron-hole 

pairs at donor/acceptor interface. Electron-hole pairs can easily reach the interface once the domain 

size of acceptor and donor materials is less than the diffusion length. Therefore, understanding the 

exciton diffusion dynamics can help to further optimize active layer thickness and develop new 

donor materials with high electron-hole transportation properties to improve OPVs performance 

[33]. Studies revealed that exciton diffusion length can be increased by use of donor materials 

which contains heavy atoms that permits intersystem crossing and by doping active layer with 

triple sensitizers [34]. 

 

Figure 2.3: Schematic diagram of exciton diffusion process in OPVs cell. 
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2.2.3. Exciton separation 

During exciton separation, the coulombically bound electron-hole pair separate into free charges 

(an electron and a hole). This separation takes place at the donor/acceptor interface which 

facilitates electron transfer from donor material to acceptor material by construction of charge 

transfer state leaving a hole in the donor material. This process is shown schematically in Figure 

2.4. The lowest unoccupied molecular orbitals (LUMO) of the donor material must be higher than 

those of acceptor material for successful electron-hole separation. The difference in LUMO energy 

levels of donor and acceptor materials must be around 0.2-0.3 eV and must be higher than the 

electron-hole pair binding energy for sufficient electron-hole separation [35]. At the charge 

transfer state, electron and hole that are next to each other have a chance to recombine and drop to 

the ground state. If recombination takes place, there will be a loss in terms of charge separation 

process which is one of the reasons why OPVs have low efficiency [36,37]. The OPVs 

performance can be improved by increasing charge transfer rate, increasing charge separation rate 

and decreasing charge recombination rate. 

 

Figure 2.4: Schematic diagram of exciton separation process in OPVs cell. 
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2.2.4. Charge Transportation 

After separation of exciton at donor/acceptor interface, electrons will travel through the acceptor 

material to the active layer/cathode (metal electrode) interface while holes will travel through 

donor material to active layer/anode (ITO electrode) interface (Figure 2.5). The charge transport 

is also affected by recombination and the interaction of charges with atoms or other charges that 

may decrease the rate they travel will lead to decrease in PCE of OPVs. Zhu et al. [38] achieved 

an efficiency of 16.88% using PM6:Y6 blends as an active layer. They concluded that this high 

PCE was achieved by fine tuning crystallinity within a proper morphology framework using 

annealing temperature which led to improvement of charge transportation. Omidvar et al. [7] 

studied novel thiophene-linked porphyrin donor and furan-linked porphyrin donor containing 

metals such as cobalt, nickel, copper, zinc and iron by density functional theory calculations. Their 

findings revealed that thiophene-linked porphyrin donor-cobalt and furan-linked porphyrin donor-

cobalt possessed suitable energy levels with PCBM acceptor and good charge transport properties. 

 

Figure 2.5: Schematic diagram of charge transportation process in OPVs cell. 

2.2.5. Charge collection 

To generate current, the holes must be collected at the anode while electrons must be collected at 

the cathode. The current is flow of electrons and connecting conductor on the anode and cathode 

of the OPV draw current off for external use as shown on Figure 2.6. The cell voltage which results 

from cell build-in electric together with the cell current defines the cell power produced. The 
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current flow is directed by employing electrodes with dissimilar work functions. Anode is elected 

to have a high work function while cathode is elected to have low work function. Electrons will 

travel through the low work function cathode while holes will travel through high work function 

anode. Mostly, modified layers such as PEDOT:PSS are inserted between the active layer and 

anode while metal oxides such as zinc oxide and titanium oxide are inserted between cathode and 

organic active layer. These modified layers permit only specific carrier charges type to pass 

through to the matching electrode [39–41]. Hou et al. [40] used PEDOT:PSS hole transport layer 

and they further incorporated titanium carbide (Ti3C2Tx) MXene into it. Their results revealed that 

the OPV with PEDOT:PSS- Ti3C2Tx hole transport layer achieved an efficiency of 14.55% and a 

device with PEDOT:PSS achieved 13.10%. They believe that the presence of Ti3C2Tx improve the 

hole collection and transfer through forming a hole transfer path between PEDOT by interacting 

with PSS. Their work shows that the properties of charge collecting can be improved by forming 

their composites with appropriate materials. 

 

Figure 2.6: Schematic diagram of charge collection process in OPVs cell. 

2.3. OPVs active layer Materials 

In OPVs, the active layer either in bulk heterojunction or bilayer, is composed of organic materials. 

The organic materials that are used in active layers must have either electron-accepting or electron-
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donating properties. Mostly used electron-accepting materials are either as fullerene-based or non-

fullerene-based materials while the electron-donating materials are based on thiophene derivatives 

polymers and phthalocyanine derivatives. In this section, we are going to discuss some of those 

materials based on their application in OPVs. 

2.3.1. Electron donating materials based on thiophene derivatives polymers 

Over the past decades, researchers tried to develop novel thiophene derivative donor materials to 

improve the performance of OPVs [42–45]. Several factors have been taken into consideration to 

design and synthesize novel donor materials that have a narrow band gap, high solubility, high 

mobility, suitable energy level against those of acceptor materials and optimal phase separated 

morphology [46–48]. Thiophene-based donor material systems are the most promising as 

compared to other classes of systems due to their moderate band gap, efficient electron transfer, 

environmental stability, and can be easily modified leading to new properties [49]. Introduction of 

electron withdrawing groups such as fluorine and alkyl groups such as hexyl on the backbone of 

thiophene-base donor material turns to improve light absorption, stronger intermolecular 

interactions, fine-tune energy levels, and enhanced hole mobility properties. These properties lead 

to the development in performance of OPVs [50], [51]. Some of the developed thiophene-base 

donor materials are shown in Figure 2.7 which are P3HT, Poly[(5,6-difluoro-2-octyl-2H-

benzotriazole-4,7-diyl)-2,5-thiophenediyl[4,8-bis[5-(2-hexyldecyl)-2-thienyl]benzo[1,2-b:4,5-

b′]dithiophene-2,6-diyl]-2,5-thiophenediyl] (J51), and Poly[(5,6-difluoro-2,1,3-benzothiadiazol-

4,7-diyl)-alt-(3,3’’’-di(2-octyldodecyl)-2,2’,5’,2’’,5’’,2’’’ quaterthiophen-5,5’’’-diyl)] (PffBT4T-

2OD). 
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Figure 2.7: (A) P3HT, (B) J51 and (C) PffBT4T-2OD. 

2.3.2. Electron donating materials based on phthalocyanine derivatives 

Phthalocyanine derivatives have been widely used because of their chemical, physical and spectral 

properties. These properties give them advantages for utilization in different fields such as 

optoelectronics [52], gas sensors [53,54], and photodynamic therapy [55,56]. The properties of 

phthalocyanine derivatives are believed to arise from their efficient electron transfer capabilities. 

Their conjugated system produces intense absorption spectra giving two main bands: soret B band 

lies at ~350 nm and Q band lies between 600-800 nm [57]. The light absorption properties of 

phthalocyanine can be further adjusted by introduction of a metal such as copper into the core and 

peripheral substitution with different groups. This modification of phthalocyanine also plays a 

crucial role in improving the performance of OPVs by altering with its energy levels with a PCE 

of 13% reported [58,59]. Use of different metals and peripheral groups results in different π-π 
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stacking in phthalocyanine which can modify the hole mobility, solubility and stability in 

phthalocyanine [57,60,61]. Figure 2.8 shows the structures of phthalocyanine derivatives. 

  

 

Figure 2.8: (A) Phthalocyanine derivatives and (B) metal-phthalocyanine derivatives. 

2.3.3. Electron accepting materials based on fullerenes 

Fullerene derivatives such as [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM), [6,6]-phenyl-

C71-butyric acid methyl ester (PC71BM) and 1′,4′-Dihydro-naphtho[2′,3′:1,2][5,6]fullerene-C60, 

C60 derivative, indene-C60 monoadduct (ICMA) shown in Figure 2.9 are most widely used as 

acceptor materials in OPVs [62–64]. They have an outstanding electron transporting properties 

which contribute a lot towards the performance of the devices. The main challenge in fullerene 

derivatives as acceptor materials is limited absorption spectrum and large energy losses which lead 

to lower JSC and VOC [65]. Studies revealed that organic donor material with band gap between 
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1.2-1.8 eV and acceptor material with a LUMO level which is 0.3 eV lower than that of donor 

material results to PCE of about 10% when external quantum efficiency is 65% [66]. The poor 

PCE of OPVs is believed to be due to lower LUMO levels of fullerene derivatives which results 

to a decrease in VOC [67]. There are several ways that can be used to increase the LUMO levels of 

fullerene-based acceptor materials. The first way is by introducing more substituents on fullerene 

and this approach decreases the double bonds resulting in destruction of conjugation, thus the 

LUMO level of the acceptor material increases. However, the charge mobility will be negatively 

affected results in lower JSC [68,69]. The second way is by employing endohedralfullerene as 

starting material during synthesis of fullerene derivatives. But endohedralfullerene has poor 

solubility which can be improved by introduction of alkyl group substituents. These substituents 

turn to decrease the electron mobility [70]. The last way is by forming a metal-fullerene complex. 

However, they have poor stability which presents a problem during optimization processes such 

as thermal annealing [71]. Further studies are required to improve use of fullerene derivatives as 

acceptor materials in OPVs. 
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Figure 2.9: (A) PC61BM, (B) PC71BM and (C) ICMA. 

2.3.4. Electron accepting materials based on non-fullerenes  

Recently, non-fullerene acceptor materials have fascinated much interest because of their good 

absorption properties, better stability and tunable energy levels [72–75]. OPVs based on non-

fullerene acceptor materials have been reported [74–77]. Perylene diimides and naphthalene 

diimide (Figure 2.10) are some of the mostly used non-fullerene acceptors either as polymers or 

small molecules due to the presence of two electron withdrawing imide groups in their structures 

which lead to high electron affinity. Their π-conjugated double bonds systems allow a strong inter-

molecular interaction that enhances the electron mobility [78]. However, these diimide containing 

acceptors have some disadvantages. They tend to aggregate in a blend and have poor solubility in 

common solvents. Aggregation allows formation of excimer which limits the diffusion length and 

traps the electron-hole pairs leading to poor performance in OPVs [79]. Studies revealed that the 
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use of more polar aromatic solvents can prevent aggregation at the early time during preparation 

of a film. Also, structural variation is important for developing the crystallinity of the bulk, blend 

morphology, charge transportation, and molecular orbitals energy levels (HOMO and LUMO) 

[80–82]. Bridging of either perylene diimide or naphthalene diimide dimers by different aromatic 

rings and substitution by alkoxy group at the bay-region or core position turns to improve the 

aggregation of the molecule [83,84]. 

 

Figure 2.10: (A) Perylene diimide and (B) Naphthalene diimide. 

2.4. Factors affecting OPVs performance during fabrication 

2.4.1. Thickness of the active layer 

An active layer is inserted between two electrodes that have dissimilar work functions. 

Investigations revealed that as the active layer thickness is tampered, the performance of the device 

dramatically changes. As the active layer thickness increases, more light is absorbed resulting to 

high JSC which is due to generation of sufficient electron-hole pairs [85]. But since PCE of OPVs 

does not depend only on JSC, some parameters are affected as the thickness of the active layer 

increases. As the thickness increase, charge carrier transport and collection are affected due to an 

increase in interface defect states and low charge mobility resulting in an increase in charge carrier 

recombination. These lower the FF and VOC which are the reason for dramatical decrease in PCE 

as the thickness of the active layer increases [86]. To overcome these challenges, donor and 
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acceptor material with high charge mobility, ordered molecular structure, high light absorption 

abilities and good morphology need to be developed. Table 2.1 below shows recent studies based 

on how active layer thickness influence the OPVs performance. From the Table 2.1 below, the 

high performance of OPVs were achieved when the active layer thickness is ~100 nm. As the 

thickness of the active layer changes, photovoltaic parameters such as JSC, VOC, FF and PCE also 

changes. The optimal conditions were achieved when the active layer thickness is close to 100 nm. 

At an active layer close to 100 nm, maximum PCE and FF are achieved. While at thinner active 

layer, JSC is low indicating the reduction of the amount of light absorbed and generation of small 

number of excitons. Thicker active layer films can absorb more photons; but this could bring larger 

resistance that will obstruct charge transportation in the organic active layer decreasing the PCE 

of OPVs [87].   The charge mobility of organic donor/acceptor materials limits the active layer 

thickness to approximately 100 nm.  
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Table 2.1: OPVs performance with different active layer thickness. 

Active layer Active 

layer 

thickness 

(nm) 

PCE 

(%) 

JSC 

(mA/cm2) 

FF 

 

VOC 

(V) 

Ref 

PTB7:PC71BM 70 5.89 14.19 0.61 0.68 [87] 

90 6.99 16.33 0.62 0.69 

100 7.23 16.39 0.63 0.70 

120 6.73 15.93 0.61 0.69 

130 6.21 14.95 0.62 0.76 

PM6:IT-4F 79 9.86 16.02 0.71 0.87 [88] 

103 11.78 18.99 0.71 0.88 

149 10.72 17.92 0.68 0.88 

186 9.94 17.68 0.65 0.87 

233 9.27 17.24 0.61 0.85 

330 7.30 16.72 0.51 0.85 

398 5.62 14.63 0.49 0.83 

480 4.52 12.68 0.44 0.83 

PTB7-Th:PC71BM 99 8.02 16.78 0.60 0.80 [89] 

133 9.13 17.82 0.62 0.82 

149 8.78 17.35 0.62 0.81 

165 8.58 16.88 0.62 0.82 

PBDB-T:IT-M 50 6.17 9.90 0.68 0.93 [90] 

100 11.34 16.69 0.70 0.96 

225 9.21 18.17 0.54 0.94 

250 9.09 18.13 0.54 0.95 

305 9.03 18.44 0.53 0.94 

390 8.73 18.66 0.51 0.94 

Abbreviations: PTB7, Poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}). PM6, Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-

b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)]. IT-4F, 

(3,9- bis(1-oxo-2-methylene-3-(1,1-dicyanomethylene)-5,6-difluoroindanone)-5,5,11,11-tetrakis(4-n-hexylphenyl)- 

dithieno[2,3d:2′,3′d′]-s-indaceno[1,2b:5,6b’] dithiophene). PBDB-T, (poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen2-yl)-benzo[1,2-

b:4,5-b0 ]dithiophene))-alt-(5,5-(10 ,30 -di-2-thienyl50 ,70 -bis(2-ethylhexyl)benzo[10 ,20 -c:40 ,50 -c0 ]dithiophene-4,8- 

dione))]). IT-M, 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7-methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene.  

2.4.2. Solvent and Additives 

During the preparation of the active layer of OPVs, it is important to choose a good solvent in 

order to study the properties of the active layer which can help in predicting what is affecting the 

performance of the device. There are several factors that must be taken into consideration when 

choosing the solvent.  These factors include ability to dissolve donor and acceptor materials to 

allow proper mixing, inability to form a complex with either donor or acceptor material and should 

not have very high boiling point [99]. Mostly used solvents for preparation of the active layer are 

chlorinated for example chlorobenzene (CB), dichlorobenzene (DCB), o-dichlorobenzene (o-
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DCB), dichloromethane (DCM) and chloroform (CF). It was revealed that solvent cause dramatic 

change on the performance of the device [98]. Solvents affect the morphology of the active layer 

which turns to affect the OPVs parameters and crystallinity which determines the charge carrier 

mobility. The use of solvents with low drying speed (high boiling point) like CB improves the FF 

and JSC by increasing the crystallinity of the active layer [91]. The use of additives such as 1, 8-

diiodooctane and mixing of solvents are methods employed to improve the solute affinity [92]. 

Additives also play a crucial role in charge carrier mobility, crystallinity, morphology and PCE 

depending on their interaction with the donor or acceptor materials [93].  The effect of solvents 

and additives on the performance of OPVs are given and compared in Table 2.2. The studies reveal 

that after the addition of additives in the active layer, the PCE of OPVs improve, whereas for 

studies done using PTB7-Th:FNIC1 and PTB7-Th:FNIC2 active layers, OPVs performance 

decreases after the addition of additives [71,94-100]. The OPVs prepared in ODCB results to lower 

VOC, JSC and PCE after the addition of additives. The presence of additive in the blend prepared in 

ODCB exhibit films larger domain size and rough surface. The films with rough surface and larger 

domain contribute to insufficient electron/hole dissociation and charge transportation between 

donor/acceptor interface thus reducing VOC and JSC [71]. In other solvents such as CB, DCM and 

CF, the JSC and PCE increases after the addition of additives. The presence of additives produces 

better phase separation in the active layer which offers improved JSC and decrease in non-germinate 

recombination losses. While the presence of GO in an active layer improve light absorption 

resulting to an improved JSC [94-99].  
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  Table 2.2: OPVs performance in different solvents and additives. 

Active layer Solvent Additive PCE 

% 

JSC 

(mA/cm2) 

FF 

 

VOC 

(V) 

Ref 

PTB7-Th:PC71BM CB w/o DDO: w/o DIO 5.72 14.01 0.54 0.78 [94] 

w/o DDO: 3% DIO 9.26 18.26 0.66 0.78 

w/o DDO: 1% DIO 8.98 17.96 0.63 0.79 

0.3% DDO: w/o DIO 8.52 16.47 0.66 0.79 

0.4% DDO: w/o DIO 9.46 17.69 0.67 0.79 

0.5% DDO: w/o DIO 9.74 18.07 0.67 0.81 

0.6% DDO: w/o DIO 9.11 18.79 0.60 0.81 

0.5% DDO: 0.5% DIO 10.29 19.65 0.65 0.81 

0.5% DDO: 1% DIO 11.35 19.74 0.71 0.81 

0.5% DDO: 2% DIO 10.51 19.43 0.68 0.80 

PTB7-Th: 

P(NDI2OD-T2) 

CB w/o 4.51 11.92 0.47 0.80 [95] 

DIO 5.40 11.96 0.56 0.81 

CN 5.26 11.96 0.54 0.81 

DPE 5.56 12.64 0.55 0.80 

P3HT:PCBM CF w/o 2.00 9.60 0.41 0.52 [96] 

GO 4.40 18.21 0.43 0.57 

PffBT4T-

2OD:PC71BM 

CB:DCB w/o 8.83 18.42 0.63 0.77 [97] 

CN 10.50 18.85 0.71 0.78 

DPE 9.87 18.89 0.68 0.78 

CN:DPE 10.93 20.07 0.69 0.78 

PBDTBT-

COOR:PC71BM 

o-DCB w/o 3.08 9.57 0.37 0.87 [71] 

DIO 2.83 8.89 0.39 0.82 

J71:N2200 CB w/o 5.50 8.87 0.67 0.93 [98] 

1%DIO 7.28 10.45 0.77 0.91 

CF w/o 7.48 12.17 0.66 0.93 

1% DIO 9.34 13.19 0.78 0.91 

PBDB-TF:IT-4F CB w/o 10.93 17.60 0.71 0.87 [99] 

0.5% DIO 12.29 19.91 0.76 0.81 

0.5% DIO: 1% CN 12.72 20.07 0.72 0.88 

PTB7-Th:FNIC1 o-DCB w/o 8.91 18.27 0.63 0.77 [100] 

DIO 7.83 15.35 0.66 0.78 

CN 2.93 8.81 0.44 0.76 

PTB7-Th:FNIC2 o-DCB w/o 11.10 21.42 0.72 0.73 

DIO 9.81 19.00 0.70 0.74 

CN 7.68 15.68 0.67 0.73 

Abbreviations: CB, Chlorobenzene. DDO, 1,10-decanediol. DIO, 1,8-diiodooctane. CN, 1-chloronaphthalene. DPE, diphenylether. 

P(NDI2OD-T2), Poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)}. 

GO, Graphene oxide. PffBT4T-2OD, poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3’’’-di(2-octyldodecyl) 

2,2’;5’,2’’;5’’,2’’’-quaterthiophen-5,5’’’-diyl)]. PBDTBT-COOR, Poly[(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo [1,2-b:4,5-

b′]dithiophene)-alt-(diethyl 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole-5,6-dicarboxylate)]. J71, Poly [[5,6-difluoro-2-(2-

hexyldecyl)-2H-benzotriazole-4,7-diyl]-2,5-thiophenediyl[4,8-bis[5-(tripropylsilyl)-2-thienyl]benzo[1,2-b:4,5-b']dithiophene-2,6-

diyl]-2,5-thiophenediyl]. N2200, (poly[[N,N-9-bis(2-octyldodecyl)-naphthalene-1,4,5,8- bis(dicarboximide)-2,6-diyl]-alt-5,50 -

(2,20 -bithiophene)]). o-DCB, ortho-Dichlorobenzene. CF, Chloroform. FNIC1, benzo[1,2-b:4,5-b0 ]dithieno[3,2-b]thiophene 

fused with diarylcyclopentadienylthiophene. FNIC2, benzo[1,2-b:4,5-b0]dithiophene fused with diarylcyclopentadienylthieno[3,2-

b]thiophene. 

2.4.3. Molecular weight of donor materials 

The main idea in OPVs field is to understand the relation between the structural properties that 

rule the performance of the material. The changes in chemical structure of a donor material have 
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shown to affect properties such as light absorption [101], charge carrier transport [102], [103], 

morphology [104] and electronic agreement with acceptor materials [105]. However, inclusion of 

substituents like alkyl chains and fluorine turn to further improve these properties. However, they 

turn to affect the conduction properties and decrease the crystallinity of the donor materials 

[106,107]. To overcome the OPVs performance limitations, optimization and development of new 

organic donor materials are required. Therefore, understanding the relationship between the donor 

material structures and the OPVs performance is necessary. Therefore, the effect of molecular 

weight of donor material on OPVs performance has been investigated. Table 2.3 shows the studies 

done to understand how molecular weight of the donor materials affect OPVs performance. Better 

performance of OPVs were achieved when donor material molecular weight was between 36 kDa 

to 215 kDa. PCE of OPVs increases as the molecular weight of polymer increases. These findings 

were attributed to more favored morphology of the active layer, decrease in series resistance and 

an increase in interconnectivity. The molecular weight range of polymers are limited. The 

maximum PCE can be reached at a specific molecular weight of a certain donor polymer and 

beyond this molecular weight no further increase in device performance.  The OPVs fabrication 

conditions such as spin coating speed and substrate temperature were investigated using donor 

material with high molecular weight and it was revealed that no improvement in photovoltaic 

parameters [110].     
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Table 2.3: Effect of molecular weight of donor polymers on the performance of OPVs. 

Donor Molecular weight (kDa) PCE (%) JSC 

(mA/cm2) 

FF 

 

VOC 

(V) 

Ref 

J51 8 1.56 5.42 0.40 0.72 [108] 

16 3.52 8.35 0.58 0.72 

21 4.20 9.31 0.62 0.73 

36 5.97 12.18 0.65 0.75 

PTB7-Th 50 8.44 13.50 0.62 1.01 [103] 

100 8.68 14.20 0.61 1.00 

200 9.57 15.20 0.63 1.00 

300 7.73 15.10 0.52 0.99 

PTB7 41.20 4.02 10.10 0.55 0.73 [105] 

83.30 4.92 12.10 0.56 0.73 

109.90 6.04 13.90 0.62 0.71 

215.70 6.71  15.70 0.61 0.70 

DTBDT 9.60 0.85 2.00 0.45 0.94 [109] 

17.10 1.25 3.50 0.40 0.89 

32.00 3.35 7.40 0.47 0.92 

72.90 4.10 9.90 0.45 0.89 

138.90 3.80 8.60 0.48 0.92 

PffBT4T-2OD 41.80 9.40 20.80 0.62 0.72 [110] 

43.80 9.30 18.80 0.68 0.72 

54.90 8.80 18.60 0.66 0.72 

PSiSe 8 1.03 4.27 0.39 0.62 [111] 

11 1.38 5.57 0.42 0.58 

18 1.64 6.72 0.45 0.55 

PGeSe 5 1.21 5.78 0.41 0.51 

16 2.02 9.48 0.44 0.48 

24 1.82 7.80 0.52 0.45 

PTB7 28 5.41 13.96 0.520 0.75 [101] 

40 6.27 15.27 0.540 0.76 

128 8.50 18.51 0.600 0.76 

Abbreviation: DTBDT, 4,8-di(2-(2-ethylhexyl)-3-hexyl-thiophen-5-yl)-benzo[1,2-b:4,5-b′]dithiophene. PTB7, poly[[4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]- thiophenediyl]]. PSiSe, 

Poly[(4,40 - bis(2-ethylhexyl)dithieno[3,2-b:20 ,30 -d]silole)-2,6-diyl-alt-(2,1,3-benzoselenadiazole)-4,7-diyl]. PGeSe, Poly [(4,40 -

bis(2-ethylhexyl)dithieno[3,2-b:20 ,30 -d]germole)-2,6-diyl-alt-(2,1,3-benzoselena diazole)-4,7-diyl].  

2.4.4. Annealing temperature 

The performance of the OPVs can also be affected by fabrication conditions such as annealing 

time and annealing temperature. Annealing temperature alters with active layer morphology which 

consequently changes the PCE. Morphology of the active layer should be tuned in such a way that 

it allows efficient separation of electron-hole pair at donor/acceptor materials interface. The way 

of tuning the morphology is by annealing where it facilitates the aggregations that depend on the 

annealing temperature of the active layer [112,113]. Therefore, appropriate optimization of 

annealing temperature is important for overall performance of OPVs and the optimum conditions 

of annealing are different depending on the materials used in the active layer. Table 2.4 shows the 

results obtained trying to find optimum annealing conditions. It was reported that for P3HT:PCBM 
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active layer appropriate annealing temperature is 150°C since it creates bi-continuous morphology 

within seconds with crystalline polymers leading to enhancement in PCE [114]. After annealing 

at 150°C, stable performance of OPVs is obtained. This indicates the formation of thermally stable 

nanoscale active layer [115]. Amorphous polymers such as PTB7 requires no annealing to achieve 

high PCE. The use of additive such as DIO in this device assists to form thin active layer that helps 

to improve exciton harvesting in the acceptor materials and charge separation in the donor material. 

[116]. The results shown in Table 2.4 reveals that the best performance of OPVs is achieved when 

the annealing temperature is between 80 and 150 °C. The champion performance of OPVs is 

achieved at a certain annealing temperature depending on the acceptor and donor organic 

materials. The decrease in the PCE of OPVs is due to major reduction of FF as the annealing 

temperature increase above certain temperature. For example, FF of the PBDB-T:ITIC device 

decreases above 80 °C [117].  
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Table 2.4: Effect of annealing conditions on the performance of OPVs. 

Active layer Annealing 

temperature 

(°C) 

PCE  

(%) 

JSC 

(mA/cm2) 

FF 

 

VOC 

(V) 

Ref 

PBDB-T:ITIC w/o 10.55 18.91 0.61 0.90 [117] 

80 11.35 18.59 0.66 0.91 

100 10.23 18.05 0.62 0.90 

120 8.01 16.00 0.56 0.86 

140 6.03 16.79 0.50 0.72 

160 5.74 18.04 0.48 0.64 

PTB7:PC71BM 70 7.51 17.31 0.62 0.70 [87] 

90 8.82 18.10 0.61 0.75 

110 7.09 16.31 0.58 0.75 

140 6.47 15.89 0.56 0.73 

BQR:PC71BM w/o 4.70 10.70 0.46 0.95 [118] 

90 5.10 11.30 0.47 0.96 

120 7.30 12.80 0.62 0.95 

140 5.50 9.50 0.61 0.95 

150 4.30 8.70 0.52 0.95 

160 2.10 5.90 0.38 0.93 

PBDT4TBT:PC71BM w/o 3.04 10.10 0.52 0.57 [119] 

200 4.23 9.72 0.68 0.64 

PBDT4TffBT:PC71BM w/o 3.84 11.90 0.54 0.59 

150 4.74 11.40 0.65 0.65 

PBDB-T: PMI-F-PMI w/o 3.09 6.54 0.45 0.11 [120] 

135 4.34 8.13 0.49 0.11 

PBDB-T: PMI-FSi-PMI w/o 2.69 6.08 0.43 0.11 

150 4.67 7.88 0.53 0.11 

PBDB-T: PMI-FN-PMI w/o 3.07 7.08 0.40 0.11 

150 4.45 9.10 0.44 0.11 

PffBT4T-2OD:PC71BM w/o 7.17 15.45 0.64 0.73 [121] 

60 8.01 15.98 0.68 0.74 

80 8.56 17.04 0.67 0.75 

100 7.55 15.54 0.64 0.76 

120 7.11 15.76 0.58 0.78 

Abbreviations: PBDB-T, poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-

thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione))]). ITIC, 3,9-bis(2-methylene-(3-(1,1-

dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene. 

BQR, Benzodithiophene-quaterthiophene-rhodanine.   PBDT4TBT, composed of 4,8-di-2-thienylbenzo[1,2-b:4,5-b′]dithiophene 

and 4,7-bis([2,2′-bithiophen]-5-yl)-benzo-2-1-3-thiadiazole. PBDT4TffBT, composed from benzo[1,2-b:4,5-b’]dithiophene  and 

difluoro-substituted 4,7-bis([2,20 -bithiophen]-5-yl)-benzo-2-1-3-thiadiazole. PMI-F-PMI, Perylene monoimide-fluorene-Perylene 

monoimide. PMI-FN-PMI, Perylene monoimide-carbazole-Perylene monoimide. Silafluorene. 

2.5. Stability and lifetime of OPVs 

Beside the PCE of the OPVs, the stability and lifetime of the device are the main challenges that 

affect the commercialization of the OPVs. The materials used for fabrication of the device are 

those that determines the stability and lifetime of the OPVs. To improve the stability of the organic 

active layer which decides the lifetime of the device, the mechanisms of the degradation process 

taking place at the active layer need to be understood. Understanding this process will help with 
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ideas on how the materials can be modified sequentially to improve their stability. There are 

several challenges identified which are said to be responsible for poor stability (short lifetime) of 

OPVs such as visible-near infrared light, UV light, moisture and air [122]. In air, photo-oxidation 

of crystalline polymers film takes place slower than amorphous film of similar materials because 

of the less chemically reactive ability due to the confinement of molecules [123]. Oxygen can be 

conquered by the use of encapsulations likewise to moisture. The use of encapsulation agents and 

UV filters can result in OPVs with lifetime of over 15 years [124]. In encapsulated OPVs, 

degradation is taking place around glass transition temperature (Tg). Above Tg, organic donor and 

acceptor materials can move leading to a blockage layer at the interface or increase in the diffusion 

length causing FF to drop [125]. Photo-degradation in encapsulated OPVs takes place at the active 

layer because of the photochemical processes causing a decrease in VOC [126]. The photo-

degradation seems to be in relationship with the donor/acceptor interface. To further improve the 

stability and performance of the OPVs, interfacial engineering is the main issue to address. 

Recently, OPVs comprising of either donor:acceptor:acceptor or donor:donor:acceptor as active 

layer have received a lot of attention. These types of OPVs composed of three materials in the 

active layer are termed ternary OPVs. The reason for studying ternary OPVs is to improve the PCE 

and stability. Yang et al.  [127] studied the photovoltaic response and stability test of 

donor:acceptor:acceptor using PM6 as a donor material and Y6 and PIDTC-T as acceptor 

materials. They obtained an efficiency of 16.76 % and an improvement in thermal stability, photo-

stability and shelf-like stability. They believe that their improved performance in terms of PCE 

and stability is due to the presence of PIDTC-T acceptor material which lead to enhancement in 

charge mobilities, reduced recombination, improved absorption and reasonable phase separation 

and redistributed composition in active layers. Therefore, this study revealed that developing and 

combining novel materials and device engineering to provide a way towards highly efficient and 

more stable OPVs. 

2.6. Conclusion 

In this chapter, we outlined the processes that takes place in OPVs. Understanding how OPVs 

works can help with developing new donor and acceptor materials with improved properties. It 

was revealed that substituting electron withdrawing groups on donor materials turns to improve 

hole mobility and light absorption properties. The use of fullerene derivatives as acceptor material 
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leads to a low VOC since its LUMO energy is lower. It requires a donor material with engineered 

energy levels for good performance. Perylene diimide or naphthalene diimide acceptor materials 

have a problem with aggregation which can be improved by substituting alkoxy group on their 

core position or bay-region. We also reviewed factors that have an effect on the performance of 

OPVs such as active layer thickness, solvents and additives, molecular weight of donor material 

and annealing temperature. It is difficult to tune these factors since they are very sensitive and as 

new materials are developed; the optimal condition consequently changes. Further understanding 

on how these factors changes as the structure of a donor or acceptor material changes is still 

required. The other problem with OPVs is stability; the development of photochemical and 

thermally stable polymers is crucial in order to achieve better lifetimes that can participate with 

that of inorganic materials based photovoltaic cells. Recently, stable OPV with an efficiency of 

16.76 % was achieved. This fast improvement will propose that the commercialization of OPVs 

will be realized soon. 
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Chapter 3 

Experimental: Characterization techniques and mechanisms 

used for synthesis 

3.1. Characterization techniques and purification methods 

3.1.1. Purification methods 

3.1.1.1. Thin layer chromatography (TLC) 

Silica gel coated plates (Merck (Pty) Ltd., Johannesburg, South Africa) were used for thin layer 

chromatography profiling. The spot on the silica gel coated plates were viewed using ultra-violet 

lamp (254 nm and 366 nm) followed by immersing the plates into vanillin (Merck (Pty) 

Ltd.)/sulphuric acid (Merck (Pty) Ltd.) and lastly heating with a heat gun. Thin layer 

chromatography was used to determine the solvent system to be used to perform column 

chromatography.  

3.1.1.2. Column chromatography   

To perform column chromatography for separation of product from impurities, wet packing 

method was used. Silica gel 60 Å (230–400 mesh, Merck (Pty) Ltd.) was dispersed in the chosen 

solvent system, then transferred to a glass column (2-3 cm diameter). After transferring silica gel, 

it was allowed to settle on its own before the sample was transferred into the column. Column 

chromatography was used to purify synthesized core materials. 

3.1.1.3. Liquid-liquid extraction 

After performing Schiff base condensation, methanol was removed and the product was dissolved 

in dichloromethane or chloroform. After dissolving the product, it was washed with water to 

remove the reagent used in access.  
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3.1.2. Characterization techniques 

3.1.2.1. Nuclear magnetic resonance spectroscopy (NMR) 

NMR is a technique that is mostly used for structural determination of organic compounds. When 

organic compounds are exposed to a strong magnetic field, the nuclei of atoms start to behave like 

small magnets. The nuclei resonance frequency is measured and changed into the NMR spectrum 

that provide information about the structure. NMR can be performed either in a liquid or solid 

form. During this work, liquid state NMR was performed to confirm the structure of synthesized 

organic compounds. Only 1H-NMR and 13C NMR were performed in this study. The positions of 

the peaks were referenced using deuterated chloroform. It was used for structural analysis of the 

synthesized organic materials. For NMR studies, Bruker 400 MHz Avance III HD Nanobay 

spectrometer, Karlsruhe, Germany was used. 

3.1.2.2. Fourier-transform infrared spectroscopy (FTIR) 

FTIR is a characterization technique that is used to determine functional groups present in the 

organic molecule. This technique can be used to measure the spectrum of transmittance of either 

gas, liquid or solid. In this study, characterization of the synthesized materials was performed using 

liquid-based analysis for some samples and solid based method for other samples. For liquid-based 

method, the attenuated total reflectance was used. The samples were dissolved in chlorobenzene 

(Merck (Pty) Ltd.) and before any measurement of the samples were recorded, chlorobenzene was 

used to run background. As for solid based method, the samples were mixed with potassium 

bromide pellet using mortar and pestle and before any measurement of the samples were recorded, 

potassium bromide was used to run background. FTIR analysis were performed in the wavenumber 

range of 4000 to 450 cm-1 and the scan was set to 10 times. After the scan was complete, the 

baseline was corrected by subtracting the background spectrum of chlorobenzene or potassium 

bromide depending on the method used. FTIR (Spectrum-100 FTIR spectrometer from 

PerkinElmer (Pty) Ltd., Midrand, South Africa) was used to identify the functional groups present 

in the synthesized monomers and polymers. 
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3.1.2.3. Mass spectroscopy 

Quadrupole time-of-flight mass spectrometer (Waters Synapt G2 Quadrupole time-of-flight 

(QTOF) mass spectrometer (MS) connected to a Waters Acquity ultra-performance liquid 

chromatograph (UPLC) (Waters, Milford, MA, USA)) was used for direct infusion high-resolution 

mass spectrometer analysis. Electrospray ionization was used in positive mode with a cone voltage 

of 15 V, desolvation temperature of 275 °C, desolvation gas at 650 L/h, and the rest of the MS 

settings optimized for best resolution and sensitivity. Data were acquired by scanning from m/z 

150 to 1500 m/z in resolution mode. Leucine enkaphalin was used as lock mass for accurate mass 

determination and the instrument was calibrated with sodium formate. A 2µL injection volume 

was used to introduce the sample into a flow stream consisting of 40% of 0.1% formic acid in 

water (solvent A) and 60% acetonitrile containing 0.1% formic acid as solvent B. This solvent 

conveyed the samples to the high-definition Quadrupole time-of-flight mass spectrometer which 

due to its high mass resolution, allows accurate mass elemental composition to be determined. 

Mass spectroscopy was used to determine molecular weight of synthesized monomers. 

3.1.2.4. Size exclusion chromatography 

Size exclusion chromatography is one of the characterization techniques for polymers. It is used 

to determine their polydispersity, molar mass distribution and molar mass. The separation of the 

polymers is based on the effective molecular size and the extent they interact with the stationary 

phase. A size exclusion chromatography instrument equipped with a Waters 717plus Autosampler, 

Waters 600E system controller and a Waters 610 fluid unit were used to perform size exclusion 

chromatography analyses. A Waters 2414 differential refractometer was used for detection. Two 

PLgel 5 mm Mixed-C columns (300×8 mm i.d.) and a PLgel 5 mm guard column were used. The 

oven temperature was maintained at 30 ℃ and 100 mL of 2 mg/mL sample in THF was injected 

into the column set. THF (HPLC grade, BHT stabilised) was used as the eluent for the analyses at 

a flow rate of 1 mL/min. Narrow polystyrene standards with molar masses ranging from 800 to 2 

× 106 g mol-1 were used to calibrate the instrument. Data obtained from size exclusion is reported 

as polystyrene equivalents. Agilent 1260 Infinity series HPLC instrument from Agilent 

Technologies, Waldbronn, Germany, was used to determine polydispersity and molecular weight 

of the polymers. 
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3.1.2.5. Thermal gravimetric analysis  

Thermal gravimetric analysis (TGA) is a characterization technique that is used to determine the 

changes in the composition of materials by monitoring the weight loss as the temperature increases. 

The weight loss of compounds can be due to oxidation, decomposition or loss of moisture content. 

Prior to analyses, 5 mg of the sample was placed in the crucible supported on an analytical balance. 

Thermal gravimetric analysis was performed in the temperature range of 50 to 650 ℃ under 

nitrogen atmosphere using a flow rate of 20 mL/min at the heating rate of 10℃min-1. The thermal 

analyzer Perkin Elmer STA 6000 instrument (PerkinElmer (Pty) Ltd.) was used to study thermal 

stability properties of monomers and polymers. 

3.1.2.6. Transmission electron microscopy  

Transmission electron microscopy (TEM) is a technique mostly used for structural features of 

nanoscale samples. It uses electron beam which is focused by the condenser lenses directly to the 

samples. The beam of electrons passes through the samples to the screen which reveal the 

information of the sample in the form of images. For sample preparation, the samples were 

dissolved in chlorobenzene and drop coated on the copper grid. And lastly, the grid was placed on 

the path of the electron beam inside the instrument for analysis. TEM analysis was performed 

using FEI Tecnai T20 TEM from FEI company, Hillsboro, OR, USA, to study the morphological 

properties of polymers. 

3.1.2.7. Ultra-Violet visible spectroscopy (UV-Vis) 

Ultra-Violet visible spectroscopy is one of the mostly used analytical technique in the research 

field. During the use of UV-Vis, light is allowed to pass through the sample at a certain wavelength 

in the ultraviolet or visible region of the spectrum. All the incident light will not pass through the 

sample if some of the light is absorbed within the sample. The UV-Vis can be used to quantitatively 

determine the concentration of the sample and qualitatively to identify a compound by matching 

the absorbance with the published data. In this study, the synthesized materials were dissolved in 

different solvents (chlorobenzene, chloroform and toluene) for UV-Vis analysis. Some of the 

synthesized materials were analysed as thin films on indium tin oxide (ITO) and others in liquid 

form. Nicolet Evolution 100 from Thermo Electron Corporation, Altrincham, UK, was used to 

determine optical band-gaps of the polymers. 

http://etd.uwc.ac.za/ 
 



52 
 

3.1.2.8. Scanning electron microscope (SEM)  

SEM is an analytical technique that uses a focused high energy electron beam to generate an array 

of signals at the surface of solid sample. These signals are derived from the interaction between 

the electrons and sample. They reveal an important information about the sample such as the 

chemical composition, external morphology, and crystalline structure. The samples can be 

analyzed with SEM in powder form or as films. In this work, SEM studies were done as thin films 

to investigate morphological properties of the synthesized polymers. SEM analysis was done using 

Tescan MIRA3 RISE SEM from Tescan, Brno, Czech Republic and elemental analysis was done 

using FEI NovaNano SEM from FEI company, hillsboro, OR, USA. 

3.1.2.9. X-ray diffraction (XRD)  

XRD is an analytical instrument that is used to study the crystallographic structure of a sample. 

XRD works by directing incident X-rays to a sample. Scattered angles and intensities of X-rays 

leave the sample while containing structural information of the sample are measured. XRD is 

mostly used to identify crystalline phases and orientation, determine structural structure such as 

grain size, phase composition and lattice parameters, and determine the arrangement of atoms. It 

was used to confirm the findings from PL studies by investigating crystallinity of the polymers. 

XRD analysis were performed using D8-Advanced diffractometer from Bruker AXS, Billerica, 

MA, USA. 

3.1.2.10. Cyclic voltammetry (CV) 

CV is an electrochemical technique that utilizes a change in applied potential of a working 

electrode where the current is being controlled. This is done in both forward and reverse direction 

while observing the change in current. The set up consist of an electrolyte with three electrodes 

immersed in the electrolyte. The working electrode use in this study is indium tin oxide (ITO, 14–

16 Ω/square resistance, Oscilla, Sheffield, UK), counter electrode is platinum wire (Goodfellow 

Cambridge Ltd., Huntingdon, UK) and the reference electrode used is silver-silver chloride 

(Ag/AgCl, from BASi® in West Lafayette, IN, USA). In this study, cyclic voltammetry was used 

to determine the energy levels of the polymers synthesized. The cyclic voltammograms were 

obtained using CHI700E-potentiostat (CH instruments, Inc, Bee Cave, TX, USA). 
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3.1.2.11. Electrochemical impedance spectroscopy (EIS) 

EIS is an electrochemical method that is used to investigate the charge transfer and it measures the 

resistance of the charge transfer between the electrolyte and electrode interface. This method has 

the same setup of electrochemical cell as CV. In this study, EIS was used to determine the 

conductivity of the synthesized polymers using certain or different values of bias potentials. EIS 

measurements were obtained using CHI700E-potentiostat (CH instruments, Inc, Bee Cave, TX, 

USA). 

3.1.2.12. Photoluminescence (PL) 

This technique is based on the measurements of the energy emitted when electrons are from the 

excited state move back to the ground state. It is mostly used in photovoltaic cells to study electron 

transfer from donor material to the acceptor material by observing the reduction of emission 

intensity (quenching effect). PL measurements were obtained using NanoLog from Horiba Jobin 

Yvon, Edison, NJ, USA. 

3.2. Fabrication of photovoltaic cells  

During fabrication of the photovoltaic cells, the ITO substrate was washed with 1% hellmanex 

solution in hot water, isopropanol and acetone for 5 min in each. The ITO substrate was dried 

using nitrogen gas. PEDOT:PSS was sonicated and filtered using 0.45 µm filters. It was spun 

coated for 30 sec at the rate of 4000 rpm using the amount of 40 µL. The thin film was wiped at 

the cathode using cotton bud and baked at 150 ℃ for 5 min. The donor and acceptor materials were 

blended at 60 ℃ for overnight. The solution was spun coated onto the PEDOT:PSS coated ITO at 

the spin rate of 2000 rpm for 30 sec. The film was annealed at 100 ℃ for 5 min. The final layer of 

aluminium was deposited thermally at the pressure of 10-5 mbar. While for other devices, silver 

paste was coated using micro-pipette tip. The photovoltaic parameters were determined from the 

current as a function of voltage obtained under light illumination of AM 1.5G, 100 mW cm−2 

supplied by a solar simulator from Sciencetech Inc., London, ON, Canada, using a source meter 

(X200 Source Meter Unit from Ossila, Sheffield, UK). 
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3.3. Mechanism of the synthetic methods used in this study 

3.3.1. Schiff base reaction  

Schiff base reaction is named after Prof. Hugo Schiff and are identified by the secondary aldimines 

or ketimines functional group. They are synthesized by reacting primary amines and carbonyl 

groups. Firstly, an amine nitrogen act as a nucleophile by attacking the electron poor carbon of the 

carbonyl of either aldehydes or ketones. In the following step, the nitrogen losses a proton and the 

pair of electrons from the N−H bond force oxygen to de-attach from the carbon resulting in C=N 

functional group (an imine) and water as by-product [1−4]. The schematic of the mechanism is 

shown in Scheme 3.1. 
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Scheme 3.1: Shows Schiff base mechanism. 

3.3.2. Stille coupling reaction 

It is a chemical reaction that involves the use of organotin compounds and halogenated compounds 

to form carbon−carbon bond is the presence of palladium (Pd) based catalyst. The Stille coupling 

reaction is shown in Scheme 3.2.  

R1 Sn(Alkyl)3 + R2 X
Pd catalyst

R1 R2 + X Sn(Alkyl)3 

Scheme 3.2: Stille coupling reaction 

R1 and R2 can be either alkenyl, benzyl, allyl, aryl or acyl. X represent the halogens (bromine, 

chlorine and iodine). The reaction mechanism of this method is given in Scheme 3.3. In details, 

the first step is the oxidative addition of R2−X to the palladium-based catalyst (Pd0) resulting in an 
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intermediate PdII with 16-electron transition state. The second step is called trans-metalation. 

During this step, organotin compound is used as trans coupling reagent. The organotin compound 

together with R1 will form a four membered ring with the PdII intermediate and X forming 

transition state of 18-electron. Then, organotin will leave with the X. This results in the 

intermediate of PdII bonded to R1 and R2. Finally, the R1 and R2 will isomerize into cis-

conformation before undergoing reductive elimination [5−7]. These steps are shown is scheme 

3.3. 
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Scheme 3.3: Stille coupling mechanism. 

3.3.3. Suzuki coupling reaction 

This method is the reaction between the boronic acid and an organohalide in the presence of Pd 

based catalyst and base to form carbon−carbon bond. The difference between Suzuki coupling and 

Stille coupling is that, during Suzuki coupling, boronic acid requires to be activated by base while 

in Stille coupling, organotin is used and it does not require any activation. The reaction of Suzuki 

coupling is shown in Scheme 3.4 
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R1 B + R2 X

Pd 

catalyst

Base
R1 R2

OR3

OR3  

Scheme 3.4: Suzuki coupling reaction. 

where R3 can be either H or an alkyl group. R1 and R2 can be either aryl, alkyl or alkenyl. Base 

like sodium hydroxide can be used. The mechanism starts with the oxidative addition of 

organohalide to Pd0 catalyst to form PdII complex. In the second step, base replaces the halide from 

the PdII complex and base also adds to the boronic acid to form a reagent that makes R1 a 

nucleophile. In the third step (transmetalation), R1 attacks where the halide has been replaced on 

the PdII complex. The reductive elimination step then regenerates the Pd catalyst and gives the 

final product [8−9]. The mechanism is shown schematically on Scheme 3.5.       

 

Scheme 3.5: Suzuki coupling reaction mechanism. 
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3.3.4. Grignard reaction 

This reaction method uses magnesium (Mg) which is defined by the formula RMgX, where R can 

be an aryl or alkyl group and is a halogen. This method is used to form new carbon−carbon bond 

by joining two aryl or alkyl groups. Grignard reaction takes place well in ether as a solvent and 

requires to be kept in dry conditions since the reaction can react with moisture. The Grignard 

reaction is shown in Scheme 3.6. 

R-X     +     Mg RMgX
Ether

 

Scheme 3.6: Grignard reaction method. 

The Grignard reaction mechanism takes place by the free radical reaction. In this mechanism, 

radical chain or chain generation are not involved. The electrons move singly during the formation 

of the product and the mechanism takes place in two steps. First step, an electron from the Mg is 

transferred to the RX resulting in the formation of free radicals R and MgX. In the second step, 

MgX couples with R to form Grignard reagent [10,11]. This mechanism is shown schematically 

in Scheme 3.7. 

Mg

:

R X
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Step 1
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Scheme 3.7: Grignard reaction mechanism. 

3.3.5. Chemical oxidation polymerization 

This method is used for synthesis of polymers from aromatic starting materials such as phenols, 

thiophene, pyrrole and diphenyl sulphide in the presence of inorganic oxidizing agent [12]. During 

chemical oxidation method, cation radicals are generated in the aromatic starting material to 

initiate polymerization. Scheme 3.8 shows the suggested mechanism of chemical oxidation 

polymerization using thiophene based starting material and FeCl3 as an oxidizing agent. The first 
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step is the cation radical formation and the reduction of the oxidant for FeIII to FeII. During 

propagation step, there is a dimerization process of the two formed cation radicals, two protons 

elimination and resulting to dimer re-aromarization. The formed dimer is oxidized to the 

corresponding cation radical and reacts with cation radical to form a trimer. The process continues 

in this manner until a polymer is formed [13−15]. 
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Scheme 3.8: Mechanism of chemical oxidation polymerization. 
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Chapter 4  

Polypropylenimine Tetra(thiophene)-co-Poly(3-

hexylthiophene-2,5-diyl): Synthesis, characterization, 

electrochemical and photovoltaic studies 

Abstract 

In recent years, new conjugated polymers have been developed with improved properties using 

existing synthetic methods. In this work, we report synthesis of polypropylenimine 

tetra(thiophene)-co-poly(3-hexylthiophene-2,5-diyl) (PPI-Th-co-P3HT) using chemical oxidation 

co-polymerization method. The polymers (PPI-Th-co-P3HT) was synthesized using different 

molar ratios of polypropylenimine tetra(thiophene) (PPI-Th) and 3-hexylthiophene (3HT). The 

molar ratios used were 1 PPI-Th:40 3HT, 1 PPI-Th:60 3HT and 1 PPI-Th:80 3HT. The synthesized 

PPI-Th-co-P3HT was characterized using nuclear magnetic resonance spectroscopy (NMR), 

Fourier-transform infrared spectroscopy (FTIR) spectroscopy, ultraviolet-visible (UV-Vis) 

spectroscopy, transmission electron microscopy (TEM), scanning scanning microscopy (SEM), 

cyclic voltammetry (CV), thermal gravimetric analysis (TGA) and electrochemical impedance 

spectroscopy (EIS). The spectroscopic, microscopic and electrochemical properties of PPI-Th-co-

P3HT changes as the molar ratios change. These changes are attributed to highly possible 

difference in molecular weight achieved as the molar ratios change. Organic photovoltaic cells 

(OPVs) of PPI-Th-co-P3HT synthesized using different molar ratios were fabricated. Maximum 

performance conversion efficiency was achieved for PPI-Th-co-P3HT synthesized using molar 

ratio of 1 PPI-Th:40 3HT due its narrow optical band gap, high crystallinity and small distance 

between the lowest unoccupied molecular orbital (LUMO) of PPI-Th-co-P3HT and [6,6]-phenyl-

C61-butyric acid methyl ester (PC61BM). 
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4.1. Introduction 

Conjugated polymers have attracted a lot of research interest in the research areas of Physics and 

Chemistry because of their properties can be beneficial for optoelectronics and sensors [1–4]. 

Interestingly, the properties of polymers can be easily modified by introduction of different 

functional groups on the polymer chain. It was discovered that modification of a polymer chain 

with alkyl groups turn to improve the solubility [5]. The presence of alkyl group also provides 

control of crystallinity and molecular packing behaviour which influence the charge carrier 

mobility [6,7]. It also permits control over intermolecular aggregation and morphology of the thin 

film while sustaining properties such as electrochemical and optical [8,9]. Some studies have been 

reported on the use of halogens such as fluorine to modify polymers [10–11]. The role of fluorine 

on the properties of the polymers have been well studied [12] and showed to narrow the optical 

band gap [13,14]. Additionally, the internal noncovalent interaction (F−S and F−H) might be 

advantageous to develop the intermolecular packing leading to improvement in morphology and 

charge transportation properties [15,16]. 

Poly(3-hexylthiophene-2,5-diyl) (P3HT) and its derivatives are a class of conjugated polymers 

used in different research field such as energy storage [17], organic light-emitting diodes [18], 

organic transistors [19] and organic photovoltaic cells [20]. To date, there are several methods that 

have been used to synthesize P3HT namely: oxidation polymerization [21], electrochemical 

method [22] and Grignard reaction [23]. Oxidation polymerization is the most preferred synthetic 

method for P3HT by researchers because of its mild reaction conditions. In most cases, iron (III) 

chloride (FeCl3) is used as oxidants during oxidation polymerization [21]. It was suggested that 

during synthesis of P3HT using oxidation polymerization, the molar ratio of the 3-hexylthiophene 

and FeCl3 should be 1:4 in chloroform [24]. The percentage yield of P3HT varies according to the 

change in FeCl3 and 3-hexylthiophene molar ratio. High percentage yield is obtained when the 

molar ratio of 1 3-hexylthiophene: 4 FeCl3. 

Oxidation polymerization is an easy and economical method for large production of P3HT because 

it does not need removal of by-products [25]. But the properties of P3HT such as molecular weight 

and regioregularity degree can affect the formation of thin films [24]. These properties depend 

strongly on the synthetic conditions of the oxidation polymerization method. Studies showed that 
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slow addition of oxidant at low temperature results to low molecular weight and regioregularity of 

up to 80% [26], while a fast addition of oxidant results to broad distribution of the molecular 

weight [27]. Understanding how synthesis conditions affects the properties of polymers in general, 

can help in improving the performance of polymers in various applications. 

Here we report our findings on the synthesis of novel PPI-Th-co-P3HT synthesized using chemical 

oxidation polymerization method and different molar ratios of PPI-Th and 3-hexylthiophene. The 

effect of molar ratios of the optical, thermal, morphological and electrochemical properties were 

investigated. The LUMO energy levels of the synthesized PPI-Th-co-P3HT using different molar 

ratios were compared with those of PC61BM. These was done to understand electron dynamics at 

the interface of PPI-Th-co-P3HT:PC61BM and the effect of molar ratio on the performance of 

OPVs. Maximum PCE of OPVs was achieved when the molar ratio of 1 PPI-Th: 40 3HT was used. 

The performance was attributed to smaller LUMO offset and narrow optical band gap. 

4.2. Materials and Methods  

4.2.1. Materials 

The following reagents were procured from Merck (Pty) Ltd., Johannesburg, South Africa and 

used without further purification: generation 1 poly(propylene imine) tetramine (DAB-Am4) 

dendrimer (pH 12, 25 wt % aq. soln), thiophene-2-carboxaldehyde (98%), methanol (MeOH, 

99.5%), dichloromethane (DCM, 99.9%), deuterated chloroform (CDCl3, ≥99%), magnesium 

sulphate (MgSO4, ≥99.5%), 3-hexylthiophene (3HT, ≥99%), FeCl3 (≥99.99%), chloroform 

(≥99%), acetone (99.3%), [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM, >99.5%), 

tetrabutylammonium hexafluorophosphate (TBAPF6, ≥99%), poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS, 0.5-1.0% in H2O, high-conductivity grade), acetonitrile 

(99.8%), chlorobenzene (99.9%), Hellmanex III, 2-propylalcohol (99.5%) and silver (Ag) 

conductive paste. Indium tin oxide (ITO, 20 Ω/square resistance, Ossila Ltd., Sheffield, UK) 

coated substrates were used for characterization and fabrication. Deionized water used in this study 

was obtained from a Millipore Direct Q3 system (Millipore, Milford, MA, USA). 
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4.2.2. Synthesis of PPI-Th 

Schiff base condensation reaction was used to synthesize PPI-Th as shown in Scheme 4.1 [28,29]. 

In details, 0.5 g of DAB-Am4 was added into a round bottom flask containing a solution of 0.6 

mL of thiophene-2-carboxyaldehyde in 50 mL MeOH. The mixture was stirred at room 

temperature for 48 h under nitrogen atmosphere. After 48 h, the MeOH was removed with rotary 

evaporator and the resulting oily product was dissolved in DCM and washed three times with 

deionized water. MgSO4 powder was added into the mixture and its suspensions were later 

removed by filtration method. The DCM was removed by rotary evaporator resulting in a yellow 

oily product with actual yield of 0.55 g and percentage yield of 52%.1H-NMR (CDCl3, 400 MHz): 

δH 1.39 (tt, 4H), 1.78-1.82 (tt, 8H), 2.38-2.48 (m, 12H), 3.56-3.59(t, 8H), 7.03 (dd, 4H), 7.25 (dd, 

4H), 7.35 (dd, 4H), 8.35 (s, 8H). 13C-NMR (CDCl3, 400 MHz): δC 25.13 (4C), 28.16 (2C), 51.49 

(4C), 53.96 (4C), 59.32 (2C), 127.30 (4C), 128.57 (4C), 130.13 (4C), 142.60 (4C), 154.31 (4C). 

HRMS (m/z): Calc. 693.044: 62.39% C, 6.98% H, 12.13% N, 18.50% S. Exp. 693.289: 62.36% 

C, 6.98% H, 12.13% N, 18.50% S. 
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Scheme 4.1: Synthetic route of PPI-Th. (i). MeOH, 48 h. 
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4.2.3. Synthesis of PPI-Th-co-P3HT 

Synthesis of PPI-Th-co-P3HT was performed with chemical oxidation polymerization method as 

shown in Scheme 4.2 [28] and three different molar ratios between PPI-Th and 3HT were used. 

The molar ratios used were 1 PPI-Th:40 3HT, 1 PPI-Th:60 3HT, and 1 PPI-Th:80 3HT. In details, 

PPI-Th and 3-HT which were dissolved in 100 mL chloroform under nitrogen atmosphere for 30 

min while stirring. After, the mixture of 50 mL chloroform and FeCl3 was added, the resulting 

mixture was stirred for 24 h at 60 ℃. After 24 h, the resulting mixture was poured into a thimble 

which was transferred into a Soxhlet extractor (size large, 200 mL extractor volume, Merck (Pty) 

Ltd.) for purification. The mixture was washed with MeOH and acetone each for 24 h. Finally, the 

product was extracted with DCM for 24 h and dried in an oven for 24 h resulting to 0.55, 0.52 and 

0.66 g for PPI-Th-co-P3HT synthesized using molar ratio of 1:40, 1:60 and 1:80, respectively. 
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Scheme 4.2: Synthetic route of PPI-Th-co-P3HT. (i). FeCl3, chloroform, 60℃. n= 40, 60 and 80. 

4.2.4. Characterization techniques 

NMR studies were done using A Bruker 400 MHz Avance III HD Nanobay Spectrometer equipped 

with a 5 mm BBO Probe at 298 K from Bruker, Karlsruhe, Germany. FTIR studies were performed 

with Spectrum-100 FTIR Spectrometer from (Perkin Elmer, Waltham, Massachusetts, US). Mass 

spectroscopy analysis was performed using Waters Synapt G2 Quadrupole Time-of-Flight 

(QTOF) Mass Spectrometer (MS) connected to a Waters Acquity Ultra-Performance Liquid 

Chromatograph (UPLC) (Waters, Milford, MA, USA). TGA studies were performed using 
Simultaneous Thermal Analyzer (STA) 6000 (PerkinElmer Pty Ltd.). TEM images were done using 

FEI Tecnai T20 TEM from FEI company, Hillsboro, OR, USA. SEM images were obtained using 
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Tescan MIRA3 RISE SEM from Tescan, Brno, Czech Republic and elemental analysis was 

preformed using FEI NovaNano SEM from FEI company, Hillsboro, OR, USA. 

Photoluminescence spectra were obtained using NanoLog Spectrofluorometer from HORIBA 

Scientific, Cedex, France. X-ray diffraction (XRD) analysis was obtained using D8-Advanced 

Diffractometer from Bruker AXS, Billerica, MA, USA. The UV-Vis measurements were 

performed with Nicolet Evolution 100 UV-Vis Spectrophotometer (Thermo Electron Corporation, 

Waltham, MA, USA). Electrochemical studies were conducted with a CHI 760E Electrochemical 

Analyzer (CH Instruments Inc., Bee Cave, TX, USA, using ITO glass substrate working electrode 

from Ossila Ltd., Sheffield, UK, platinum wire counter electrode from Goodfellow Cambridge 

Ltd., Huntingdon, UK, silver/silver chloride reference electrode from Bioanalytical Systems 

Incorporated (BASi)in West Lafayette, IN, USA and electrolyte consisting of 0.1 M 

TBAPF6/acetonitrile solution. 

4.2.5. Fabrication of OPVs 

8 pixels ITO substrates were sonicated in Hellmanex III solution, acetone and 2-propylalcohol. 

Filtered PEDOT:PSS was spun coated onto cleaned ITO substrate and baked for 5 min at 150 ℃. 

Blended PPI-Th-co-P3HT:PC61BM active layers in chlorobenzene were spun coated onto the 

PEDOT:PSS/ITO glass substrates. The PPI-Th-co-P3HT:PC61BM coated substrates were 

annealed at 100℃ for 5 min. Lastly, Ag conductive paste was coated using micropipette tip. After 

coating Ag with a micropipette tip, the device was annealed for 5 min at 100 ℃. Device 

characteristics (current density–voltage) were measured with X200 Source Meter Unit from Ossila 

Ltd., Sheffield, UK using an illumination of AM 1.5G, 100 mW cm−2 supplied by a SciSun-150 

Solar Simulator, Class AAA from Sciencetech Inc., London, ON, Canada. 

4.3. Results and Discussion 

4.3.1. NMR analysis 

The 1H-NMR spectrum of PPI-Th is shown in Figure 4.1A. The number of protons obtained from 

the spectrum of PPI-Th through integration, are the same as the number of protons from the 

structure of PPI-Th. These findings confirm that PPI-TH was successfully synthesized. The signals 

at 1.39 ppm and 1.78-1.82 ppm are due to C–CH2–C protons, 2.38-2.48 ppm are assigned to C–
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CH2–N protons, 3.56-3.59 ppm are attributed to C–CH2=N protons, 7.03 ppm and 7.25 ppm are 

for =CH–CH= protons (𝛽-position) of thiophene, 7.35 ppm signal is ascribed to =CH–S– proton 

(α-position) of thiophene and finally, 8.35 ppm signal is for  –HC=N– proton [28]. PPI-Th was 

also analyzed with 13C-NMR. The signals at 25.13 and 28.16 ppm are attributed to the methylene 

carbons bonded to other two carbons (C–CH2–C). The signals at 51.49, 53.96 and 59.32 ppm are 

assigned to methylene carbons bonded to nitrogen (–CH2–N). The signals at 127.30 and 130.13 

ppm are due to the 𝛽-position carbons of thiophene ring, while 128.57 ppm is for α-position carbon 

of thiophene ring [21]. The signal at 154.31 ppm is ascribed to the imine group carbon [28]. 

Synthesis of PPI-Th was also confirmed by mass spectroscopy. The theoretical molar mass of PPI-

Th is 693.044 g.mol-1 and the experimental molar mass is 693.289 g.mol-1 (Figure A1). The molar 

masses are close to each other confirming successful synthesis of PPI-Th. Figure 4.2 shows the 

1H-NMR of PPI-Th-co-P3HT synthesized using different molar ratios. The interactions of hexyl 

group with the PPI-Th protons and dominating concentration of P3HT protons over the protons of 

PPI-Th causes the PPI-Th signals intensity to decrease leading to the dominance of P3HT signals 

in the 1H-NMR of PPI-Th-co-P3HT. It was seen that the 1H-NMR signals of PPI-Th-co-P3HT are 

broad because they are different chain lengths of P3HT attached to the α-position of the thiophene 

in PPI-Th compound. The change in molar ratios during synthesis of PPI-Th-co-P3HT does 

influence the 1H-NMR spectra since the signals have different shapes. The change in the signal 

shape can be explained by the different chain lengths of P3HT attached to PPI-Th [28]. Figure 4.3 

shows the 13C-NMR of different PPI-Th-co-P3HT. The 13C-NMR of all PPI-Th-co-P3HT 

synthesized under different conditions show no peaks. This is because of lack of nuclear 

Overhauser effect and slow relaxation of PPI-Th-co-P3HT carbons [48].  
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Figure 4.1: (A) 1H-NMR and (B) 13C-NMR of PPI-Th. 
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Figure 4.2: 1H-NMR of PPI-Th-co-P3HT (A) 1:40, (B)1:60 and (C) 1:80. 
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Figure 4.3: 13C-NMR of PPI-Th-co-P3HT (A) 1:40, (B)1:60 and (C) 1:80. 

4.3.2. FTIR analysis 

FTIR was used to study the structure of the synthesized PPI-Th and PPI-Th-co-P3HT. Figure 4.4 

shows the FTIR spectra of PPI-Th and PPI-Th-co-P3HT synthesized using different molar ratios. 

The vibration bands at 3070, 2939 and 2833 cm-1 are attributed to C–H groups of the imine group, 

thiophene ring and methylene groups, respectively [21,30]. The band at 1634 cm-1 is ascribed to 
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C=N vibrations, while the peaks at 1432, 1216, 857 and 710 cm-1 are due to the vibrations of C=C, 

C–C, C–H and C–S–C bonds of the thiophene ring, respectively [31]. The band at 1081 cm-1 is 

due to C–N bond vibration. From the spectra of PPI-Th-co-P3HT, the band at 3070 cm-1 disappears 

and the intensity of the bands decreased in all spectra. The band at 1432 cm-1 shifts to 1461 cm-1 

for all PPI-Th-co-P3HT synthesized using different molar ratios. According to literature, these 

shift of bands, disappearance of bands and decrease in intensity of bands confirm that P3HT is 

successfully developed on the surface of PPI-Th [32–34]. The change in molar ratios of PPI-Th 

and 3-hexylthiophene does not have an effect on the spectrum of PPI-Th-co-P3HT.    

 

Figure 4.4: FTIR spectra of PPI-Th and PPI-Th-co-P3HT synthesized using 1:40, 1:60 and 1: 80 

molar ratios. 

4.3.3. TGA analysis 

Figure 4.5 shows the thermograms of PPI-Th-co-P3HT synthesized at molar ratios of 1: 40, 1: 60 

and 1: 80 and PPI-Th. Thermal decomposition of these materials take place in two stages. In the 

first stage, thermogram of PPI-Th shows a 4% weight loss taking place in the temperature range 

of 65-130℃, PPI-Th-co-P3HT (1:40) shows a 9% weight loss in the temperature range of 145-

337℃, PPI-Th-co-P3HT (1:60) shows a 14% weight loss in the temperature range of 68-365℃ and 

PPI-Th-co-P3HT (1:80) shows a 2% weight loss in the temperature range of 172-303℃. Weight 

loss in this first stage is usually due to the evaporation of water and solvent such as MeOH and 

chloroform in the samples except for PPI-Th-co-P3HT synthesized using molar ratio of 1:40 and 

1:80 [35]. The first stage weight loss in all PPI-Th-co-P3HT samples was due to small molecular 

weight PPI-Th-co-P3HT [36]. In the second stage, 77% (216-425℃) weight loss has been observed 
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on the thermogram of PPI-Th due to the partial decomposition of PPI-Th. PPI-Th-co-P3HT 

thermograms shows a weight loss of 38 (439-505℃), 28 (447-493℃) and 30% (438-499℃) for 

1:40, 1:60 and 1:80, respectively. This weight loss is due to decomposition of PPI-Th-co-P3HT. 

Thermograms shows that all samples still retain certain amount of weight (%) at 650℃. This can 

be due to the presence of residual solids and larger molecular weight PPI-Th-co-P3HT [37,38]. 

From the results, the presence of P3HT on the surface of PPI-Th improves its thermal stability 

with PPI-Th-co-P3HT 1:80 being the most thermally stable.   

 

Figure 4.5: TGA thermograms of PPI-Th and PPI-Th-co-P3HT synthesized using different molar 

ratio. 

4.3.4. UV-Vis studies  

UV-Vis spectra of PPI-Th and three PPI-Th-co-P3HT (1:40, 1:60 and 1:80) thin film are shown in 

Figure 4.6. The PPI-Th spectrum shows no absorption band in the wavelength of 385-700 nm, 

while PPI-Th-co-P3HT compounds show one band. This band is attributed to the π→π* transition 

which shows the conjugation double bonds of the conducting polymer [39,40]. The maxima 

absorption wavelengths of PPI-Th-co-P3HT were determined to be 416 nm for 1:40, 394 nm for 

1:60 and 412 nm for 1:80. These onset wavelengths were determined from Figure 4.6 (B, C and 

D). The optical band gaps (Eg) of PPI-Th-co-P3HT were estimated using Equation 4.1 below: 

                                             Eg =
1240
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where λonset is an onset wavelength [28]. Therefore, the onset wavelengths were found to be 614, 

556 and 583 nm corresponding to the optical band gap of 2.02, 2.23 and 2.13 eV for PPI-Th-co-

P3HT synthesized using a ratio of 1:40, 1:60 and 1:80, respectively. This change in maximum 

absorption wavelength and optical band gap as the molar ratio of 3HT and PPI-Th changes is 

ascribed to the difference in molecular weight of PPI-Th-co-P3HT [41,42]. Therefore, this could 

be that as the molar ratio changes, the length of the P3HT attached to the four sides of PPI-Th 

changes which alters with the absorption response of PPI-Th-co-P3HT.  

 

Figure 4.6: UV–Vis absorption spectra of PPI-Th and PPI-Th-co-P3HT synthesized using 

different molar ratios. Onset wavelength of PPI-Th-co-P3HT synthesized using molar ratio of 

1:40, 1:60 and 1:80 are determined on spectra B, C and D, respectively. 

4.3.5. TEM studies 

Figure 4.7 shows the TEM micrographs of PPI-Th-co-P3HT for different synthesis molar ratios of 

PPI-Th and 3HT (1:40, 1:60 and 1:80). The TEM micrographs show that the particles are spherical 
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with the present of agglomeration. The particles were measured to be 35.92, 17.46 and 9.93 nm 

for molar ratios of 1:40, 1:60 and 1:80, respectively. This reveals that as the molar concentration 

of 3HT increases, the particles size decreases. At low concentration of 3HT, agglomeration 

provokes and lead to an increase in particle size. This is due to the fact that at low concentration 

of 3HT, the rate of reaction is slow and a smaller number of nuclei are formed. Therefore, there 

will be a collision between the particles that are formed later with the nuclei that are newly formed 

leading to agglomeration and larger particle size. While at high concentration of 3HT, a large 

number of nuclei is formed due to an increase in the rate of reaction leading to small particle size 

[43].   

 

Figure 4.7: TEM micrographs of PPI-Th-co-P3HT synthesized using different ratios of (A) 1:40, 

(B) 1:60 and (C) 1:80 molar ratios. 

4.3.6. SEM and elemental analysis of PPI-Th-co-P3HT 

Figure 4.8 shows the SEM images of PPI-Th-co-P3HT synthesized using different molar ratios. 

SEM images revealed that the PPI-Th-co-P3HT has spherical shape, and it does not change as the 

molar ratio changes. At the molar ratio of 1:80, aggregation of PPI-Th-co-P3HT particles was 

observed. Table 4.1 shows the EDS data of PPI-Th-co-P3HT obtained at the different spots of the 

samples during analysis. An average of 80.00% carbon, 14.03% sulphur and 5.97% chlorine were 

detected for PPI-Th-co-P3HT synthesized using 1:40 molar ratio, 78.23% carbon, 13.70% sulphur 

and 8.07% chlorine were detected when 1:60 molar ratio was used. Finally, 81.10% carbon, 

13.49% sulphur and 5.41% chlorine were obtained for PPI-Th-co-P3HT synthesized using molar 

ratio of 1:80. The chlorine detected is attributed to the FeCl3 used during synthesis of PPI-Th-co-

P3HT. 
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Figure 4.8: SEM images of PPI-Th-co-P3HT synthesized using molar ratio A) 1:40, B) 1:60 and 

C) 1:80 with their EDS spectra on D, E and F, respectively. 
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Table 4.1: EDS data of PPI-Th-co-P3HT synthesized using different molar ratios. 

Sample Spot Carbon (%) Sulphur (%) Chlorine (%) Total (%) 

PPI-Th-co-P3HT 1:40 1 79.60 14.39 6.01 100 

2 80.18 13.87 5.95 100 

3 80.19 13.95 5.86 100 

4 80.46 13.78 5.76 100 

5 79.57 14.17 6.25 100 

average 80.00 14.03 5.97 100 

PPI-Th-co-P3HT 1:60 1 79.55 12.82 7.63 100 

2 77.16 14.63 8.22 100 

3 78.06 13.60 8.34 100 

4 78.63 13.17 8.21 100 

5 77.74 14.29 7.97 100 

Average 78.23 13.7 8.07 100 

PPI-Th-co-P3HT 1:80 1 81.04 13.4 5.56 100 

2 81.56 13.26 5.18 100 

3 81.06 13.74 5.20 100 

4 80.56 13.71 5.73 100 

5 81.25 13.34 5.41 100 

Average 81.10 13.49 5.41 100 

4.3.7. CV studies 

In order to investigate the effect of molar ratios on the energy levels, CV measurements were 

performed in 0.1 M TBAFP6. The voltammograms of PPI-Th-co-P3HT obtained using different 

molar ratios are presented in Figure 4.9A. The electrochemical properties of PPI-Th-co-P3HT 

synthesized using different molar ratios are listed in Table 4.2. The HOMO/LUMO energy levels 

were determined to be −3.18/−5.50, −3.07/−5.63 and −3.12/−5.58 eV for PPI-Th-co-P3HT 

synthesized using molar ratios 1:40, 1:60 and 1:80 with the LUMO of PPI-Th-co-P3HT positioned 

0.52, 0.62 and 0.58 eV above the LUMO of PC61BM (shown in Figure 4.9B), respectively. These 

values are more than the threshold of 0.3 eV indicating possible occurrence of the energy loss at 

the PPI-Th-co-P3HT/PC61BM interface [28]. Therefore, electrochemical band gaps (Eg
CV) are 

wider and exhibit similar trend with optical band gaps. This is due to the charge transfer barriers 

between the analyte (PPI-Th-co-P3HT), electrodes and electrolyte, which delays the input voltage 

and current measurements [44].   
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Figure 4.9: (A) CV of PPI-Th-co-P3HT and (B) energy levels diagram. 

Table 4.2: Electrochemical responses of PPI-Th-co-P3HT synthesized using different molar ratios.  

Compound Oxidation 

onset potential 

(V) 

Reduction 

onset potential 

(V) 

EHOMO
a 

 

(eV) 

ELUMO
b 

 

(eV) 

Eg
CV c 

 

(eV) 

ΔELUMO
d 

 

(eV) 

PPI-Th-co-P3HT 1:40 1.10 −1.22 −5.50 −3.18 2.32 0.52 

PPI-Th-co-P3HT 1:60 1.23 −1.33 −5.63 −3.07 2.56 0.62 

PPI-Th-co-P3HT 1:80 1.18 −1.28 −5.58 −3.12 2.46 0.58 

Obtained with CV method, aEHOMO = −[(Eoxidation-onset−EFerrocene)+4.8), bELUMO = −[(Ereduction-

onset−EFerrocene)+4.8) eV, cEg
CV was estimated using the equation: Eg

CV = ELUMO-EHOMO and dΔELUMO was 

estimated using equation: ΔELUMO = ELUMO-donor – ELUMO-acceptor. 

 

4.3.8. EIS studies 

EIS can be used to study the interfacial charge transfer mechanism and characterization of organic 

semiconductors. Therefore, it was used in this study to investigate the electrochemical behaviour 

of PPI-Th-co-P3HT synthesized using different molar ratios. Figure 4.10A shows the Nyquist plot 

of PPI-Th compared with PPI-Th-co-P3HT. Two semicircles were observed from the spectra of 

PPI-Th and PPI-Th-co-P3HT. The diameter of the first semicircle (at higher frequency) is 

attributed to electrolyte or electrode resistance and the diameter of the second semicircle (at lower 

frequency) is attributed to diffusion resistance of the electrolyte or charge transfer resistance [45]. 

The diameter of the semicircle represents the charge transfer resistance (Rct). It was seen that when 

the diameter is long, it will have a high the Rct [46]. From Figure 4.10A, the diameter of the 

semicircle decreases after decorating PPI-Th with P3HT indicating a decrease in Rct. Therefore, 

the presence of P3HT improves the conducting properties of PPI-Th. When comparing the spectra 

of the PPI-Th-co-P3HT synthesized using different molar ratios, 1:40 has the smallest diameter of 
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the semicircle followed by 1:80 whereas 1:60 molar ratio has the largest diameter. Therefore, PPI-

Th-co-P3HT synthesized using molar ratio of 1:40 has the smallest Rct, as compared to 1:60 molar 

ratio having higher Rct. Figure 4.10B shows that P3HT on the surface of PPI-Th causes a shift of 

the maximum peak to lower frequency. This suggests that the rate of recombination is reduced due 

to the presence of P3HT. The lifetime () was estimated using the Equation 4.2 below: 

τ =
1

2πfmax
…………………………4.2 

where fmax is maximum peak frequency. The  values were found to be 1.08, 4.09, 6.05 and 5.91 

ms for PPI-Th with 1:40, 1:60 and 1:80 molar ratio, respectively [47].  Figure 4.8C shows the 

impedance against log (frequency) of the synthesized materials. It is observed that all materials 

have maximum impedance at lower frequency and decreases as the frequency increases. The 

impedance values obtain at 0 Hz frequency are 7377, 802, 3121 and 1438  for PPI-Th with1:40, 

1:60 and 1:80 molar ratio, respectively. This indicates that PPI-Th-co-P3HT synthesized using 

1:40 molar ratio has the best electrochemical performance than PPI-Th-co-P3HT synthesized using 

other molar ratios.   
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Figure 4.10: (A) Nyquist plot, (B) Bode-phase plots and (C) Bode-impedance of PPI-Th 

compared PPI-Th-co-P3HT synthesized using molar ratios. 

To further investigate the electrochemical behaviour of synthesized PPI-Th-co-P3HT, it was 

blended with PC61BM. The EIS results obtained are displayed in Figure 4.11. After blending with 

PC61BM, the diameter of the semicircle of PPI-Th-co-P3HT:PC61BM is smaller than that of PPI-

Th-co-P3HT, suggesting that the composite have a smaller Rct contributing to faster electron 

transfer from PPI-Th-co-P3HT to PC61BM (Figure 4.11A). The composite of PPI-Th-co-P3HT 

synthesized using 1:40 molar ratio has the smallest semicircle indicating that it has the lowest Rct. 

Figure 4.11B shows the phase angle against log (frequency) plot of PPI-Th-co-P3HT with and 

without PC61BM. After introduction of PC61BM, the maximum peak frequency shifts to higher 

frequency indicating the increase in the recombination rate and shorter electron lifetime [47]. 

Figure 4.11B shows that the impedance decreases after introduction of PC61BM, this could be due 

to successful electron transfer from PPI-Th-co-P3HT to PC61BM. The composite containing PPI-
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Th-co-P3HT synthesized using 1:40 molar ratio has the lowest impedance of 527  at lower 

frequency indicating that is the most conductive. 

 

 

Figure 4.11: (A) Nyquist plots, (B) Bode-phase plots and (C) Bode-impedance of PPI-Th-co-

P3HT compared with and without PC61BM. 

4.3.9. Photoluminescence studies of PPI-Th-co-P3HT 

Photoluminescence is a useful technique for studying emission of light properties of polymers and 

their composites [49]. The photoluminescence spectra of PPI-Th-co-P3HT synthesized using 

different molar ratios and their blends with PC61BM are shown in Figure 4.12. PPI-Th-co-P3HT 

synthesized using molar ratio of 1:40, 1:60 and 1:80 emitted a green light with maximum emission 

wavelength at 558, 542 and 555 nm, respectively. These results show the blue-shift of the 

maximum emission peaks in the following order: 1:60 > 1:80 > 1:40 (Figure 4.12D). Wang et al. 

[50] studied between the photoluminescence response and crystallinity of the donor polymers. 

Their findings revealed that the donor polymer with high crystallinity has the most intense 
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emission peak and is the most red-shifted peak. Therefore, the PPI-Th-co-P3HT synthesized using 

molar ratio of 1:40 has higher crystallinity, while 1:60 gave a polymer with the least crystallinity. 

Photoluminescence was also used to study the charge transfer process between PPI-Th-co-P3HT 

and PC61BM. From Figure 4.12 (A, B and C), photoluminescence intensity of PPI-Th-co-P3HT 

decreased after blending with PC61BM. These photoluminescence quenching is associated with 

transfer of charges between PPI-Th-co-P3HT and PC61BM [51]. Consequently, the carrier charges 

which were meant to return from excited state to ground state are transferred to PC61BM leading 

to the reduction in photoluminescence intensity. About 82, 57 and 79 % of photoluminescence 

intensity for PPI-Th-co-P3HT synthesized using molar ratio of 1:40, 1:60 and 1:80 was quenched, 

respectively. Therefore, sufficient charge transfer occurs between PPI-Th-co-P3HT synthesized 

using molar ratio of 1:40 and PC61BM.  
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Figure 4.12: Photoluminescence spectra of PPI-Th-co-P3HT synthesized using molar ratios of 

(A) 1:40, (B) 1:60 and (C) 1:80. D) Comparison of emission spectra of PPI-Th-co-P3HT 

synthesized using different molar ratios. 

4.3.10. XRD analysis of PPI-Th-co-P3HT 

Crystallinity studies of PPI-Th-co-P3HT synthesized using different molar ratios were performed 

using XRD. Figure 4.13 illustrates the comparison of the XRD patterns for PPI-Th-co-P3HT. XRD 

diffraction pattern of PPI-Th-co-P3HT synthesized using molar ratio of 1:40 and 1:80 showed a 

diffraction peak at 5.6˚ and 5.7˚, respectively. This diffraction peak corresponds to lamellae 

structure [49] and it is not present on the XRD pattern of PPI-Th-co-P3HT synthesized using molar 

ratio of 1:60. This confirm the amorphous nature of PPI-Th-co-P3HT (1:60) [50]. The diffraction 

peak of PPI-Th-co-P3HT synthesized using 1:40 molar ratio is the most intense indicating that is 

the most crystalline [49]. These results agree with the photoluminescence studies. 
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Figure 4.13: XRD pattern of PPI-Th-co-P3HT with different molar ratios. 

4.3.11. Photovoltaic performance of PPI-Th-co-P3HT 

Figure 4.14 shows the current density-voltage (J-V) characteristics of PPI-Th-co-P3HT 

synthesized using different molar ratios as donor materials. The OPVs parameters determined from 

the J-V curve are summarized in Table 4.3. These OPVs parameters are the maximum values 

obtained from multiple devices fabricated with the J-V curves in Figure A2 with their response in 

Table A(1-3). The architecture of the fabricated OPVs made of ITO coated glass substrate as 

bottom electrode, PEDOT:PSS as hole extraction layer, PPI-Th-co-P3HT:PC61BM as an active 

layer and silver paste as top electrode. The maximum performance was achieved when PPI-Th-

co-P3HT synthesized using molar ratio of 1:40 was used as a donor material with PCE of 0.034 

%, fill factor (FF) of 31.24%, short circuit current (JSC) of 1.26 A.cm-2 and open circuit voltage 

(VOC) of 0.085 V. This performance is due to narrow optical band gap of PPI-Th-co-P3HT 

synthesized using 1:40 molar ratio allowing generation of sufficient electron-hole pair, also has 

smaller distance between its LUMO levels and those of PC61BM allowing efficient charge transfer 

and finally, has lower Rct which indicate that charges are freely transferred at the donor:acceptor 

interface resulting in higher VOC. These findings are discussed in comparison with the results of 

PPI-Th-co-P3HT synthesized using molar ratios of 1:60 and 1:80. All the fabricated devices gave 

low PCE. This is due to the environment in which the devices were fabricated. They were 

fabricated in air. Previously, studies have been conducted to investigate effect of oxygen on the 

performance of OPVs. The studies revealed that exposure of the OPVs to oxygen creates non-

conductive metal oxide layer between active layer and electrode [52]. These affect the performance 
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of the OPVs and affect the shape of the J-V curve [52,53]. Penetration of oxygen through the active 

layer causes the photo-oxidation reaction of the acceptor and donor materials which affect the 

charge carrier mobilities and energy levels. These also reduce PCE of OPVs [54]. The presence of 

oxygen in the active layer increases the hole concentration. This leads to the formation of electron 

traps which reduces FF and VOC [55]. Oxygen is also responsible for the loss of JSC because of 

exciton quenching [54].  

  

Figure 4.14: J–V characteristics of the fabricated OPVs using PPI-Th-co-P3HT synthesized 

using different molar ratio as donor materials.  

Table 4.3: Photovoltaic performance of PPI-Th-co-P3HT as donor material.  

Donor material PCE  

(×10-2 %) 

FF  

(%) 

JSC  

(mA.cm−2) 

VOC  

(×10-2 V) 

PPI-Th-co-P3HT 1:40 3.40 31.24 1.26 8.50 

PPI-Th-co-P3HT 1:60 0.16 6.45 1.26 1.94 

PPI-Th-co-P3HT 1:80 0.13 27.68 1.18 4.10 

 

4.4. Conclusion 

In summary, we synthesized PPI-Th-co-P3HT successfully by chemical oxidation co-

polymerization method and characterized their blend with PC61BM using EIS. The structures of 

the synthesized compounds were confirmed by NMR and FTIR. The TGA studies revealed that 

the PPI-Th-co-P3HT synthesized using the molar ratio of 1 PPI-Th:80 3HT is the most thermally 

stable. The optical bandgaps determined from the UV-vis spectroscopy revealed that synthesized 

PPI-Th-co-P3HT polymers have wider band gaps for use as donor materials in organic 
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photovoltaic cells. Therefore, for them to be successful and more efficient, they must be blended 

with an acceptor material that can absorb sufficient light. In this study, we have blended PPI-Th-

co-P3HT with PC61BM (which also have poor light absorption properties) to investigate the charge 

transfer mechanism using EIS. The Nyquist and bode plots revealed that the size of the semi-circle 

and the impedance decreases after blending PPI-Th-co-P3HT and PC61BM, respectively. This is 

an indication that the conductivity has improved revealing successful transfer of charges from PPI-

Th-co-P3HT to PC61BM. The highest PCE was achieved for PPI-Th-co-P3HT synthesized using 

molar ratio of 1:40. These performances were attributed to high crystallinity of PPI-Th-co-P3HT 

synthesized using molar ratio of 1:40 confirmed by XRD and PL along with higher conductivity 

confirmed by EIS.   
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Chapter 5 

Effect of Reaction Time on the Optical, Electrochemical and 

Photovoltaic Properties of Polypropylenimine 

Tetra(pyrrole)-co-Poly(3-hexylthiophene-2,5-diyl) 

Abstract 

The energy demand in the current society is increasing continuously and the need for energy 

resources which are not negative to the environment unlike fossil fuels is growing. Organic 

photovoltaic cells (OPVs) are possible alternative to fossil fuels and expensive inorganic based 

photovoltaic cells since they offer advantageous properties such as low cost of fabrication, 

flexibility, environmentally friendly and ease of fabrication. Currently, there are studies focusing 

on developing new organic donor material in order to achieve modified performance of OPVs. In 

this study, we are focusing on developing novel polypropylenimine tetra(pyrrole)-co-poly(3-

hexylthiophene-2,5-diyl) (PPI-Py-co-P3HT) using chemical oxidation co-polymerization method. 

The effect of reaction time (24, 48 and 72 h) on the spectroscopic, thermal and electrochemical 

properties of PPI-Py-co-P3HT were investigated. The study revealed that as the reaction time 

changes, all optical, thermal and electrochemical properties of PPI-Py-co-P3HT are affected. PPI-

Py-co-P3HT has been blended with [6,6]-Phenyl C71 butyric acid methyl ester (PC71BM) and their 

electron transfer mechanism were investigated using electrochemical methods. OPVs of PPI-Py-

co-P3HT as a donor material were fabricated. The power conversion efficiency (PCE) of PPI-Py-

co-P3HT synthesized for 24, 48 and 72 h were measured to be 0.073, 0.001 and 0.026%, 

respectively. 
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5.1. Introduction 

OPVs based on π-conjugated polymers as donor materials have attracted a lot of attention in 

research field and in the commercial communities. This type of OPVs is of interest because of 

their advantageous properties such as low cost, ease to process and flexibility of the thin films. 

These properties make OPVs to be more preferred than inorganic photovoltaic cells, but OPVs 

still suffer low PCE [1]. Significant improvement of the overall performance of OPVs have been 

achieved by modifying the donor or acceptor materials [2–4]. 

In order to obtain high performing OPVs, factors such as effective light absorption, effective 

charge collection and separation; and long exciton diffusion length are necessary [5,6]. There are 

several methods used aiming to improve the performance of OPVs by modifying the structure of 

the device, such as the use of tandem structure [7–9], bulk heterojunction interface structure 

[10,11] and introduction of electron blocking or transport layers [12,13]. To date, the use of bulk 

heterojunction OPVs is very beneficial for achieving high PCE [14,15]. According to the operating 

mechanism of OPVs, bulk heterojunction device structure allows sufficient excitons to reach the 

donor/acceptor interface due to the short diffusion length [16]. But generation of excitons depend 

on the properties of the donor material such as light absorption and excitons transportation ability 

[17,18]. Also, according to the operating OPVs mechanism, the distance between the HOMO of 

the donor material and LUMO of the acceptor material should be appropriate to allow sufficient 

charge transfer resulting in high open circuit voltage and the organic materials used in the active 

layer should have a good electron and hole transport property [19].     

Poly(3-hexylthiophene) (P3HT) is one of the most studied polymer donor material for OPVs 

application because of its simple chemical structure, it can be easily synthesized and is the cheapest 

among other polymer donor materials [20]. In most studies, P3HT is mostly used with fullerene-

based acceptors to make up the active layer of OPVs [21–25]. However, P3HT-based photovoltaic 

cells still suffer low PCE due to wide band gap of P3HT which results in low short circuit current, 

as a results of low excitons production and high LUMO energy levels [26]. It was observed that 

when used with fullerene-based acceptors leading to low open circuit voltage due to insufficient 

electron transfer [26]. When comparing the energy levels, the HOMO and LUMO of P3HT are 

higher than those of PC71BM. This will allow the separation of the excitons into electrons and 
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holes at the interface of P3HT and PC71BM. Electrons will be transferred to the LUMO of PC71BM, 

while holes will be transferred to the HOMO of the P3HT. To achieve sufficient charge separation, 

the HOMO and LUMO energy levels of P3HT should be ~0.2 and 0.3 eV higher than those of 

PC71BM, respectively. If the distance between the energy levels is too low, it would be very 

difficult to get sufficient exciton separation and if the distance between the energy levels is too 

wide, high energy loss will take place [27,28]. Therefore, it is important to understand how the 

energy levels of the donor materials are affected during synthesis.  

In this work, we synthesized PPI-Py-co-P3HT dendritic polymers under different reaction 

conditions. The polymers were synthesized using Schiff base reaction method with different 

reaction time (24, 48 and 72 h). Different properties such as spectroscopic, electrochemical and 

thermal were investigated. The LUMO energy levels of the PPI-Py-co-P3HT synthesized under 

different reaction times were compared with the LUMO energy levels of PC71BM. The study 

revealed that as the reaction time changes the position of the energy levels also changes. OPVs of 

PPI-Py-co-P3HT synthesized using different reaction times were fabricated. The minimum 

performance of OPVs were achieved for PPI-Py-co-P3HT synthesized for 48 h due to its higher 

charge transfer resistance. 

5.2. Materials and Methods 

5.2.1. Materials 

Generation 1 poly(propylene imine) tetramine (DAB-Am4) dendrimer (pH 12, 25 wt % aq. Soln.), 

N-Methyl-2-pyrrolecarboxaldehyde (98%), dichloromethane (DCM, 99.9%), deuterated 

chloroform (CDCl3, ≥99%), methanol (MeOH, 99.5%), 3-hexylthiophene (≥99%), iron chloride 

(FeCl3, ≥99.99%), chloroform (≥99%), acetone (99.3%), tetrabutylammonium 

hexafluorophosphate (TBAPF6, ≥99%), PC71BM (99%), poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS, 0.5-1.0% in H2O, high-conductivity grade), chlorobenzene 

(99.9%), magnesium sulphate (MgSO4, ≥99.5%), 2-propylalcohol (99.5%), hellmanex III, silver 

(Ag) conductive paste and acetonitrile (99.8%) were purchased from Merck (Pty) Ltd., 

Johannesburg, South Africa and used as received. Indium tin oxide (ITO) substrates were 

purchased from Ossila Ltd., Sheffield, UK. Deionized water was collected on a Millipore Direct 

Q3 system from Millipore, Milford, MA, USA. 

http://etd.uwc.ac.za/ 
 



97 
 

5.2.2. Synthesis of PPI-Py 

To perform a reaction between primary amines and aldehydes functional groups, Schiff base 

condensation reaction has been used [29,30]. During synthesis, DAB-Am4 (0.45 g, 1.42 mmol) 

and N-methylpyrrole-2-carboxaldehyde (0.41 g, 0.95 mmol) were dissolved in 50 mL MeOH. 

DAB-Am4 was used as limiting reagent and it was in excess. The solution was stirred under 

nitrogen atmosphere for 48 h at room temperature. Afterwards, the solution was concentrated with 

rotary evaporator and re-dissolved in 40 mL DCM. The solution was washed three times with 

deionized water and MgSO4 was added. Then, the solution was filtered to remove the suspensions 

of MgSO4. The solution was dried using rotary vapor and resulted to a dark brown oily product 

with actual weight of 0.25 g   and percentage yield of 39%. This reaction method is shown 

schematically in Scheme 5.1. 1H-NMR (CDCl3, 400 MHz): δH 1.42 (tt, 4H), 1.74-1.78 (tt, 8H), 

2.41-2.52 (m, 12H), 3.47-3.51(t, 8H), 3.89 (s, 12H), 6.10 (d, 4H), 6.45 (dd, 4H), 6.66 (d, 4H), 8.11 

(s, 8H). 13C-NMR (CDCl3, 400 MHz): δC 25.21 (4C), 28.82 (2C), 36.45 (4C), 51.82 (4C), 53.00, 

(4C), 60.22 (2C), 107.92 (4C), 109,51 (4C), 115.66 (4C), 129.98 (4C), 152.27 (4C). HRMS (m/z): 

Calc. 680.987: 70.55% C, 8.88% H, 20.57% N. Exp. 681.505: 70.49% C, 8.87% H, 20.56% N. 
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Scheme 5.1: Synthetic route of PPI-Py. (i). MeOH, 48 h. 
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5.2.3. Synthesis of PPI-Py-co-P3HT 

PPI-Py-co-P3HT was synthesized using chemical oxidation polymerization as shown in Scheme 

5.2 [31,32] and it was synthesized under three different reaction times. In details, synthesized PPI-

Py (0.10 g, 0.15 mmol) and 3-hexylthiophene (1.06 mL, 0.99 g, 5.87 mmol) were added into a 250 

mL one neck round bottom flask containing 100 mL chloroform. The solution was stirred under 

nitrogen atmosphere for 30 min. The suspensions of FeCl3 (3.81 g, 23.5 mmol) in 50 mL were 

slowly added to the mixture above. The resulting mixture was left to react at different reaction 

times (24 h, 48 h and 72 h) at 60℃. After the reaction time is complete, the resulting mixture was 

poured in a thimble and placed in a Soxhlet extractor (size large, 200 mL extractor volume, Merck 

(Pty) Ltd.). It was washed with MeOH for 24 h and lastly, with acetone for another 24 h. The 

product was extracted with chloroform for 24 h using Soxhlet extractor. The solvent was removed 

with rotary evaporator and left in an oven at 50 ℃ for overnight to dry to give a dark purple product. 

The actual weights of PPI-Py synthesized for 24, 48 and 72 h were found to be 0.42, 0.31 and 0.35 

g, respectively.     

 

Scheme 5.2: Synthetic route of PPI-Py-co-P3HT. (i). FeCl3, chloroform, 60℃. 
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5.2.4. Characterization techniques 

Nuclear magnetic resonance (NMR) studies were done using A Bruker 400 MHz Avance III HD 

Nanobay Spectrometer equipped with a 5 mm BBO Probe at 298 K from Bruker, Karlsruhe, 

Germany. Fourier-transform infrared (FTIR) studies were performed with Spectrum-100 FTIR 

Spectrometer from PerkinElmer (Pty) Ltd., Midrand, South Africa. Mass spectroscopy analysis 

was performed using Waters Synapt G2 Quadrupole Time-of-Flight (QTOF) Mass Spectrometer 

(MS) connected to a Waters Acquity Ultra-Performance Liquid Chromatograph (UPLC) (Waters, 

Milford, MA, USA). Thermal gravimetric analysis (TGA) studies were performed using The 

Simultaneous Thermal Analyzer PerkinElmer STA 6000 Instrument (PerkinElmer (Pty) Ltd.). 

Transmission electron microscope (TEM) images were done using FEI Tecnai T20 TEM from FEI 

company, Hillsboro, OR, USA. The ultraviolet-visible (UV-Vis) measurements were done using 

Nicolet Evolution 100 from Thermo Electron Corporation, Altrincham, UK. Scanning electron 

microscope (SEM) images were obtained using Tescan MIRA3 RISE SEM from Tescan, Brno, 

Czech Republic and elemental analysis was preformed using FEI NovaNano SEM from FEI 

company, hillsboro, OR, USA. Photoluminescence spectra were obtained using NanoLog from 

Horiba Jobin Yvon, Edison, NJ, USA. X-ray diffraction (XRD) analysis was obtained using D8-

Advanced Diffractometer from Bruker AXS, Billerica, MA, USA. Electrochemical studies were 

conducted on CHI700E-Potentiostat from CH Instruments, Inc, Bee Cave, TX, USA using indium 

tin oxide glass substrate (ITO) glass substrate working electrode from Oscilla, Sheffield, UK, 

platinum wire counter electrode from Goodfellow Cambridge Ltd., Huntingdon, UK, silver/silver 

chloride reference electrode from BASi® in West Lafayette, IN, USA and electrolyte consisting 

of 0.1 M TBAPF6/acetonitrile solution. Device characteristics (current density–voltage) were 

measured with X200 Source Meter Unit from Ossila, Sheffield, UK using an illumination of AM 

1.5G, 100 mW cm−2 supplied by a SciSun-150 Solar Simulator, Class AAA from Sciencetech Inc., 

London, ON, Canada. 

5.2.5. Fabrication of OPVs 

ITO substrates were sonicated for 5 minutes in 1% hellmanex solution, 2-propylalcohol and 

acetone, separately. PEDOT:PSS was coated onto clean substrates by spin coating method. Spin 

coated PEDOT:PSS onto ITO substrate was annealed at 150℃ for 5 min. PPI-Py-co-

P3HT:PC71BM active layer solution was prepared by dissolving PPI-Py-co-P3HT and PC71BM in 
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chlorobenzene. The resulting solution was stirred for overnight at 60℃. Active layer solution was 

spun coated onto PEDOT:PSS coated ITO glass substrate. After, the coated substrate was annealed 

at 100℃  for 5 min. Ag conductive paste as cathode electrode was coated and annealed at 100℃ 

for 5 min to complete the device. 

5.3. Results and discussion 

5.3.1. NMR analysis of PPI-Py and PPI-Py-co-P3HT 

The 1H-NMR of PPI-Py is shown in Figure 5.1A. The integrals indicated the detection of 60 

protons which correspond to the number of protons on PPI-Py structure. This confirms a successful 

synthesis of PPI-Py. The signals at 1.42 and 1.74-1.78 ppm are assigned to –CH2– groups that are 

not directly bonded to nitrogen. The signals at 2.41-2.52 ppm are assigned to the –CH2– groups 

bonded to a nitrogen and the 3.47-3.51 ppm signals are assigned to the –CH2– bonded to an imine 

functional group. The signal at 3.89 ppm assigned to the CH3– group attached to pyrrole. The 

signals at 6.10 and 6.45 ppm are assigned to the 𝛽-position protons of pyrrole, while the signal at 

6.66 ppm is assigned to α-proton. The signal at 8.11 ppm is assigned to the proton attached to the 

imine functional group. The 13C-NMR of PPI-Py is shown in Figure 5.1B. Signals due to presence 

of carbon in the structure of PPI-Py are observed and assigned. The signals at 25.21, 28.82, 51.82, 

53.0 and 60.22 ppm are owing to the methylene group carbons (–CH2–) of the poly(polypropylene 

imine) part of PPI-Py structure. The signal at 36.45 ppm is ascribed to the methyl group carbon 

(CH3–N) bonded to pyrrole [33]. The signals at 107.92, 109.51 and 115.66 ppm are consigned to 

the –CH– carbons on the thiophene ring. The signals at 129.98 and 152.27 ppm are assigned to the 

tertiary carbon of thiophene and imine group carbon, respectively. The 13C-NMR spectrum 

presented additional signals at 54.14, 127.45 and 132.04 ppm. This could be due to the impurities 

encountered during sample preparation for analysis [33]. Synthesis of PPI-Py was also confirmed 

by mass spectroscopy with experimental mass found to be close to the theoretical mass (Figure 

A3). Figure 5.2 shows the 1H-NMR of PPI-Py-co-P3HT synthesized using different reaction times. 

The spectra are dominating by the signals of P3HT. This can be explained by the space interactions 

between hexyl-group of P3HT and PPI-Py protons which turn to affect the detection of PPI-Py 

signals. The signals of methyl-group attached pyrrole were observed at 3.42, 3.52 and 3.51 ppm 

for PPI-Py-co-P3HT synthesized for 24, 48 and 72 h, respectively. The signals at 7.45 ppm (24 h), 
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and 7.54 ppm (for both 48 and 72 h) were assigned to imine-proton. When comparing the 1H-NMR 

spectra of PPI-Py and PPI-Py-co-P3HT, the methyl-group attached to pyrrole and imine-proton 

signals are more de-shielded in PPI-Py-co-P3HT. This is because the presence of P3HT affects the 

electron cloud around methyl-group attached to pyrrole and imine-proton causing their signals to 

be de-shielded. 

 

Figure 5.1:(A) 1H-NMR and (B) 13C-NMR of PPI-Py. 
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Figure 5.2: 1H-NMR of PPI-Py-co-P3HT (A) 24 h, (B) 48 h and (C) 72 h. 

5.3.2. FTIR studies of PPI-Py and PPI-Py-co-P3HT 

The molecular structure of the synthesized PPI-Py and PPI-Py-co-P3HT was studied by FTIR and 

the results are shown in Figure 5.3. The presence of the bands at 3102, 2940 and 2025 cm-1 are 

attributed to C–H, –CH3 and –CH2– group in the structure of PPI-Py [34]. The band at 1642 cm-1 
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is attributed to C=N stretching mode. The presence of pyrrole ring has been seen by the 

characteristic vibrational bands at 1483, 1426 and 728 cm-1 regions. The bands at 1302 and 1089 

cm-1 are attributed to the C–C and C–N groups, respectively [35].  All three PPI-Py-co-P3HT 

synthesized at different reaction times have similar print of their spectra. But the spectra of all 

three PPI-Py-co-P3HT have weaker bands when compared to the spectra of PPI-Py. This is an 

indication that polymerization took place and PPI-Py interacted strongly with P3HT. It can be seen 

that as the reaction time increases from 24 h to 72 h, the intensity of the bands also changes. This 

is an indication that as the reaction time changes, the chain length of PPI-Py-co-P3HT also changes 

[36,37]. 

 

Figure 5.3: FTIR spectra of PPI-Py and PPI-Py-co-P3HT synthesized at 24, 48 and 72 h. 

5.3.3. TGA spectra of PPI-Py and PPI-Py-co-P3HT 

Figure 5.4 shows the TGA thermograms of PPI-Py-co-P3HT synthesized at different reaction 

temperatures and PPI-Py in nitrogen atmosphere. As clearly shown by the thermograms, the 

decomposition of PPI-Py and PPI-Py-co-P3HT occurs through three and two stages mechanism, 

respectively. In the first stage, PPI-Py shows a weight loss of 5% in the temperature range of 70-

120℃, PPI-Py-co-P3HT synthesized for 24, 48 and 72 h show a weight loss of 11 (55-408℃), 16 

(71-418℃) and 12% (91-425℃), respectively. This weight loss at first stage is due to the removal 

of coordinated water and other solvents used during purification such as chloroform and MeOH 

[38,39]. The temperature ranges of PPI-Py-co-P3HT for the first stage are too wide because they 

cover the weight loss of small molecular weight PPI-Py-co-P3HT and low linear chain P3HT 

byproducts. In stage two, PPI-Py thermogram shows a weight loss of 37% (215-296℃) due to 
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melting and partial decomposition of PPI-Py. PPI-Py-co-P3HT synthesized for 24, 48 and 72 h 

show a weight loss of 42 (440-498℃), 33 (448-496℃) and 35% (449-500℃), respectively. This 

represents the decomposition of PPI-Py-co-P3HT and it appears at different temperature range as 

the reaction time changes. This indicates that PPI-Py-co-P3HT materials with different chain 

lengths were synthesized at different reaction times. In the third stage, PPI-Py shows a weight loss 

of 18% (355-466℃) and it represents the decomposition of PPI-Py. At 650℃, PPI-Py still retained 

weight of 16%, while PPI-Py-co-P3HT still have a weight of 29 (24 h), 34 (48 h) and 37% (72 h). 

this remaining weight is due to solid residues and high molecular weight PPI-Py-co-P3HT [40,41]. 

These results revealed that the incorporation of P3HT onto PPI-Py turns to increase thermal 

stability of PPI-Py and that the reaction time influence thermal stability. The thermal 

decomposition stability order of PPI-Py < PPI-Py-co-P3HT (48 h) < PPI-Py-co-P3HT (24 h) < 

PPI-Py-co-P3HT (72 h) was obtained.    

 

Figure 5.4: TGA thermograms of PPI-Py and PPI-Py-co-P3HT synthesized for 24, 48 and 72 h. 

5.3.4. UV-Vis studies of PPI-Py and PPI-Py-co-P3HT 

UV-Vis absorption spectra of PPI-Py and three PPI-Py-co-P3HT compounds (which differ in 

reaction time synthesis) are presented in Figure 5.5A.  The band observed at 334 nm on the 

spectrum of PPY-Py is due to the n→π* transition of C=N group [42]. PPI-Py-co-P3HT 

synthesized for 24, 48 and 72 h showed a maximum absorption at 419, 412 and 417 nm, 

respectively. This band is related to the π→π* inter-chain transition of P3HT [43]. But the three 

PPI-Py-co-P3HT have different wavelength of maximum absorption. Optical bandgaps of PPI-Py 

and PPI-Py-co-P3HT were determined. This parameter is very important for material which are to 
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be applied in OPVs. The optical band gaps of PPI-Py and PPI-Py-co-P3HT were determined using 

Tauc Equation 5.1:  

αhv = A(hv − Eg)n                                                 5.1 

where h is Planck’s constant, v is frequency, A is a constant, Eg is the band gap and n=1/2 [45]. 

The optical band gap was determined by extrapolating the plot of αhv2 vs hv to x-axis equal to 

zero. The optical band gap for PPI-Py was determined from Tauc plot shown in Figure 5.5B to be 

4.10 eV and PPI-Py-co-P3HT synthesized for 24, 48 and 72 h (Figure 5.5C, D and E) were found 

to be 2.29, 2.36 and 2.34 eV, respectively.  
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Figure 5.5: (A) UV–Vis absorption spectra and Tauc plots of (B) PPI-Py and PPI-Py-co-P3HT 

synthesized for (C) 24 h, (D) 48 h and (E) 72 h.  

5.3.5. TEM studies of PPI-Py-co-P3HT 

Figure 5.6A and Figure 5.6B shows the TEM micrographs of PPI-Py-co-P3HT synthesized for 24 

h and 72 h. The micrographs of PPI-Py-co-P3HT shows that the particles are distributed with 
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different sizes and the presence of agglomeration. Particle sizes were determined to be 11 and 24 

nm for 24 and 72 h reaction times, respectively. These findings indicate that the reaction time have 

an effect on the particle size. The larger sizes of PPI-Py-co-P3HT synthesized for 72 h might be 

due to coalescing of smaller particles resulting in larger particles. Similar observation of an 

increase in particle size as the reaction time increases has been reported [46]. 

 

Figure 5.6: TEM micrographs of PPI-Py-co-P3HT synthesized for (A) 24 h and (B) 72 h. 

5.3.6. SEM analysis of PPI-Py-co-P3HT 

SEM was used to investigate the effect of reaction time on the morphology of PPI-Py-co-P3HT. 

Obtained SEM images are shown in Figure 5.7 and EDS data is given in Table 5.1. The EDS data 

in Table 5.1 is the average of five sites measured on each sample. SEM images shows that PPI-

Py-co-P3HT synthesized for 48 h has larger particles. All images of PPI-Py-co-P3HT have smooth 

surface. The chlorine impurity was detected in the samples due to FeCl3 oxidant used during 

synthesis. 
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Figure 5.7: SEM images of PPI-Py-co-P3HT synthesized for (A) 24 h, (B) 48 h and (C) 72 h 

with their EDS spectra D, E and F, respectively. 

Table 5.1: EDS data of PPI-Py-co-P3HT synthesized using different reaction times. 

Sample Carbon 

(%) 

Sulphur 

(%) 

Chlorine 

(%) 

Total 

(%) 

PPI-Py-co-P3HT 24h 81.70 14.56 3.74 100 

PPI-Py-co-P3HT 48h 81.55 13.92 4.53 100 

PPI-Py-co-P3HT 72h 81.68 14.16 4.17 100 

5.3.7. CV studies of PPI-Py-co-P3HT 

In order to understand the effect of the co-polymerization time on the electrochemical response of 

newly synthesized PPI-Py-co-P3HT, CV measurements were performed and the voltammograms 

are shown in Figure 5.8A. As indicated with green shape in Figure 5.8A, as the co-polymerization 

time changes, the onset oxidation potential also changes. This indicates that PPI-Py-co-P3HT 

synthesized at different co-polymerization time are oxidized at different rate indicating that they 

have different electrochemical band gaps and HOMO energy levels [44]. This observation agrees 

with the band gaps obtained from UV-Vis studies. Cyclic voltammograms of PPI-Py-co-P3HT 

synthesized using different reaction times were used to determine their HOMO and LUMO energy 
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levels. The results obtained are given in Table 5.2. Interestingly, as the co-polymerization time 

changes, both HOMO and LUMO energy levels also changes as shown in Figure 5.8B. When 

comparing the distance between the LUMO energy levels of PPI-Py-co-P3HT synthesized in this 

study and the LUMO energy levels of PC71BM (ΔELUMO), the PPI-Py-co-P3HT synthesized for 48 

h gave low value. Therefore, this indicates that efficient electron transfer and high open circuit 

voltage can take place from PPI-Py-co-P3HT (48 h) to PC71BM than PPI-Py-co-P3HT 24 and 72 

h [47]. 

 

Figure 5.8: (A) CV of PPI-Py-co-P3HT synthesized using different reaction times and (B) energy 

levels diagram. 

Table 5.2: Electrochemical responses of PPI-Py-co-P3HT synthesized at different reaction times.  

Compound Oxidation onset 

potential 

(V) 

Reduction 

onset potential 

(V) 

EHOMO
a 

 

(eV) 

ELUMO
b 

 

(eV) 

Eg
CV c 

 

(eV) 

ΔELUMO
d 

 

(eV) 

PC71BM - - −6.0 −3.90 2.10 - 

PPI-Py-co-P3HT 24 h 0.83 −1.23 −5.23 −3.17 2.06 0.73 

PPI-Py-co-P3HT 48 h 1.01 −1.01 −5.41 −3.39 2.02 0.51 

PPI-Py-co-P3HT 72 h 1.09 −1.09 −5.49 −3.09 2.40 0.81 

Obtained with CV method, aEHOMO = −[(Eoxidation-onset−EFerrocene)+4.8), bELUMO = −[(Ereduction-

onset−EFerrocene)+4.8) eV, cEg
CV was estimated using the equation: Eg

CV = ELUMO-EHOMO and dΔELUMO was 

estimated using equation: ΔELUMO = ELUMO-donor – ELUMO-acceptor. 

5.3.8. EIS studies of PPI-Py, PPI-Py-co-P3HT and PPI-Py-co-P3HT:PC71BM composite 

EIS spectra of PPI-Py and PPI-Py-co-P3HT are shown in Figure 5.9. The circuit used to fit the 

spectra shown as an inset in Figure 5.9A.  The component Rs signifies the ITO glass working 

electrode resistance, Rct 1 signifies the charge transfer resistance at the interface of electrolyte and 

ITO electrode and Rct 2 signifies the charge transfer resistance at the interface of electrolyte and 
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PPI-Py-co-P3HT coated on ITO glass electrode [48]. Figure 5.9A shows the Nyquist plots of PPI-

Py and different PPI-Py-co-P3HT based on time used during synthesis. The value of Rct 2 was 

found to be 1005  for PPI-Py and for PPI-Py-co-P3HT synthesized for 24, 48 and 72 h were 

found to be 325.80, 357.7 and 245.90 , respectively. After modifying PPI-Py with P3HT, Rct 2 

drastically decreases with PPI-Py-co-P3HT synthesized for 24 h having the lowest. This is due to 

the presence of highly conductive P3HT because of its conjugated double bonds [49]. The lower 

Rct 2 of PPI-Py-co-P3HT (24 h) suggest that it allows faster electron transfer than the ones 

synthesized for 48 and 72 h. Figure 5.9B presents Nyquist plots showing the comparison of PPI-

Py-co-P3HT with and without PC71BM. After blending with PC71BM, Rct 2 decreases to 270.0, 

328.80 and 234.6  for PPI-Py-co-P3HT synthesized for 24, 48 and 72 h, respectively. These 

findings suggest that the PPI-Py-co-P3HT synthesized for 72 h and its composite has the lowest 

value of Rct. This indicates faster ion diffusion from the electrolyte through the PPI-Py-co-P3HT 

(72 h) and its composite to the electrode [50]. The lower Rct in PPI-Py-co-P3HT:PC71BM 

composite shows that PC71BM served as an acceptor for electrons generated by PPI-Py-co-P3HT 

that successfully decrease recombination of charges. Figure 5.9C present the impedance vs log 

frequency plot comparing PPI-Py and PPI-Py-co-P3HT. It was observed that PPI-Py showed 

maximum impedance of 1030  at lower frequency and decreases as the frequency increases. PPI-

Py-co-P3HT synthesized for 24, 48 and 72 h showed a maximum impedance of 425, 362 and 331 

, respectively, at lower frequency. This decrease in impedance of PPI-Py-co-P3HT as compared 

to PPI-Py, it indicates fast electron conduction through PPI-Py-co-P3HT and these results agree 

with the lower value of Rct obtained. Therefore, PPI-Py-co-P3HT (72 h) is the most conductive 

since it has the lowest value of impedance and Rct. After blending PPI-Py-co-P3HT with PC71BM 

(Figure 5.9D), the value of impedance decreases further. This decrease in impedance is due to 

efficient electron transfer from PPI-Py-co-P3HT to PC71BM. 
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Figure 5.9: Nyquist plot of (A) PPI-Py compared with PPI-Py-co-P3HT and (B) PPI-Py-co-

P3HT with and without PC71BM. Bode plot of (C) PPI-Py compared with PPI-Py-co-P3HT and 

(D) PPI-Py-co-P3HT with and without PC71BM. 

5.3.9. Photoluminescence studies of PPI-Py-co-P3HT 

Figure 5.10 shows the photoluminescence spectra of different PPI-Py-co-P3HT in chlorobenzene. 

The emission spectra were obtained using the excitation wavelength of 420 nm. The maximum 

emission bands for PPI-Py-co-P3HT synthesized for 24, 48, and 72 h appeared at 566, 563 and 

563 nm, respectively. These findings revealed that emission bands of PPI-Py-co-P3HT synthesized 

for 24 h is more red-shifted than 48 and 72 h (shown in Figure 5.10D).  The Stokes shifts of PPI-

Py-co-P3HT synthesized at 24, 48 and 72 h are 116, 125 and 123 nm. The Stokes shift of the 

emission band compared to excitation band reveals atomic relaxation upon excitation. When 

electrons are into the excited states by absorption of light, the P3HT conformation adopts more 

regular structure to allow stability in the excited state, which is supported by red-shift of the 
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emission band [51,52]. The smaller Stokes shift in PPI-Py-co-P3HT synthesized for 24 h suggests 

that its ground state less regiorandom conformation and more regioregular conformation in 

comparison with PPI-Py-co-P3HT synthesized for 48 and 72 h.  

Photoluminescence spectra of PPI-Py-co-P3HT blends with PC71BM are also presented in Figure 

5.10. The effect of photoluminescence quenching was used to study the behaviour of electron-hole 

pair. About 92.42, 89.82 and 90.02% of the photoluminscence intensities of PPI-Py-co-P3HT 

synthesized for 24, 48 and 72 h, respectively, were quenched in their blends with PC71BM. These 

quenching of PPI-Py-co-P3HT intensity indicates successful splitting of electron-hole pair and 

transfer of electrons from PPI-Py-co-P3HT donor to PC71BM. Theoretically, all the intensity of 

the donor and acceptor blends must not give any intensity to indicate a complete electron-hole pair 

separation and charge transfer [29]. Therefore, a blend that result to higher quenching percentage 

has sufficient electron-hole pair separation and charge transfer.    
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Figure 5.10: Photoluminescence studies of PPI-Py-co-P3HT synthesized for (A) 24, (B) 48 and 

(C) 72 h. (D) Comparison of emission spectra of PPI-Py-co-P3HT synthesized with different 

polymerization times. 

5.3.10. XRD analysis of PPI-Py-co-P3HT 

XRD studies of PPI-Py-co-P3HT were done to investigate the morphology and crystallization as 

the polymerization time increases. The XRD patterns of PPI-Py-co-P3HT obtained using different 

polymerization times are shown in Figure 5.11. All PPI-Py-co-P3HT samples exhibited a 

diffraction peak at 2θ of ~5.6˚ corresponding to the miller indices of (100) [53,54]. This diffraction 

peak is attributed to the crystalline phase of PPI-Py-co-P3HT [55]. The crystallinity of PPI-Py-co-

P3HT is directly related to the intensity and full-width at half maximum (FWHM) of the diffraction 

peak at 2θ of ~5.6˚ [56]. The FWHM values of PPI-Py-co-P3HT synthesized for 24, 48 and 72h 

were 0.45˚, 0.62˚ and 0.52˚, respectively. The intensity of PPI-Py-co-P3HT synthesized for 24h is 
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higher than those of 48 and 72 h. These confirm that PPI-Py-co-P3HT synthesized for 24 h is more 

crystalline since it has smaller FWHM and higher intense diffraction peak.  

 

Figure 5.11: XRD pattern of PPI-Py-co-P3HT synthesized using different reaction time. 

5.3.11. Photovoltaic performance 

OPVs were fabricated with PPI-Py-co-P3HT as a donor material and PC71BM as an electron 

acceptor material. Multiple devices were fabricated and their results are presented in Figure A4 

and Table A(4-6) (Appendix). The current density-voltage (J-V) curves of the devices with 

maximum PCE are presented in Figure 5.12. The PCE of PPI-Py-co-P3HT synthesized for 24, 48 

and 72 h were measured to be 0.073, 0.001 and 0.026 %, respectively (Table 5.3). These PCEs 

was achieved from OPVs with a geometry of glass|ITO|PEDOT:PSS|PPI-Py-co-

P3HT:PC71BM|Ag paste and all the fabrication processes were performed outside the glovebox. 

The maximum PCE was achieved when PPI-Py-co P3HT synthesized for 24 h was used due to its 

high crystallinity and sufficient charge separation. PPI-Py-co-P3HT synthesized for 48 h as donor 

material resulted in lowest PCE and JSC. This is due to its wider optical band gap which lead to 

lesser generation of excitons. Generally, all these devices have lower PCE due to their low stability 

in air. PC71BM is photochemically instable [57] and it was found that its exposure to air with the 

presence of light turns to decrease the overall performance of OPVs [58]. Lee et al. [59] studied 

the photo-oxidation effect of PC71BM on its chemical structure. Their study showed that as the 

fraction of photo-oxidised PC71BM increases, the performance of OPVs decreases. This is due to 

formation of photo-oxidized products of PC71BM which turn to trap electrons in the device. The 
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air exposure affects the electronic structure of PC71BM which have an impact on the OPVs 

performance [60].  

  

 

Figure 5.12: J–V characteristics of the fabricated OPVs using PPI-Py-co-P3HT synthesized using 

different polymerization time as donor materials.  

Table 5.3: Photovoltaic performance of PPI-Py-co-P3HT as donor material.  

Donor material PCE  

(%) 

FF  

(%) 

JSC  

(mA.cm−2) 

VOC  

(V) 

PPI-Py-co-P3HT 24h 0.024 24.18 1.34 0.073 

PPI-Py-co-P3HT 48h 0.001 8.87 1.21 0.006 

PPI-Py-co-P3HT 72h 0.016 25.89 1.34 0.026 

5.4. Conclusion 

PPI-Py-co-P3HT co-polymer was successfully synthesized using different reaction times. NMR 

and FTIR were used to confirm the structures of PPI-Py and PPI-Py-co-P3HT. The FTIR band 

intensities decrease after synthesis of PPI-Py-co-P3HT as compared to the spectrum of PPI-Py 
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confirming the growth of P3HT on the surface of PPI-Py. From the TGA results, the PPI-Py-co-

P3HT synthesized at different reaction times decomposes at different temperatures indicating that 

they have different molecular weight. The optical band gaps were determined to be 2.29, 2.36 and 

2.34 eV for PPI-Py-co-P3HT synthesized for 24, 48 and 72 h, respectively. The ΔELUMO of PPI-

Py-co-P3HT and PC71BM was found to be low for the polymer synthesized for 48 h indicating 

possible sufficient electron transfer from PPI-Py-co-P3HT donor material to PC71BM acceptor 

material. When comparing the Nyquist plot of PPI-Py and PPI-Py-co-P3HT, the semi-circle 

diameters of PPI-Py-co-P3HT are smaller, indicating that they are more conductive. These results 

were confirmed by the decrease in impedance from the bode plots. The synthesized PPI-Py-co-

P3HT were mixed with PC71BM in chlorobenzene and their electrochemical impedance response 

were record which revealed an increase in charges diffusion and decrease in impedance. 

Photoluminescence quenching of PPI-Py-co-P3HT intensity was observed which indicate 

successful separation of electron-hole pair and electron transfer to PC71BM. XRD was used to 

study crystallinity and the results revealed that PPI-Py-co-P3HT synthesized for 24 h is more 

crystalline. This study showed that as reaction time changes, the OPV parameters also changes. 

Maximum PCE was obtained when PPI-Py-co-P3HT synthesized for 24 h was used as a donor 

material while minimum was achieved when PPI-Py-co-P3HT synthesized for 48 h was used. 

Maximum PCE of PPI-Py-co-P3HT synthesized for 24 h donor is attributed to sufficient electron-

hole separation at the donor:acceptor interface revealed by photoluminescence studies and its high 

crystallinity. These factors results to an increase in VOC consequently increasing PCE. 
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Chapter 6 

Electrochemical studies of Polypropylenimine 

Tetra(salicylaldimine)-co-Poly(3-hexylthiophene-2,5-diyl 

Composite Synthesized by Grignard method 

Abstract 

Novel polypropylenimine tetra(salicylaldimine)-co-poly(3-hexylthiophene-2,5-diyl) (PPI-Sal-co-

P3HT) was synthesized following a Grignard reaction method. The synthesized compounds were 

characterized by nuclear magnetic resonance (NMR) spectroscopy, mass spectroscopy, 

electrochemical methods (cyclic voltammetry (CV) and electrochemical impedance spectroscopy 

(EIS)), Fourier-transform infrared (FTIR) spectroscopy, thermal gravimetric analysis (TGA) and 

ultraviolet-visible (UV-Vis) spectroscopy. The investigations revealed that the presence of poly(3-

hexylthiophene-2,5-diyl) (P3HT) on the four branches of polypropylenimine tetra(salicylaldimine) 

(PPI-Sal) turns to improve the conductivity and also decrease the optical band gap. The lowest 

unoccupied molecular orbital (LUMO) energy levels of PPI-Sal-co-P3HT were compared to those 

of [6,6]-Phenyl C71 butyric acid methyl ester (PC71BM). The LUMO offset of 0.32 eV was 

achieved indicating possible insufficient charge transfer and high energy loss. Photoluminescence 

studies confirmed that P3HT on the surface of PPI-Sal increases Stokes shift. The EIS studies 

revealed that PPI-Sal-co-P3HT has a Rct value of 413.10  and PPI-Sal has Rct value of 525.80 . 

The power conversion efficiency (PCE) of 0.21% was obtained for photovoltaic cell using PPI-

Sal-co-P3HT as donor and PC71BM as acceptor material. 
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6.1. Introduction 

Dendrimers are hyperbranched macromolecules presenting a branching assembly that can be 

defined as a tree-like arms and were discovered in 1978 by Fritz Vögtle [1]. Fritz Vögtle and 

Donald Tomalia in the early 1980s working together with his co-workers synthesized 

poly(amidoamine) (PAMAM) dendrimers [2]. They have been widely studied due to their potential 

applications ranging from materials to biological science [1,3–5]. The discovery of the useful 

stepwise methods for synthesis of dendrimers, namely convergent and divergent methods, has 

made it possible to synthesize molecules that are huge as compared to branched or simple linear 

polymers [6–8]. The design of dendrimers has a huge impact on their properties [9]. As a results, 

dendrimers deliver a great potential for wide range applications in a research field. They are mostly 

used in optoelectronic device applications such as organic light emitting diodes [10] and OPVs 

[11], and in biomedical applications such as photodynamic therapy [12], drug delivery [13] and 

anti-bacterial material [14]. 

Dendrimers are categorized by their unique structural features such as peripheral sites density, a 

spherical-like 3-dimensional shape, and convergent periphery-to-core tree-like structure. Studies 

have been done on dendrimers for use as light harvesting material due to their features [15,16]. It 

was revealed that as the generations of dendrimers changes, parameters such as size, shape and 

flexibility changes resulting in new properties. Dendrimers composed of end-groups that can be 

easily functionalized with different groups, consequently modifying their properties [11,17]. 

Photophysical properties of photoactive dendrimers such as exciplex and excimer formation, 

resonance energy transfers or charge transfers depends on the groups substituted on the end groups 

of the dendrimers [11].   

For use of dendrimers for light harvesting properties, mostly π-conjugated branches are attached 

to a dendritic core which are used for energy transportation and as light absorbing unit [18]. In 

most cases, the attachment of π-conjugated branches to the dendritic core requires a linker. The 

core groups usually contain aromatic rings such as thiophene, pyrrole and benzene; and π-

conjugated branches are linked through meta or α-positions depending on the ring present [19,20]. 

It was reported that family of phenyl-cored dendrimers substituted at meta positions (three-arm 

dendrimer) has a better charge transportation than four-arm dendrimer, but they suffer from poor 
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solubility limiting their studies for OPVs application [19–21]. From literature, solubility of an 

organic compound can be improved by functionalization with a saturated molecule [22,23]. 

Dendrimers containing π-conjugated groups have demonstrated to be efficient charge transporter 

in optoelectronics which was ascribed to the high-quality thin films they formed [20,24]. The high-

quality thin films morphology of dendrimers is assisted by their monodispersity nature which is 

advantageous over polymers. It can be very challenging to synthesize polymers with a very low 

degree of polydispersity. This can be a problem for optoelectronic devices improvement because 

the charge transportation properties of polymer depend strongly on their molecular weight [25]. 

Therefore, this makes dendrimers to be good in organic conducting materials and their potential 

application in OPVs.  

In this study, we report synthesis of PPI-Sal-co-P3HT with first generation dendritic structure in 

which P3HT chains were grown by replacing bromine on a meta position carbon with the benzene 

carbon attached to azomethine functional group using Grignard reaction method. The properties 

of PPI-Sal-co-P3HT such as optical, thermal and electrochemical were investigated and the study 

revealed that after decorating PPI-Sal with P3HT, those properties change drastically. The OPV 

device of PPI-Sal-co-P3HT as a donor material was fabricated.  

6.2. Materials and Methods 

6.2.1. Materials 

The reagents were purchased (Merck (Pty) Ltd., Johannesburg, South Africa) and used as received. 

Generation 1 poly(propylene imine) tetramine (DAB-Am4) dendrimer (pH 12, 25 wt % aq. Soln.), 

5-bromosalicylaldehyde (98%), methanol (MeOH, 99.5%), dichloromethane (DCM, 99.9%), 

diethyl ether (≥99.9%), anhydrous tetrahydrofuran (≥99.9%), magnesium sulphate (MgSO4, 

≥99.5%), 2 M tert-butylmagnesium chloride (2M in diethyl ether), 2,5-bromo-3-hexylthiophene 

(≥97%), [1,3-Bis(diphenylphosphino)propane]dichloronickel(II) (Ni(dppp)Cl2), chloroform 

(≥99%), deuterated chloroform (CDCl3, ≥99%), tetrabutyl-ammonium hexafluorophosphate 

(TBAPF6, ≥99%), acetone (99.3%), PC71BM (99%), 2-propylalcohol (≥99.5%), poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, 0.5-1.0% in H2O, high-conductivity 

grade), chlorobenzene (99.9%), acetonitrile anhydrous (99.8%), silver (Ag) conductive paste, zinc 
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acetate dihydrate (≥98%), 2- methoxyethanol (99.8%), ethanolamine (≥99.0%) and hellmanex III. 

Deionized water was collected on a Millipore Direct Q3 system from Millipore, Milford, MA, 

USA. 

6.2.2. Synthesis of PPI-Sal 

PPI-Sal was synthesized using synthetic route (Scheme 6.1) previously used by Memela et. al. 

[26]. DAB-Am4 (0.30 g, 0.95 mmol, in excess) and 5-bromosalicylaldehyde (0.76 g, 3.79 mmol) 

were dissolved in 50 mL MeOH. The solution was stirred under nitrogen gas for 48 h at room 

temperature. After 48 h, the solution was poured in 100 mL of deionized water and extracted 3 

times with DCM and diethyl ether, separately. The MgSO4 powder was added and the mixture was 

shaken for 5 min. After, the MgSO4 suspensions were removed by filtration and solvent was 

removed with rotary evaporator. The oily yellow product was dried under vacuum overnight and 

resulted in a percentage yield of 54%.1H-NMR (CDCl3, 400 MHz): δH 1.37 (tt, 4H), 1.77-1.81 (tt, 

8H), 2.35-2.50 (m, 12H), 3.59-3.62 (t, 8H), 6.83 (dd, 4H), 7.30-7.35 (m, 8H), 8.23 (s, 4H), 13.58 

(s, 3H). 13C-NMR (CDCl3, 400 MHz): δC 28.33 (6C), 51.29 (4C), 57.31 (6C), 109.87 (4C), 119.08 

(4C), 120.08 (4C), 133.24 (4C), 134.79 (4C), 160.44 (4C), 163.68 (4C). HRMS (m/z): Calc. 

1048.554: 50.40% C, 5.00% H, 8.00% N, 6.10% O, 30.50% Br. Exp. 1049.084: 50.37% C, 5.00% 

H, 8.01% N, 6.10% O, 30.47% Br. (Figure A5) 
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Scheme 6.1: Synthetic route of PPI-Sal. (i). MeOH, 48 h. 

6.2.3. Synthesis of PPI-Sal-co-P3HT 

PPI-Sal-co-P3HT was synthesized using Grignard reaction method as shown in Scheme 6.2 [27]. 

The glass wares used for synthesis of PPI-Sal-co-P3HT were dried in an oven overnight at 110℃. 

A three-necked round-bottom flask was charged with poly(propylene imine) tetra(5-

bromosalicylaldimine) (0.10 g, 95 µmol) and anhydrous tetrahydrofuran. A solution of 2 M tert-

butylmagnesium chloride (0.19 mL, 0.38 mmol) in diethyl ether was added using a deoxygenated 

syringe. The temperature of the reaction mixture was refluxed at 60℃ for 2 h. Another solution of 

2,5-bromo-3-hexylthiophene was prepared separately. In details, 2,5-bromo-3-hexylthiophene 

(0.41 mL, 1.91 mmol) was added in a three-necked round bottom flask containing anhydrous 

tetrahydrofuran. This was followed by the addition of 2 M tert-butylmagnesium chloride (0.95 mL, 

1.91 mmol) in diethyl ether. The resulting reaction mixture was refluxed at 60℃ for 2 h. The two 

reaction mixtures were mixed after 2 h and cooled to room temperature while stirring. The 

suspensions of Ni(dppp)Cl2 (0.05 g, 95.37 µmol) in 3 mL anhydrous tetrahydrofuran were added 

into the reaction mixture. Polymerization was allowed to take place for 3 h and MeOH was added 
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to quench the reaction. The precipitates were filter and washed with MeOH and acetone, then, 

extracted using chloroform in a Soxhlet extractor (size large, 200 mL extractor volume, Merck 

(Pty) Ltd.). The extract was concentrated using rotary evaporator and re-precipitated using 

methanol. The precipitate was filtered and dried in an oven overnight resulting to 0.25 g dark 

purple powder product.   
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Scheme 6.2: Synthesis of PPI-Sal-co-P3HT. (i) 2 M tertbutylmagnesium chloride solution, THF, 

2 h, 60 
o

C, (ii) 2 M tertbutylmagnesium chloride solution, THF, 2 h, 60 oC, and (iii) Ni(dppp)Cl2, 

3 h, 60 oC. 
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6.2.4. Characterization techniques 

NMR studies were done using A Bruker 400 MHz Avance III HD Nanobay Spectrometer equipped 

with a 5 mm BBO Probe at 298 K from Bruker, Karlsruhe, Germany. FTIR studies were performed 

with Spectrum-100 FTIR Spectrometer from PerkinElmer (Pty) Ltd., Midrand, South Africa. Mass 

spectroscopy analysis was performed using Waters Synapt G2 Quadrupole Time-of-Flight 

(QTOF) Mass Spectrometer (MS) connected to a Waters Acquity Ultra-Performance Liquid 

Chromatograph (UPLC) (Waters, Milford, MA, USA). TGA studies were performed using The 

Thermal Analyzer PerkinElmer STA 6000 Instrument (PerkinElmer (Pty) Ltd.). Scanning electron 

microscope (SEM) images were obtained using Tescan MIRA3 RISE SEM from Tescan, Brno, 

Czech Republic and elemental analysis was preformed using FEI NovaNano SEM from FEI 

company, hillsboro, OR, USA. Transmission electron microscope (TEM) images were obtained 

using a FEI Tecnai F20 CRYO FEGTEM from FEI company, Hillsboro, OR, USA. 

Photoluminescence spectra were obtained using NanoLog from Horiba Jobin Yvon, Edison, NJ, 

USA. The UV-Vis measurements were done using Nicolet Evolution 100 from Thermo Electron 

Corporation, Altrincham, UK. Electrochemical studies were conducted on CHI700E-Potentiostat 

from CH Instruments, Inc, Bee Cave, TX, USA using ITO glass substrate working electrode from 

Oscilla, Sheffield, UK, platinum wire counter electrode from Goodfellow Cambridge Ltd., 

Huntingdon, UK, silver/silver chloride reference electrode from BASi® in West Lafayette, IN, 

USA and electrolyte consisting of 0.1 M TBAPF6/acetonitrile solution. Device characteristics 

(current density–voltage) were measured with X200 Source Meter Unit from Ossila, Sheffield, 

UK using an illumination of AM 1.5G, 100 mW cm−2 supplied by a SciSun-150 Solar Simulator, 

Class AAA from Sciencetech Inc., London, ON, Canada. 

6.2.5. Fabrication of OPVs 

OPVs fabrication and measurements were done outside a glovebox. ITO glass substrates were 

washed with hellmanex solution in hot water, 2-propylalcohol and acetone. After watching the 

ITO glass substrate, ZnO was spun coated and annealed for 30 min at 100℃. The active layer was 

prepared by dissolving PPI-Sal-co-P3HT and PC71BM in chlorobenzene with a total concentration 

of 25 mg/mL. The active layer solution was stirred at 60℃ for overnight. It was spun coated onto 

ZnO/ITO glass substrate and annealed at 100℃ for 5 min. After coating with an active layer, 

http://etd.uwc.ac.za/ 
 



132 
 

PEDOT:PSS was spun coated and annealed at 150℃ for 5 min. Finally, Ag conductive paste was 

coated as cathode electrode and dried at 100℃ for 5 min to complete the OPVs. 

6.3. Results and Discussions 

6.3.1. NMR analysis of PPI-Sal and PPI-Sal-co-P3HT 

The 1H-NMR and 13C-NMR spectra of PPI-Sal are shown in Figure 6.1A and 6.1B, respectively. 

From the 1H-NMR, the signals at 1.37 ppm and 1.77-1.81 ppm are assigned to –C–CH2–C–protons, 

2.35-2.50 ppm are due to –CH2–N– protons, 3.59-3.62 ppm are ascribed to –CH2–N= protons, 6.83 

ppm and 7.30-7.35 ppm are consigned to protons on the benzene ring, 8.23 ppm is for –N=CH– 

proton and 13.58 ppm is owing to O–H protons. An additional signal is observed at 5.30 ppm due 

to the presence of dichloromethane (CH2Cl2). A total of 10 signals were observed from the 13C-

NMR of PPI-Sal while they are 44 carbons on the structure. This is due to the presence of the plane 

symmetry in the structure of PPI-Sal [28]. The signal at 28.33 ppm is assigned to methylene carbon 

bonded to two carbons (C–CH2–C), 51.29 ppm is for methylene carbon bonded to imine group (–

CH2–N=C–), 57.31 ppm is assigned to methylene carbon bonded to nitrogen (–CH2–N–), and 

109,87 ppm is ascribed to benzene ring carbon bonded to bromine (–C–Br). Furthermore, the 

signal at 119.08 ppm is attributed to benzene ring tertiary carbon bonded to an imine group (–C–

N=C). The signals at 120.08, 133.24 and 134.79 ppm are assigned to benzene ring methine group 

carbons (–CH=), 160.44 ppm is assigned to benzene ring carbon bonded to hydroxyl group (–C–

OH) and 163.68 ppm is assigned to the imine group carbon(–N=C–). The assignment of signals 

from the NMR results matches well with the structure of PPI-Sal [29–31]. The 1H-NMR spectrum 

of PPI-Sal-co-P3HT (Figure 6.2) is dominated by P3HT signals, they are more intense than 

expected PPI-Sal signals, due to the space interactions [21,26]. The signal at 7.67-7.68 ppm is 

assigned to imine group proton and is de-shielded and less intense when compared to PPI-Sal 

spectrum due to the presence of P3HT [32]. The signals at 7.15 ppm and 7.42 ppm are assigned to 

the methine groups of the benzene ring [30,31].   
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Figure 6.1: (A) 1H-NMR and (B) 13C-NMR of PPI-Sal. 

 

Figure 6.2: 1H NMR of PPI-Sal-co-P3HT. 

6.3.2. FTIR analysis of PPI-Sal and PPI-Sal-co-P3HT 

The FTIR spectra of PPI-Sal and PPI-Sal-co-P3HT recorded in the wavenumber range of 4000-

450 cm-1 are presented in Figure 6.3. From the spectrum of PPI-Sal, strong band can be seen at 

2945 cm-1 due to the presence of C–H group of the benzene ring and C–H group of the imine group 
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[33]. The band at 2799 cm-1 is attributed to the methylene groups (–CH2–) present in the PPI-Sal 

structure [34]. The strong bands at 1634, 1478, 1280 822, and 624 cm-1 are ascribed to the C=N, 

C=C, C–C, C=C–H and C–Br, respectively [35–37]. After modification of PPI-Sal with P3HT, a 

new strong band is observed at 2927 cm-1 due to the presence –CH3 from the hexyl group. The 

bands at 2955 and 2856 cm-1 are accredited to –CH and –CH2 groups [38]. The bands due to C=N, 

C=C and C–N at 1636, 1461 and 1263 cm-1, respectively, are weak and appear at different 

wavenumber when compared to their appearance on the spectrum of PPI-Sal. In the literature, it is 

reported that the decrease in the bands intensity and change in the wavenumber confirm the 

occurrence of functionalization [39]. Therefore, these observations indicate that PPI-Sal was 

successfully functionalized with P3HT. 

 

Figure 6.3: FTIR spectra of PPI-Sal and PPI-Sal-co-P3HT. 

6.3.3. TGA studies of PPI-Sal and PPI-Sal-co-P3HT 

To study the thermal properties of PPI-Sal and PPI-Sal-co-P3HT, thermal gravimetric analysis 

measurements were performed. The thermograms of PPI-Sal and PPI-Sal-co-P3HT are depicted 

in Figure 6.4 and were recorded under nitrogen. The weight loss in the temperature range of 50-

130℃ is associated with the evaporation of moisture present in the samples [40]. But the weight 

loss in the temperature range of 200-650℃ is because of thermal decomposition. Figure 6.4 shows 

a significant increase in thermal stability after incorporating P3HT on the surface of PPI-Sal. 

Therefore, PPI-Sal-co-P3HT is more thermally stable than PPI-Sal. At 650℃, the solid residues 

remaining have the weight percentage of 22 and 29% for PPI-Sal and PPI-Sal-co-P3HT, 
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respectively. These results show that the incorporation of P3HT for formation of PPI-Sal-co-P3HT 

improves the thermal stability of PPI-Sal. 

 

Figure 6.4: TGA thermograms of PPI-Sal and PPI-Sal-co-P3HT. 

6.3.4. UV-Vis studies of PPI-Sal and PPI-Sal-co-P3HT 

Figure 6.5A shows the UV-Vis absorption spectra of PPI-Sal and PPI-Sal-co-P3HT in 

chlorobenzene. The PPI-Sal absorption spectrum shows two bands at 328 and 405 nm which 

correspond to π→π* transition present in the benzene ring and n→π* transition of azomethine 

group, respectively [41,42]. After decorating PPI-Sal with P3HT, an absorption band appears at 

415 nm due to the conjugation of the P3HT chain [43]. From the absorption spectra of PPI-Sal and 

PPI-Sal-co-P3HT, energy band gap was determined using Tauc plot (Figure 6.5B and C). The 

absorption spectra were converted to photon energy against absorption coefficient (αhv)2 plot. The 

energy band gap was determined by extrapolating the plot to αhv equal to zero. The band gaps 

were determined to be 3.48 and 2.47 eV for PPI-Sal and PPI-Sal-co-P3HT, respectively.  
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Figure 6.5: (A) UV-Vis spectra and Tauc plots of (B) PPI-Sal and (C) PPI-Sal-co-P3HT. 

6.3.5. SEM images of PPI-Sal-co-P3HT 

The morphological features of synthesized PPI-Sal-co-P3HT were evaluated by SEM. The SEM 

images of PPI-Sal-co-P3HT with different magnifications are shown in Figure 6.6. The images of 

PPI-Sal-co-P3HT demonstrate clusters of microspheres. EDS analysis was also performed to study 

the composition of PPI-Sal-co-P3HT. The study revealed the presence of 39.27% carbon, 40.75% 

oxygen, 16.08% magnesium, 1.38% aluminium, 1.81% sulphur, and 0.71% chlorine. The presence 

of magnesium and chlorine is due to the tetrabutylmagnesium chloride used during synthesis. 
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Figure 6.6: SEM images of PPI-Sal-co-P3HT with different magnifications of (A) 500 nm, B) 1 

µm and (C) 5 µm. (D) EDS spectrum of PPI-Sal-co-P3HT. 

6.3.6. TEM studies of PPI-Sal-co-P3HT 

TEM image of PPI-Sal-co-P3HT is shown in Figure 6.7. The TEM image shows that the PPI-Sal-

co-P3HT particles are spherical with high level of agglomeration. There are dark and bright regions 

that can be seen in the image of PPI-Sal-co-P3HT. The dark regions on the image represent the 

highly agglomerated regions. 
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Figure 6.7: TEM image of PPI-Sal-co-P3HT. 

6.3.7. CV studies of PPI-Sal and PPI-Sal-co-P3HT 

CV measurements of PPI-Sal and PPI-Sal-co-P3HT were performed and obtained voltammograms 

are presented in Figure 6.8A. It is observed that after decorating PPI-Sal with P3HT the peak 

current significantly increases. This indicate that PPI-Sal-co-P3HT is more conductive than PPI-

Sal [44]. These findings are in agreement with the wider optical band gap estimated for PPI-Sal. 

CV was used to estimate the energy levels of the newly synthesized PPI-Sal-co-P3HT. The cyclic 

voltammogram of PPI-Sal-co-P3HT is presented in Figure 6.8B. The HOMO and LUMO energy 

levels of PPI-Sal-co-P3HT were determined from the onset oxidation potential (Eox) and onset 

reduction potential (Ered) using the equations below: 

HOMO = −[(Eox − E1

2
(ferrocene)

) + 4.8]                                6.1 

LUMO = −[(Ered − E1

2
(ferrocene)

) + 4.8]                                6.2 

where E1

2
(ferrocene)

 is the formal potential of ferrocene (0.4 V) and 4.8 is reference energy level of 

ferrocene [45]. The HOMO energy level of PPI-Sal was determined (from Figure 6.8A) to check 

the changes after decoration with P3HT. The results in Table 6.1 show that PPI-Sal has deeper 

HOMO energy levels than PPI-Sal-co-P3HT.  This change is associated with the presence of 

electron donating P3HT on the surface of PPI-Sal.  The HOMO and LUMO energy levels of PPI-
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Sal-co-P3HT were determined from Figure 6.8B and the results are given in Table 6.1. Estimated 

LUMO energy levels of PPI-sal-co-P3HT were compared to those of PC71BM in Figure 6.8C. The 

distance between the LUMO energy levels (ΔELUMO) were determined to be 0.72 eV for PPI-Sal-

co-P3HT with PC71BM. Consequently, high energy loss and high recombination will take place at 

the interface of PPI-Sal-co-P3HT and PC71BM. This is because the LUMO offset (ΔELUMO) 

obtained (0.72 eV) is twice higher than the empirical threshold of 0.3 eV [46]. 

 

Figure 6.8: (A) CV of PPI-Sal and PPI-Sal-co-P3HT, (B) CV of PPI-Sal-co-P3HT and (C) 

energy level diagram. 

Table 6.1: Electrochemical results of PPI-Sal and PPI-Sal-co-P3HT. 

Compound Onset oxidation 

potential 

(V) 

Onset 

Reduction 

potential 

(V) 

HOMO 

 

(eV) 

LUMO 

 

(eV) 

ΔELUMO 

(PC71BM) 

(eV) 

PPI-Sal 0.85 − −5.26 − − 

PPI-Sal-co-P3HT 0.67 −1.24 −5.07 −3.18 0.72 
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6.3.8. EIS studies of PPI-Sal and PPI-Sal-co-P3HT 

Electrochemical impedance spectra obtained for PPI-Sal and PPI-Sal-co-P3HT are shown in 

Figure 6.9. The Nyquist plot depicted in Figure 6.9A is used to study the charge carrier migration 

in the electrochemical cell. The semicircle of the Nyquist plots corresponds to the charge transfer 

at the interface of the analyte and electrode. The circuit used to fit the experimental data is given 

as an inset in Figure 6.9A. It is composed of series resistance, (Rs), accounting for the overall 

resistance between electrode and supporting electrolyte [47]. The values of Rs were determined to 

be 60.03 and 80.95 , respectively. The second component is constant phase element (CPE) which 

corresponds to the double-layer capacitance. The third component is the interfacial charge transfer 

resistance (Rct) and it is attributed to the inter-particle and intra-particle resistance [47,48]. When 

comparing the Nyquist plot of PPI-Sal-co-P3HT and PPI-Sal, the semi-circle of PPI-Sal-co-P3HT 

is smaller. This is an indication that the interfacial charge transfer is faster in PPI-Sal-co-P3HT 

than in PPI-Sal. This faster interfacial charge transfer could be due to the presence of highly 

conductive P3HT chain allowing easy charge transfer between the electrode and electrolyte 

interface. The Nyquist plot fit results revealed the smaller Rct value of 413.10  for PPI-Sal-co-

P3HT compared to 525.80  of PPI-Sal. These values also show faster interfacial charge transfer 

and reduced charge carrier recombination at the PPI-Sal-co-P3HT electrode and electrolyte 

interface. It is observed that the peak of PPI-Sal-co-P3HT shifts to lower frequency range in Figure 

6.9B. This observation confirms the reduction of recombination rate and longer electron lifetime 

() [49]. The values of  were estimated using the Equation 6.3 below: 

τ =
1

2πfmax
                                              6.3 

where fmax is the frequency of the maximum peaks from the bode-phase plot. The values of  were 

estimated to be 0.59 and 1.00 ms for PPI-Sal and PPI-Sal-co-P3HT, respectively. Figure 6.9C 

depicts the bode plot of impedance against frequency for PPI-Sal and PPI-Sal-co-P3HT. It was 

observed that PPI-Sal has maximum impedance at lower frequency than PPI-Sal-co-P3HT. These 

findings suggest good conduction of PPI-Sal-co-P3HT and are in agreement with the lower Rct 

value obtained. 
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Figure 6.9: (A) Nyquist plots, (B) Bode-phase plots and (C) Bode-impedance of PPI-Sal and 

PPI-Sal-co-P3HT obtained at bias potential of -1.5 V. 

The electrochemical impedance studies of PPI-Sal-co-P3HT were further studied at different bias 

potentials as shown in Figure 6.10. The fitting results of PPI-Sal-co-P3HT electrochemical 

impedance experimental data obtained at different bias potentials are summarized in Table 6.2. 

Figure 6.10A shows that as the bias potential becomes more negative, the diameter of the 

semicircle decreases and Rct also decreases. This indicate that at more negative bias potential, the 

charge transfers between the PPI-Sal-co-P3HT coated electrode and electrolyte interface becomes 

faster. The maximum peak shift to higher frequency as the bias potential becomes more negative 

(Figure 6.10B). From the maximum peak frequency, the  were estimated to be 3.18, 1.79, 1.01 

and 1.0 ms for bias potential of −1.2, −1.3, −1.4 and −1.5 V, respectively. This result indicates that 

 decreases as the bias potential becomes more negative (Figure 6.10D). Therefore, the 

recombination rate becomes faster at more negative bias potential. Figure 6.10C shows the bode-

phase plot of PPI-Sal-P3HT at different bias potentials and the spectra showed similar trend. The 
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impedance obtained from Figure 6.10C at lower frequency (10 Hz) are 823.56, 637.86, 465.76 and 

415.02  for −1.2, −1.3, −1.4 and −1.5 V, respectively. The impedance decreases as the bias 

potential becomes more negative. This trend is consistent with the trend obtained from the Figure 

6.10A. Therefore, the faster charge conduction of PPI-Sal-co-P3HT is achieved at bias potential 

of −1.5 V.   

 

 

Figure 6.10: (A) Nyquist plots, (B) Bode-phase plots and (C) Bode-impedance of PPI-Sal-co-

P3HT obtained at different bias potentials. (D) plot of Rct and  against bias potential. 
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Table 6.2: Electrochemical data of PPI-Sal and PPI-Sal-co-P3HT. 

Compound Bais potential 

(V) 

Rs 

(Ohms) 

Rct 

(Ohms) 
 

(ms) 

PPI-Sal −1.5 60.03 ± 0.70 525.80 ± 5.81 0.59 

 

PPI-Sal-co-P3HT 

−1.2 80.95 ± 0.59 1209.00 ± 9.96 3.18 

−1.3 80.02 ± 0.51 731.50 ± 4.63 1.79 

−1.4 75.84 ± 0.42 459.70 ± 2.89 1.10 

−1.5 82.79 ± 1.02 413.10 ± 6.09 1.0 

 

6.3.9. Photoluminescene of PPI-Sal-co-P3HT 

Photoluminescence spectra of PPI-Sal and PPI-Sal-co-P3HT are shown in Figure 6.11. Both 

excitation and emission spectra of PPI-Sal and PPI-Sal-co-P3HT are sensitive to the structure of 

chemical compounds. PPI-Sal and PPI-Sal-co-P3HT exhibited maximum excitation peak at 443 

and 429 nm, while emitted green luminiscence at 512 nm and orange luminescence at 566 nm, 

respectively. From literature, the blue-shift of the excitation peak indicates  that the polymer chain 

is twisted or coil-like in chlorobenzene [50,51]. This is the reason why the excitation peak of PPI-

Sal-co-P3HT is blue-shifted. Emission peak of PPI-Sal-co-P3HT shows a strong red-shift relative 

to PPI-Sal due to efficient charge migration to ground state energy levels and the presence of 

conjugated P3HT [52]. In addition, the Stokes shift of PPI-Sal-co-P3HT (137 nm) is larger than 

that of PPI-Sal (69 nm). Zheng et al. [53] investigated the effect of electron-donating and electron-

withdrawing groups as substituents on photoluminescence properties. The presence of electron-

donating substituents results to larger Stokes shift, while electron-withdrawing substituents turn to 

quench photoluminescence. Therefore, the presence of electron-donating group P3HT on the 

surface of PPI-Sal increases the Stokes shift. 
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Figure 6.11: Photoluminescence spectra of (A) PPI-Sal and (B) PPI-Sal-co-P3HT in 

chlorobenzene. 

6.3.10. Photovoltaic properties of PPI-Sal-co-P3HT 

The current density-voltage (J-V) curves of the OPV device with the structure of 

glass|ITO|ZnO|PPI-Sal-co-P3HT:PC71BM|PEDOT:PSS|Ag conductive paste are shown in Figure 

6.12. The J-V curves and results of different devices fabricated are given in Figure A6 and Table 

A7, respectively. The maximum performance of the device gave PCE of 0.21%, short circuit 

current (JSC) of 1.74 mA.cm-2, fill factor (FF) of 39.34% and open circuit voltage (VOC) of 0.31 V. 

These OPVs were fabricated outside glovebox. Ag conductive paste used as metal contact can 

diffuse through the PEDOT:PSS layer to the active layer. This will alter the semiconducting 

properties of a polymer [54,55].  The exposure of the device to air can result in active layer 

degradation and oxidation of the electrode [55]. These factors explain why low PCE is achieved 

for PPI-Sal-co-P3HT based OPV device. 
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Figure 6.12: J–V characteristics of the fabricated OPVs using PPI-Sal-co-P3HT as donor 

materials.  

6.4. Conclusion 

In this work, PPI-Sal was synthesized using Schiff base condensation reaction and PPI-Sal-co-

P3HT was synthesized using Grignard reaction method. The spectroscopic, thermal and 

electrochemical properties of the synthesized PPI-Sal and PPI-Sal-co-P3HT were compared. The 

UV-vis studies revealed that the optical band gap of PPI-Sal is wider than that of PPI-Sal-co-

P3HT. TGA studies revealed that PPI-Sal has poor thermal stability than PPI-Sal-co-P3HT. These 

findings were attributed to the presence of P3HT chains on the four branches of PPI-Sal. The 

presence of the P3HT on the branches of PPI-Sal was confirmed by FTIR using change in 

wavenumber of the azomethine functional group band from 1634 cm-1 for PPI-Sal to 1636 cm-1 

for PPI-Sal-co-P3HT and the reduction in the signal intensity in PPI-Sal-co-P3HT. The LUMO 

energy level of PPI-Sal-co-P3HT was determined and compared with those of PC71BM. It was 

found that the LUMO offset is higher than the empirical value indicating high energy loss. The 

EIS studies revealed that PPI-Sal-co-P3HT is more conductive than PPI-Sal. The bias potential 

studies showed that as the bias potential becomes more negative, the Rct and  decreases 

exponentially.  Maximum PCE of 0.21% has been obtained for PPI-Sal-co-P3HT based OPVs.  
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CHAPTER 7 

Hexathienylthiophene-co-Poly(3-hexylthiophene) as Donor 

Material for Organic Photovoltaic Cell 

Abstract 

The hexathienylbenzene-co-poly(3-hexylthiophene-2,5diyl) (HTB-co-P3HT) conducting polymer 

was synthesized by co-polymerization of hexathienylbenzene (HTB) and 3-hexylthiophene using 

iron chloride (FeCl3) as an oxidant. The effect of solvent was studied using chlorobenzene, toluene 

and chloroform. The study revealed that spectroscopic and electrochemical response are affected 

as the solvent changed. The lowest unoccupied molecular orbital (LUMO) and highest occupied 

molecular orbital (HOMO) energy levels of HTB-co-P3HT were determined from cyclic 

voltammetry and were compared to those of [6,6]-phenyl C71 butyric acid methyl ester (PC71BM). 

The study revealed that the LUMO energy levels of HTB-co-P3HT determined in toluene were 

deeper than those determined in chlorobenzene and chloroform. The electrochemical impedance 

spectroscopy (EIS) analysis also revealed that the thin film of HTB-co-P3HT prepared using 

toluene is the most conductive. Photovoltaic parameters of HTB-co-P3HT were determined in 

different solvents. We obtained power conversion efficiency (PCE) of 0.48%, fill factor (FF) of 

27.84%, current density (JSC) of 4.93 mA.cm-2 and open circuit voltage (VOC) of 0.35 V in 

chlorobenzene, PCE of 0.30%, FF of 26.08%, JSC of 5.00 mA.cm-2 and VOC of 0.23 V in 

chloroform and finally, PCE of 0.33%, FF of 25.45%, JSC of 5.70 mA.cm-2 and VOC of 0.23 V in 

toluene. Different values obtained for photovoltaic parameters of HTB-co-P3HT indicate that 

solvent have an effect. 
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7.1. Introduction 

The use of organic polymers was restricted to insulators in electrical applications before 

conducting polymers were discovered due to their high resistivity [1]. After a great work of 

research, first conducting organic polymer was discovered having a good conductivity [2,3]. It was 

discovered that the conductivity of the conducting polymers arises from alternating single and 

double bonds along the polymer chain. To date, many conducting polymers such as polypyrroles 

[4], polycarbozoles [5], polythiophenes [6], polyaniline [7] and polynaphthylamine [8] have been 

developed. The conducting polymers have been attracting a lot of attention from researchers in 

different research fields such as organic light emitting diodes [9], organic field-effect transmitters 

[10], supercapacitors [11], biosensors [12] and organic photovoltaics [13].     

Conducting polymers have gained a lot of interest in the optoelectronics research field because of 

their advantages such as low cost of materials, tenability of optical properties, light weight and 

their flexible compatibility [14]. The properties of conjugated polymers are modified by either 

modification of the side chains or the main chain [15]. The studies showed that polymerization of 

monomeric fused rings turn to narrow the optical band gap, increase the conjugation length and 

increase the limits of light absorption [16–20]. Modification of either main chain or side chain 

with an alkyl group turn to improve the solubility of the polymer, reduce recombination rate and 

turns to lower LUMO energy levels of the donor material to ensure sufficient electrons transfer to 

the acceptor material [21,22]. Studies showed that modification of conjugated polymers with 

electron withdrawing group turn to tune the molecular energy levels and control aggregation 

morphologies leading to higher charge carrier mobility [23]. 

Poly(3-hexylthiophene) (P3HT) is one of the conjugated polymers as a donor material in OPVs 

because of its advantageous properties such as easy to synthesize and high charge carrier mobility. 

However, it has wider band gap of ~1.9 eV which limit its photon absorption properties. The low 

power conversion efficiency of P3HT based photovoltaic cell is mostly due to low value of open 

circuit voltage due to high position of HOMO energy levels of P3HT [24]. There are many efforts 

done to try to tune the HOMO energy level to a position that can allow sufficient charge transfer. 

The hexyl group on the 3-position of thiophene ring was replaced by an alkoxy group; but, the 

introduction of alkoxy group on thiophene turns to improve photon absorption properties by 
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reducing band gap, while decreasing oxidation potential resulting in higher HOMO energy level 

for use in OPVs as a donor material [25].  P3HT was also modified at the α-position of the last 

thiophene in the polymer chain with bromine. It was found that the presence of bromine end-group 

turn to decrease the overall performance of the device. Due to high electronegativity of bromine, 

charges are trapped and more disordered morphology was obtained [26]. The presence of bromine 

on the P3HT also causes a blue shift on the absorption spectrum [27]. 

In this work, we synthesize novel HTB-co-P3HT dendritic co-polymer using hexathienylbenzene 

(HTB) as a core. HTB was synthesized using Stille condensation reaction and co-polymerization 

was performed using chemical oxidation polymerization method. The effect of P3HT on the 

surface of HTB was studied in chlorobenzene, toluene and chloroform using different 

characterization techniques. The energy levels of HTB-co-P3HT in different solvents were 

compared to those of PC71BM. OPVs devices of HTB-co-P3HT were fabricated in different 

solvents. It was revealed that as solvent changes, photovoltaic parameters of HTB-co-P3HT as a 

donor material also changes. High PCE was obtained when chlorobenzene was used as a solvent, 

while low PCE was obtained in chloroform.  

7.2. Materials and Methods 

7.2.1. Materials 

Chemicals and solvents were used without any further purification and were bought from 

commercial sources. Silica gel 60 Å (230–400 mesh, Merck (Pty) Ltd., Johannesburg, South 

Africa) was used for purification. Deionized water used in this study was obtained from a Millipore 

Direct Q3 system (Millipore, Milford, MA, USA). 

7.2.2. Synthesis of HTB 

One of the most prominent methods for synthesis of carbon-carbon bonds is the Stille condensation 

reaction [28,29]. For synthesis of HTB, Stille condensation reaction method was used. In details, 

hexabromobenzene (0.50 g, 0.91 mmol, 98%, Merck (Pty) Ltd.), 2-(tributylstannyl)-thiophene 

(2.04 g, 5.46 mmol, 97%, Merck (Pty) Ltd.), copper(I) iodide (1.04 g, 5.46 mmol, 98%, Merck 

(Pty) Ltd.) and potassium carbonate anhydrous (1.51 g, 10.92 mmol, K2CO3, 99.5%, Merck (Pty) 

Ltd.) were dissolved in toluene (100 mL, 99.8%, Merck (Pty) Ltd.) and stirred for 30 min at room 
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temperature. After 30 min, palladium tetrakis(triphenylphosphine) (5% mol, 0.31 g, 0.27 mmol, 

Pd(PPh3)4, 99%, Merck (Pty) Ltd.) was added into the solution. The solution was stirred at 110℃ 

for 120 h under nitrogen gas. After 120 h, the solvent of the resulting solution was removed and 

re-dissolved in dichloromethane (DCM, 99.9%, Merck (Pty) Ltd.). The resulting solution was 

washed 3 times with deionized water. Magnesium sulphate (MgSO4, ≥99.5%, Merck (Pty) Ltd.) 

powder was added into the washed solution. The suspensions of MgSO4 were removed by 

filtration. The resulting solution was concentrated by rotary evaporator, followed by purification 

with column chromatography using DCM and petroleum ether (PE, 95%, Merck (Pty) Ltd.) as an 

eluent (DCM:PE = 1:2, v/v) and silica gel as stationary phase. The resulting yellow powder (0.33 

g) was obtained with 64% yield. The synthetic pathway is shown schematically in scheme 7.1. 1H-

NMR (CDCl3, Merck (Pty) Ltd., 400 MHz): δH 6.93–6.95 (dd, 6H), 7.09–7.11 (dd, 6H), 7.13–7.15 

(dd, 6H); 13C-NMR (CDCl3, 400 MHz): δC 123.77, 124.36, 127.77, 128.24, 129.05.  
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Scheme 7.1: Synthetic route of HTB. (i). 5% Pd(PPh3)4, K2CO3, CuI, Toluene, 120 h, 110℃. 

7.2.3. Synthesis of HTB-co-P3HT 

HTB-co-P3HT was synthesized using chemical oxidation polymerization [30,31]. HTB (0.15 g, 

0.26 mmol) and 3-hexylthiophene (1.42 mL, 1.33 g, 7.89 mmol, ≥99.0%, Merck (Pty) Ltd.) were 

added in chloroform (80 mL, ≥99.0%, Merck (Pty) Ltd.). The solution was stirred under nitrogen 

for 30 minutes and followed by addition of iron chloride anhydrous (5.12 g, 0.03 mol, FeCl3, 

≥99.99%, Merck (Pty) Ltd.) suspensions in chloroform. The mixture was refluxed for 24 h at 60 
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◦C under nitrogen gas. Then, polymerization was terminated by addition of methanol anhydrous 

(MeOH, 99.8%, Merck (Pty) Ltd.). The precipitates formed after addition of MeOH, filtered and 

washed with Soxhlet extractor (size large, 200 mL extractor volume, Merck (Pty) Ltd.) using 

acetone (99.3%, Merck (Pty) Ltd.) for 24 h and MeOH for another 24 h. HTB-co-P3HT was 

extracted with DCM for 24 h resulting in a 0.28 g dark purple solid. This procedure is shown 

schematically in scheme 7.2.   
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Scheme 7.2: Synthetic route of HTB-co-P3HT. (i) FeCl3, chloroform, 24 h, 60℃. 

7.2.4. Characterization Techniques 

Nuclear magnetic resonance (NMR) spectra (Bruker 400 MHz Avance III HD Nanobay 

Spectrometer, Karlsruhe, Germany) and Fourier-transform infrared spectroscopy (FTIR) 

spectroscopy (Spectrum-100 FTIR Spectrometer from PerkinElmer (Pty) Ltd., Midrand, South 

Africa) were used for structural characterization of the synthesized compounds. The thermal 

gravimetric measurements were done by The Thermal Analyzer Perkin Elmer STA 6000 

Instrument (PerkinElmer (Pty) Ltd.) at a rate of 10 oC/min under N2 flow rate of 20 ml/min. The 

ultraviolet-visible (UV-Vis) spectra (Nicolet Evolution 100 from Thermo Electron Corporation, 

Altrincham, UK) were obtained at room temperature. Transmission electron microscope (TEM) 

images were (FEI Tecnai T20 TEM from FEI company, Hillsboro, OR, USA) obtained for 

synthesized polymers. Scanning electron microscope (SEM) images (Tescan MIRA3 RISE SEM 

from Tescan, Brno, Czech Republic) and elemental analysis (FEI NovaNano SEM from FEI 
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company, Hillsboro, OR, USA) were investigated. Photoluminescence spectra (NanoLog from 

Horiba Jobin Yvon, Edison, NJ, USA) were obtained. Cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) studies were conducted on a CHI700E-Potentiostat 

(CH Instruments, Inc, Bee Cave, TX, USA). The measurements were performed using indium tin 

oxide (ITO) glass substrate (14–16 Ω/square resistance, Oscilla, Sheffield, UK) as working 

electrode, platinum wire (Goodfellow Cambridge Ltd., Huntingdon, UK) as counter electrode and 

silver/silver chloride (Ag/AgCl, from BASi® in West Lafayette, IN, USA) as reference electrode 

in 0.1 M of tetrabutylammonium hexafluorophosphate (TBAPF6, ≥99.0%, Merck (Pty) 

Ltd.)/acetonitrile (99.8%, Merck (Pty) Ltd.) solution as an electrolyte. Before using ITO glass 

substrate, it was washed with 1% (by volume) hellmanex III (Merck (Pty) Ltd.) solution, acetone 

and 2-propylalcohol (99.5%, Merck (Pty) Ltd.). Device characteristics (current density–voltage) 

were measured with X200 Source Meter Unit (Ossila, Sheffield, UK) using an illumination of AM 

1.5G, 100 mW cm−2 supplied by a SciSun-150 Solar Simulator, Class AAA (Sciencetech Inc., 

London, ON, Canada). 

7.2.5. OPVs fabrication 

OPVs fabrication and measurements were done outside a glovebox. ITO glass substrates were 

washed with hellmanex III solution in hot water, 2-propylalcohol and acetone. After washing the 

ITO glass substrate, zinc oxide (ZnO) was spun coated and annealed for 30 min at 100℃. The 

active layer was prepared by dissolving PPI-Sal-co-P3HT and PC71BM (mixture of isomers, 99%, 

Merck (Pty) Ltd.) in chlorobenzene (99.9%, Merck (Pty) Ltd.) with a total concentration of 25 

mg/mL. The active layer solution was stirred at 60℃ for overnight. It was spun coated onto 

ZnO/ITO glass substrate and annealed at 100℃ for 5 min. After coating with an active layer, 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS (0.5–1.0 wt % in water, 

Merck (Pty) Ltd.) was spun coated and annealed at 150℃ for 5 min. Finally, silver conductive 

paste (Ag, Merck (Pty) Ltd.) was coated as cathode electrode and dried at 100℃ for 5 min to 

complete the OPVs. 
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7.3. Results and Discussions 

7.3.1. NMR studies of HTB and HTB-co-P3HT 

The structure of HTB was confirmed by NMR spectroscopy. Figure 7.1A and 7.1B show the 1H-

NMR and 13C-NMR spectra of HTB, respectively. The integrals on the 1H-NMR spectra indicate 

that a total of 18 protons detected which correspond to a total number of protons from HTB 

structure. The signals at 6.93–6.95 and 7.09–7.11 ppm correspond to protons at the 𝛽-position of 

thiophene. While protons at the α-position of thiophene have a signal at 7.13–7.15 ppm. The 13C-

NMR spectra of HTB showed five signals at different chemical shifts. HTB has more than five 

carbons. This can be explained by the structural symmetry of HTB, which causes carbon signals 

to appear at the same chemical shift. The signals at 123.77 and 127.77 ppm are assigned to 

thiophene 𝛽-carbons, 124.36 ppm is assigned to the thiophene α-carbon, 128.24 ppm is assigned 

to the benzene carbons and 129.05 ppm is assigned to the tertiary carbon on thiophene. These finds 

were interpreted while consulting literature and are in agreement [32–34]. The 1H-NMR spectrum 

of HTB-co-P3HT is shown in Figure 7.2. The signal at 0.88 ppm is assigned to the CH3- from the 

hexyl group, 1.28-1.45, 1.56 and 2.57-2.80 ppm are attributed to the -CH2- from the hexyl group 

and 7.00-7.06 ppm is ascribed to the 𝛽-protons from the thiophene groups [35,36].  
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Figure 7.1: (A) 1H-NMR and (B) 13C-NMR of HTB. 

 

Figure 7.2: 1H-NMR of HTB-co-P3HT. 
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7.3.2. FTIR analysis of HTB and HTB-co-P3HT 

The synthesized HTB and HTB-co-P3HT were characterized by FTIR (Figure 7.3). The bands at 

3104 and 2919 cm-1
 in the spectrum of HTB are attributed to the C–H stretching, while the band 

at 816 cm-1
 is ascribed to the in-plane bending vibration of the aromatic ring. The band at 1094 cm-

1 is attributed to C–S vibrations. Additionally, the band at 694 cm-1 is due to the in-plane bend of 

the C–S–C of thiophene. Bands at 1435 and 1301 cm-1 are assigned to the C=C and C–C of 

thiophene ring, respectively [37]. After formation of HTB-co-P3HT, strong bands at 2926 and 

2855 cm-1 appears owning to the vibration of C–H of hexyl group [38]. The band due to C=C 

stretching vibration shift to 1461 cm-1 and this shift is attributed to the attachment of P3HT at the 

α-position of thiophene [39]. This shift indicates the attachment of P3HT on HTB, since its 

presence affect the vibration of the bonds in HTB. 

 

Figure 7.3: FTIR spectra of HTB and HTB-co-P3HT. 

7.3.3. TGA studies of HBT-co-P3HT 

Figure 7.4 shows a TGA thermogram of HTB-co-P3HT obtained from the co-polymerization of 

HTB and 3HT. The decomposition of HTB-co-P3HT takes place in two stages. No weight loss 

was observed at a temperature range between 50 and 130℃ [40]. This indicates that there is no 

water absorbed on the surface of the sample. In the second stage, weight loss of 8% occurred in 

the temperature range of 138-312℃. This could be due to the decomposition of small molecular 

weight HTB-co-P3HT and HTB. In the second stage, 25% of the weight loss in the temperature 
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range of 379-455℃ was observed. This weight loss represents the decomposition of HTB-co-

P3HT. The remaining weight of 50% was observed and is attributed to solid residues [41,42]. 

 

Figure 7.4: TGA thermogram of HTB-co-P3HT. 

7.3.4. UV-Vis studies of HTB and HTB-co-P3HT in different solvents 

The UV-Vis spectra of HTB and HTB-co-P3HT were recorded in different solvents at room 

temperature as depicted in Figure 7.5. One and two bands were observed in the absorption spectra 

of HTB and HTB-co-P3HT in all different solvents. The first band in the spectrum of HTB is due 

to π→π* transition and the second band is due to n→π* transition [43]. The band in the spectrum 

of HTB-co-P3HT is due to the extensive conjugated P3HT chain on the surface of HTB. The 

absorption response of the two compounds are different (as given in Table 7.1) because of the 

difference in the polarity of the solvents used to perform analysis. The maximum wavelength and 

lower band gap were obtained in halogen free solvent (toluene). Onset wavelengths were used to 

estimate the optical band gaps of HTB and HTB-co-P3HT. The onset wavelengths of HTB 

solutions, HTB-co-P3HT solutions and HTB-co-P3HT were determined from Figure A8, Figure 

A9 and Figure A10, respectively. The relationship between onset wavelength and optical band gap 

is given by Equation 7.1 below: 

Eg =
1240

λonset
eV…………………………7.1 

where Eg is optical band gap and λonset is onset wavelength [30]. Optical band gaps for HTB were 

determined to be 3.55, 3.54 and 3.56 eV, while for HTB-co-P3HT were determined to be 2.38, 
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2.34 and 2.36 eV in chlorobenzene, toluene and chloroform, respectively. As for thin film, the 

optical band gaps for HTB-co-P3HT were determined to be 2.15, 2.12 and 2.13 eV for thin films 

prepared in chlorobenzene, toluene and chloroform, respectively. This study indicated that 

bathochromic shift occurs as the chlorine atoms are absent on the solvent molecules. Since JSC is 

inversely proportional to optical band gap, therefore, high JSC can be achieved in toluene since 

small value of the optical bandgap was obtained [44]. This also indicates that high generation of 

electron-hole pair in HTB-co-P3HT will occur in toluene [45].  

 

Figure 7.5: UV-Vis spectra of HTB and HTB-co-P3HT in different solvents. 

Table 7.1: UV-Vis response of HTB and HTB-co-P3HT in various solvents. 

Compound Solvent Maximum 

wavelength  

(nm) 

Onset 

Wavelength 

(nm) 

Optical a 

band gap  

(eV) 

Onset 

Wavelength 

film (nm) 

Optical band a 

gap film 

(eV) 

HTB chlorobenzene 298 349 3.55 - - 

HTB toluene 299 350 3.54 - - 

HTB chloroform 296 348 3.56 - - 

HTB-co-P3HT chlorobenzene 386 520 2.38 578 2.15 

HTB-co-P3HT toluene 393 530 2.34 589 2.12 

HTB-co-P3HT chloroform 389 525 2.36 583 2.13 

aOptical band gap = 1240/ λonset 

7.3.5. TEM studies of HTB-co-P3HT 

The morphology of HTB-co-P3HT in different solvents was also characterized using TEM. 

Obtained TEM images of HTB-co-P3HT in different solvents are presented in Figure 7.6. The 

images are dark in the region where appears to be HTB-co-P3HT. This is due to high concentration 

of HTB-co-P3HT particles. Therefore, it is difficult to observe the effect of solvent on the 

morphology of HTB-co-P3HT. It was expected that when chloroform is used as a solvent to 
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prepare a sample for TEM analysis, the resulting images will show agglomeration of particles 

because of its low boiling point and lower surface tension [46,47]. This is because chloroform 

evaporate fast when compared to toluene and chlorobenzene. It does not give particles enough 

time to settle, therefore, agglomeration take place which may severely cause high recombination 

resulting to a decrease in VOC [48].   

Figure 7.6: TEM images of HTB-co-P3HT prepared using (A) chlorobenzene, (B) chloroform 

and (C) toluene as solvents. 

7.3.6. SEM studies of HTB-co-P3HT  

Figure 7.7 shows the SEM images of HTB-co-P3HT films prepared using different solvents. The 

HTB-co-P3HT film were prepared by drop coating onto an ITO coated glass substrate.  The SEM 

images revealed that the surface of HTB-co-P3HT is smooth, and the morphology changes are the 

solvent changes. In chlorobenzene, there are same agglomeration of HTB-co-P3HT particles. 

While in chloroform, HTB-co-P3HT particles with rod and spherical shape were observed. In 

toluene, the particles with spherical shape were observed. Figure 7.8 shows the spectra of HTB-

co-P3HT in different solvents. The spectra revealed the presence of carbon (C) and sulphur (S) 

which are from synthesized HTB-co-P3HT polymer. The presence of impurities (aluminium (Al) 

and chlorine (Cl)) were detected. An impurity Cl is attributed to an oxidant FeCl3 used during 

polymerization. 
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Figure 7.7: SEM images of HTB-co-P3HT films prepared using (A) chlorobenzene, (B) 

chloroform and (C) toluene. 

 

Figure 7.8: EDS spectra of HTB-co-P3HT films prepared using (A) chlorobenzene, (B) 

chloroform and (C) toluene as solvents. 

7.3.7. Photoluminescence of HTB-co-P3HT 

Photoluminescence studies of HTB and HTB-co-P3HT in different solvents are shown in Figure 

7.9. From the spectra of both samples, the excitation spectra are blue-shifted compared with the 

emission spectra due to Stokes shift. This suggests that the photogenetated excitons lose energy 

by means of either nonradiative or radiative processes before recombination [49]. The emission 

spectra of HTB exhibited peaks at 365, 364 and 366 nm while excitation spectra of HTB exhibited 

peaks at 329, 331 and 331 nm resulting to Stokes shift of 36, 33 and 35 nm in chlorobenzene, 

toluene and chloroform, respectively. The Stokes shift for HTB-co-P3HT were determined to be 

130, 133 and 131 nm in chlorobenzene, toluene and chloroform, respectively.  The Stokes shifts 

of HTB-co-P3HT are wider than those of HTB. This is attributed to efficient energy transfer to 
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lower energy levels and planarity enhancement of P3HT polymer chain in HTB-co-P3HT [50]. 

The emission spectra of HTB-co-P3HT exhibited peaks at 545 nm in chlorobenzene, 546 nm in 

toluene and 543 nm in chloroform. The difference between the wavelengths of the emission peaks 

in different solvents are low indicating weak solvatochromism and suggesting that the ground state 

energy levels of HTB-co-P3HT are independent of the solvent polarity [51]. The emission peak of 

HTB-co-P3HT is more red-shifted and the Stokes shift is wider in toluene. This is because of high 

polarity of toluene [50]. 

Photoexcited charge transfer in the heterojunction between HTB-co-P3HT and PC71BM was 

investigated using photoluminescence. Emission spectra of HTB-co-P3HT and PC71BM blends 

are shown in Figure 7.9. Strong emission peak of HTB-co-P3HT suggests high recombination of 

holes and electrons [52]. The photoluminescence intensity of HTB-co-P3HT:PC71BM is lower 

than that of HTB-co-P3HT, indicating an increase in charge dissociation of photoexcited excitons 

and reduction of recombination. The photoluminescence intensity of HTB-co-P3HT quenched 

after blending with PC71BM are 89.97, 80.92 and 93.23% in chlorobenzene, toluene and 

chloroform, respectively. These results indicate that sufficient charge separation take place in 

chloroform. 
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Figure 7.9: (A) Photoluminescence spectra of HTB in different solvents. Photoluminescence 

spectra of HTB-co-P3HT in (B) chlorobenzene, (C) toluene and (D) chloroform. 

7.3.8. CV studies of HTB-co-P3HT 

The effect of solvent used to prepare the thin film was studied using CV. Figure 7.10A shows the 

cyclic voltammograms of HTB-co-P3HT thin films prepared using three different solvents. The 

HOMO and LUMO energy levels were determined and compared with the energy levels of P3HT 

and PC71BM. The results obtained from the voltammograms of HTB-co-P3HT in different solvents 

are listed in Table 7.2. Both HOMO and LUMO energy levels of HTB-co-P3HT in toluene are 

deeper than those in chlorinated solvent and gave a narrow electrochemical band gap. This change 

can be attributed to the boiling point and polarity of the solvent. Due to low boiling point of 

chloroform, the polymer chain is not granted more time to arrange in more crystalline structure 

leading to aggregation [53]. The difference in polarity of chloroform, toluene and chlorobenzene 

solvents might cause the difference in their interaction with the aromatic backbone of the polymer 
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chain causing the difference in the degree of aggregation [54,55]. This might be the factors that 

caused high LUMO energy levels and wide electrochemical band gaps in chloroform and 

chlorobenzene. The LUMO energy levels of HTB-co-P3HT in toluene, chloroform and 

chlorobenzene are −0.61, −0.73 and −0.83 eV above the LUMO energy levels of PC71BM, 

respectively. These LUMO offset (ΔELUMO) values are smaller in toluene than in chlorobenzene 

and chloroform. This indicate that the charge transfer from LUMO of HTB-co-P3HT in toluene 

can occur sufficiently than HTB-co-P3HT in chlorobenzene and chloroform. But they will still 

suffer high energy loss resulting to lower VOC since ΔELUMO values are much higher than the 

threshold value of 0.3 eV [56].  

  

Figure 7.10: (A) Cyclic voltammograms and (B) energy levels HTB-co-P3HT obtained in 

different solvents compared with PC71BM energy levels. 

Table 7.2: Electrochemical properties of HTB and HTB-co-P3HT in different solvents.  

Compound EHOMO 

(eV) 

ELUMO 

(eV) 

ΔELUMO 

(eV) 

Eg
CV 

(eV) 

PC71BM −6.0 −3.90 − − 

HTB-co-P3HT chlorobenzene −5.56 −3.07 −0.83 2.49 

HTB-co-P3HT toluene −5.69 −3.29 −0.61 2.40 

HTB-co-P3HT chloroform −5.67 −3.17 −0.73 2.50 

7.3.9. EIS studies of HTB and HTB-co-P3HT 

Electrochemical impedance spectra obtained for HTB and HTB-co-P3HT in different solvents are 

depicted in Figure 7.11. Nyquist plot (Figure 7.11A) is used to study charge carrier migration in 

an electrochemical cell. The charge transfers resistance (Rct) is related to the diameter of the 
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semicircle at the interface of an electrode and sample. The smaller the diameter of the semicircle, 

the fast the diffusion of charges through the sample to the electroactive surface of the electrode. 

The Nyquist plot showed two semicircles, where the semicircle at the higher frequency correspond 

to the resistance of the electrode and the semicircle at the lower frequency correspond to the ionic 

diffusion resistance of the electrolyte, charge transfer resistance or the resistance of the 

sample/electrolyte interphase layer [57]. Both semicircles from the Nyquist spectra were fitted and 

the results of the semicircle at lower frequency are given in Table 7.3. This study revealed that 

HTB and HTB-co-P3HT each have different electrochemical behavior in different solvents. The 

smallest Rct of 939.70 and 109.70  were obtained for HTB and HTB-co-P3HT in chlorobenzene, 

respectively. This result indicates that the sufficient electron-hole pairs separation and fastest 

electron transfer at the sample/electrode interface take place in chlorobenzene [58]. The presences 

of P3HT chain on the surface of HTB promote electron transfer between the electrode and 

electrolyte. This is observed by the small semicircle and small value of Rct of HTB-co-P3HT when 

compared to HTB in chlorobenzene. It is noted that the frequency of the maximum peak shift to 

the left after modifying HTB with P3HT in toluene and chloroform but remain on the same 

frequency in chlorobenzene (Figure 7.11B). This shift indicates the reduction of the recombination 

rate in chloroform and toluene [59]. The electron lifetime was estimated and the highest values of 

1.91 and 2.30 ms were obtained for HTB and HTB-co-P3HT in chloroform. Therefore, the reduced 

rate of recombination and longer electron lifetime were obtained in chloroform. Figure 7.11C 

shows the impedance vs frequency plot of HTB and HTB-co-P3HT prepared in different solvents. 

It was observed that HTB-co-P3HT have minimum impedance at lower frequency than HTB. This 

indicates fast electron conduction in HTB-co-P3HT than in HTB and this observation is consistent 

with the lower Rct obtained for HTB-co-P3HT. 
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Figure 7.11: (A) Nyquist plot, (B) Bode-phase plot and (C) Bode-impedance plot of HTB and 

HTB-co-P3HT prepared in different solvents 

Table 7.3: EIS results of HTB and HTB-co-P3HT prepared in various solvents.  

Compounds Rs 

() 

Rct 2 

() 

CPE-T CPE-P 

 
 

(ms) 

HTB chlorobenzene 41.16±1.95 939.70±7.41 3.44×10-5±6.78×10-7 0.72±2.95×10-3 1.52 

HTB toluene 31.55 ±1.57 1109.0±4.33 2.31×10-5±2.4×10-7 0.76±1.54×10-3 1.13 

HTB chloroform 43.46±3.16 1090.0±3.89 2.75×10-5±2.82×10-7 0.74±1.60×10-3 1.91 

HTB-co-P3HT chlorobenzene 23.96±0.52 109.70±0.89 7.88×10-5±2.91×10-6 0.81±5.70×10-3 1.52 

HTB-co-P3HT toluene 40.56±1.36 170.50±1.24 2.13×10-5±8.50×10-7 0.90±6.10×10-3 1.29 

HTB-co-P3HT chloroform 54.89±2.29 327.80±10.543 5.18×10-5±6.25×10-6 0.75±19.3×10-3 2.30 

7.3.10. Photovoltaic properties of HTB-co-P3HT 

Figure 7.12 shows the current density-voltage (J-V) curves of HTB-co-P3HT as a donor material 

in different solvents. The maximum key photovoltaic parameters for batch of OPVs fabricated in 

ambient atmosphere are presented in Table 7.4. The maximum PCE was obtained in 

chlorobenzene, followed by toluene and then chloroform. This maximum performance in 

chlorobenzene is due to fast electron transfer confirmed by EIS studies. All OPVs were fabricated 
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using silver paste as top electrode and outside glovebox. The architecture of the OPVs fabricated 

in this study was as follows: glass|ITO|ZnO|HTB-co-P3HT:PC71BM|PEDOT:PSS|Ag paste. It was 

revealed that spin coating PEDOT:PSS results in presence of pinholes [30]. Direct contact between 

Ag paste and HTB-co-P3HT:PC71BM lead to diffusion of Ag paste into HTB-co-P3HT:PC71BM 

active layer resulting in an increase in charge recombination [60]. Since devices were fabricated 

in air, oxidized species such as oxidation of sulphur in the active layer are formed [61]. Such 

oxidative species in the active layer may act as charge carrier trapping sites [62]. This may lead to 

an increase in series resistance which consequently reduces the FF [63].    

 

Figure 7.12: J–V characteristics of the fabricated OPVs using HTB-co-P3HT as donor material 

in different solvents.  

Table 7.4: Photovoltaic performance of HTB-co-P3HT as donor material.  

Donor material and solvent PCE  

(%) 

FF  

(%) 

JSC  

( mA.cm−2) 

VOC  

(V) 

HTB-co-P3HT chlorobenzene 0.48 27.84 7.93 0.35 

HTB-co-P3HT chloroform 0.30 26.08 5.00 0.23 

HTB-co-P3HT toluene 0.33 25.45 5.70 0.23 

7.4. Conclusion 

In this report, HTB and HTB-co-P3HT were successfully synthesized using Stille condensation 

reaction and chemical oxidation polymerization method, respectively. The structure of HTB was 

confirmed by NMR studies as the number of protons detected from the 1H-NMR through 

integration of the spectrum corresponds to the number of protons of the structure of HTB and only 

five signals appeared on the 13C-NMR spectrum of HTB due to the presence of structural 
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symmetry. FTIR was used to confirm the successful decoration of HTB by P3HT. It showed the 

new bands at 2926 and 2855 cm-1 because of the vibrations of C–H for hexyl groups from P3HT 

and also shift in wavenumber of the C=C vibration after polymerization took place. The UV-vis 

studies were performed in different solvents (chlorobenzene, toluene and chloroform) and narrow 

band gaps were achieved in toluene. CV investigations revealed that the LUMO energy level of 

HTB-co-P3HT are deeper in toluene than other solvents used to prepare thin films. This finding 

was due to the difference in the boiling point and polarity of the solvent. The EIS revealed that the 

diameter of the semi-circle is wider and higher impedance for HTB in all solvents than HTB-co-

P3HT. These indicate that HTB-co-P3HT is more conductive than HTB due to the presence of 

highly conductive P3HT especially in chlorobenzene. The highest PCE of 0.45% was achieved in 

chlorobenzene because of faster electron mobility confirmed by EIS studies. 
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Chapter 8 

Synthesis and Photovoltaics of Novel 2,3,4,5-

Tetrathienylthiophene-co-poly(3-hexylthiophene-2,5-diyl) 

Donor Polymer for Organic Photovoltaic cells 

Abstract 

This report focuses on the synthesis of novel 2,3,4,5-tetrathienylthiophene-co-poly(3-

hexylthiophene-2,5-diyl) (TTT-co-P3HT) as a donor material for organic photovoltaic cells 

(OPVs). The properties of the synthesized TTT-co-P3HT were compared with those of poly(3-

hexylthiophene-2,5-diyl (P3HT). The structure of TTT-co-P3HT was studied using nuclear 

magnetic resonance spectroscopy (NMR) and Fourier-transform infrared spectroscopy (FTIR). It 

was seen that TTT-co-P3HT possessed a broader electrochemical and optical band-gap as 

compared to P3HT. Cyclic voltammetry (CV) was used to determine lowest unoccupied molecular 

orbital (LUMO) and highest occupied molecular orbital (HOMO) energy gaps of TTT-co-P3HT 

and P3HT were found to be 2.19 and 1.97 eV, respectively. Photoluminescence revealed that TTT-

co-P3HT:PC71BM have insufficient electron/hole separation and charge transfer when compared 

to P3HT:PC71BM. All devices were fabricated outside a glovebox. Power conversion efficiency 

(PCE) of 1.15% was obtained for P3HT:PC71BM device and 0.14% was obtained for TTT-co-

P3HT:PC71BM device. Further studies were done on fabricated OPVs during this work using 

electrochemical methods. The studies revealed that the presence of poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) on the surface of indium tin oxide 

(ITO) causes a reduction in cyclic voltammogram oxidation/reduction peak current and increases 

the charge transfer resistance in comparison with a bare ITO. We also examined the 

ITO/PEDOT:PSS electrode coated with TTT-co-P3HT:PC71BM, TTT-co-P3HT:PC71BM/ZnO, 

P3HT:PC71BM and P3HT:PC71BM/ZnO. The study revealed that PEDOT:PSS does not 

completely block electrons from active layer to reach the ITO electrode. 
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8.1. Introduction 

Organic-based solar cells (OPVs) have attained considerable attention in the last decades and have 

been greatly studied because of their advantageous properties such as light weight, inexpensive, 

attractive colors and flexibility [1–4]. In comparison with traditional inorganic-based solar cell 

devices, OPVs have attracted research interest due to their constantly increasing power conversion 

efficiency (PCE) and solution processability [5]. The continuous improvement of OPVs is because 

of better understanding of the light conversion mechanism, development of novel materials and 

architectures of these devices [6–8]. To date, the OPVs with better performance are constructed 

on bulk heterojunction active layer using conjugated polymers as the electron donor materials and 

fullerenes as the electron acceptor materials [6,9,10]. The donor and acceptor material interface 

delivers a pathway for photo-generated charges, transportation and separation. Currently, the 

research in the OPVs field focuses on designing low energy band gap donor polymers with 

engineered electrochemical energy levels for better charge separation which lead to an increase in 

the performance of OPVs [11–13]. 

Organic donor materials play a crucial part on the overall performance of OPVs and can be easily 

modified chemically. Polythiophenes based polymers are mostly used as the electron donor 

materials for OPVs because of their properties such as thermally stable, environmentally friendly, 

easy to process and less expensive [14,15]. These polythiophenes based polymers are widely 

reported [14–17]. Katsumata et al. [16] reported OPVs with maximum PCE of 2.03% using 

poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7(2,1,3-

benzothiadiazole)] (PCPDTBT) as organic donor material. Kesters et al. [17] chemically modified 

PCPDTBT with 4,4-dialkyl-4H-cyclopenta[2,1-b;3,4-b′]dithiophene derivative with ester and 

alcohol moieties to achieve PCE of 2.02% and 1.82% respectively. Whereas the unmodified 

PCPDTBT possessed PCE of 2.15% [17]. The studies above showed that modification of organic 

donor materials has an effect on the PCE of OPVs. 

Poly(3-hexylthiophene-2,5-diyl (P3HT) is the most widely studied polythiophene-based material 

as organic donor for solar cells [18–22]. Studies revealed that P3HT properties such as 

optoelectronic properties and crystallinity and its OPVs performance can be altered by 

modification of its end groups [18–20]. Seibers et al. [21] reported P3HT functionalized with 
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porphyrin as an end group for use as OPVs donor material. Their findings revealed that porphyrin-

functionalized P3HT have similar crystallinity, improved absorption properties and better OPVs 

performance when compared to pristine P3HT. Lim et al. [22] investigated morphological changes 

and OPVs performance of their synthesized hydrophobic end-functionalized P3HT. Repulsive 

interactions between hydrophobic end-functionalized P3HT and hydrophilic PCBM provided 

large continuous interfacial area. As a result, improvement in OPVs performance was achieved 

because of sufficient electron/hole dissociation. Hydrophobic end-functionalized P3HT 

maintained the crystallinity of P3HT. Bromo end-functionalized P3HT has a wider optical band 

gap, different crystallinity and lower OPVs performance as compared to P3HT. Bromo bonded to 

thiophene acted as exciton quenching and charge trapping sites leading to lower OPVs 

performance [23]. Properties of P3HT are very sensitive to the presence of the end groups. 

In this work, we synthesized a novel TTT-co-P3HT donor material using oxidation 

polymerization. The performance of TTT-co-P3HT was compared with that of a commercial 

P3HT. From the conventional device fabricated during this study, the performance of P3HT based 

device was better than that of TTT-co-P3HT based device due to insufficient electron/hole 

separation and charge transfer of TTT-co-P3HT material. In both OPVs, PEDOT:PSS was used as 

an interlayer between ITO and active layer. The OPVs fabricated during this work were further 

investigated using electrochemical methods. 

8.2. Experimental Section 

8.2.1. Materials 

Chemicals and solvents used in this study were procured from commercial sources and used 

without any further purification. Silica gel 60 Å (230–400 mesh, Merck (Pty) Ltd., Johannesburg, 

South Africa) was used for purification. 

8.2.2. Synthesis of 2,3,4,5-Tetrathienylthiophene (TTT) 

In a 100 mL round bottom flask, 2,3,4,5-tetrabromothiophene (1.00 g, 2.5 mmol, 99.0%, Merck 

(Pty) Ltd.), 2-thienylboronoic acid (1.28 g, 10 mmol, ≥95.0%, Merck (Pty) Ltd.) and potassium 

carbonate (K2CO3, 2.76 g, 20 mmol, 99.5%, Merck (Pty) Ltd.) were stirred for 30 min in 40 mL 

degassed tetrahydrofuran (THF, 99.0%, Merck (Pty) Ltd.):water solution with a volume ratio of 
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4:1. In the solution above, palladium tetrakis(triphenylphosphine) (Pd(PPh3)4, 0.29 g, 0.20 mmol, 

99.0%, Merck (Pty) Ltd.) was added. The mixture was refluxed under nitrogen atmosphere for 24 

h at 110 °C before being cooled to room temperature. Afterwards, the resulting solution was poured 

in a separating funnel containing 50 mL of brine, followed by extraction 3 times with 

dichloromethane (DCM, 99.9%, Merck (Pty) Ltd.) and 3 times with diethyl ether (≥99.0%, Merck 

(Pty) Ltd.). The extracts were dried with magnesium sulphate (≥99.5%, Merck (Pty) Ltd.), filtered 

and rotary evaporator (Buchi AG, Flawil, Switzerland) was used to remove the solvent. Column 

chromatography was used to purify the residue with DCM and methanol (MeOH, 99.5%, Merck 

(Pty) Ltd.) as an eluent (DCM:MeOH = 3:1, v/v) resulting to a yellow solid (0.76 g) with a yield 

of 74%. 1H-NMR (CDCl3, Merck (Pty) Ltd., 400 MHz): δH 6.89–6.91 (dd, 2H), 6.93–6.96 (m, 

4H), 7.09–7.10 (dd, 2H), 7.19–7.21 (dd, 2H), 7.29–7.31 (dd, 2H); 13C-NMR (CDCl3, 400 MHz): 

δC 126.36, 126.42, 126.84, 126.95, 127.15, 129.40, 132.42, 133.33, 135.37, 135.67. 

8.2.3. Synthesis of TTT-co-P3HT 

In a typical chemical polymerization, TTT (0.12 g, 0.28 mmol) and 3-hexylthiophene (1.87 g, 

11.12 mmol, ≥99.0%, Merck (Pty) Ltd.) were added in 50 mL of chloroform (≥99.0%, Merck (Pty) 

Ltd.). The solution was stirred for 30 min and followed by addition of iron chloride (FeCl3, 1.8 g, 

11.12 mmol, ≥99.99%, Merck (Pty) Ltd.). The mixture was refluxed at 60 °C for 24 h under 

nitrogen atmosphere, then polymerization was terminated by addition of MeOH. After, the 

precipitates were collected by filtration and were washed with Soxhlet extractor (size large, 200 

mL extractor volume, Merck (Pty) Ltd.) using acetone (99.3%, Merck (Pty) Ltd.) and MeOH as 

solvents for 24 h with each. Finally, the product was extracted with DCM for another 24 h. The 

DCM solvent was removed to obtain a dark brown solid (0.36 g). 

8.2.4. Characterization Techniques 

The ultraviolet-visible (UV-Vis) spectra (Nicolet Evolution 100 from Thermo Electron 

Corporation, Altrincham, UK), photoluminescence spectra (NanoLog with FluorEssence™ V3 

Software from Horiba Jobin Yvon, Edison, NJ, USA), size exclusion chromatogram (Agilent 1260 

Infinity Series HPLC Instrument from Agilent Technologies, Waldbronn, Germany), nuclear 

magnetic resonance spectra (Bruker 400 MHz Avance III HD Nanobay Spectrometer, Karlsruhe, 

Germany) and attenuated total reflectance-FTIR spectra (Spectrum-100 FTIR Spectrometer from 
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PerkinElmer (Pty) Ltd., Midrand, South Africa) were recorded with the specified instruments. 

Device characteristics (current density–voltage) were measured with Keithley 2420 Source Meter 

(Keithley Instruments B.V., Gorinchem, Netherlands) using an illumination of AM 1.5G, 100 mW 

cm−2 supplied by a solar simulator (Sciencetech Inc., London, ON, Canada). 

CV and electrochemical impedance spectroscopy (EIS) of the thin films were measured in 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6, ≥99.0%, Merck (Pty) Ltd.) in acetonitrile 

(99.8%, Merck (Pty) Ltd.) as supporting electrolyte. Three electrode cell system consists of ITO 

(15–25 Ω/square resistance, Merck (Pty) Ltd.), platinum wire (Goodfellow Cambridge Ltd., 

Huntingdon, UK) and silver/silver chloride (Ag/AgCl, from BASi® in West Lafayette, IN, USA) 

as working electrode, counter electrode and reference electrode respectively were used. Ferrocene 

(98%, Merck (Pty) Ltd.) was used as a redox probe molecule. All the electrochemical 

measurements were conducted using a Bio-Logic VMP-300 (Bio-Logic SAS, Seyssinet-Pariset, 

France). The zview software (Scribner Associates Inc., Southern Pines, NC, USA) was used to fit 

EIS results. 

8.2.5. Fabrication of OPVs 

Devices fabrication and measurements were conducted in air. ITO (8 pixels, 20 Ω/square 

resistance, Ossila Ltd., Sheffield, UK) substrates were sonicated in 1% (by volume) hellmanex III 

(Merck (Pty) Ltd.) solution in hot water, followed by in acetone then 2-propylalcohol for 5 min 

with each. After every sonication step, the substrate was rinsed with water. PEDOT:PSS (0.5–1.0 

wt % in water, Merck (Pty) Ltd.) was sonicated for 3 h then filtered with 0.45 μm filter. It (30 μL 

PEDOT:PSS) was spun coated on ITO substrate for 30 s at 4000 rpm. The film was baked at 150 

°C for 5 min. Active layer was prepared by blending donor material polymer and PC71BM (mixture 

of isomers, 99%, Merck (Pty) Ltd.) with a total of 25 mg/mL in chlorobenzene (99.9%, Merck 

(Pty) Ltd.) as a solvent at 60 °C for overnight. The blend ratio of donor: acceptor used is 1:0.8. 

The solutions of 40 μL were spun at 2000 rpm for 30 s in air. The films were annealed for 5 min 

at 100 °C. ZnO solution (preparation method is given in supporting document attached in the 

Appendix) of 30 μL was spun coated at 4000 rpm for 30 s and was annealed at 100 °C for 30 min. 

Lastly, aluminum metal (Merck (Pty) Ltd.) was thermally evaporated at deposition pressure of 

about 10−5 mbar to complete the device. 
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These fabrication conditions were used to prepare thin films for characterization. The deposition 

of TTT-co-P3HT, TTT-co-P3HT:PC71BM (1:0.8), P3HT (99.995%, Merck (Pty) Ltd.) and 

P3HT:PC71BM (1:0.8) on ITO substrates with/without PEDOT:PSS were done outside glovebox. 

8.3. Results and Discussion 

As shown in Scheme 8.1 and Scheme 8.2, synthesis of TTT and TTT-co-P3HT were performed 

by using Suzuki coupling and oxidation polymerization reaction methods, respectively. Results of 

size exclusion chromatography are shown in Table 8.1 and the chromatogram of TTT-co-P3HT is 

shown in Figure A7 ( attached in the Appendix). The synthesized polymer, TT-co-P3HT, has a 

molecular weight Mn of 15,131 gmol−1 and a polydispersity index of 3.6. The chemical structure 

of TTT and TTT-co-P3HT were confirmed by NMR. The 1H-NMR of TTT in Figure 8.1A reveals 

no presence of –OH protons from 2-thienylboronoic acid confirming successful synthesis. The 

spectrum was designed at a chemical shift range between 6.74 and 7.38 ppm as an insertion 

in Figure 8.1A. Number of protons obtained by integrating the signals corresponds to the number 

of protons from the chemical structure of TTT. Figure 8.1B shows the 13C-NMR spectra of TTT 

and due to structural symmetry, only 10 signals were observed. For TTT-co-P3HT, only 1H-NMR 

analysis was performed (Figure 8.1C) and compared with the 1H-NMR spectrum of  P3HT (Figure 

8.1D). The 1H-NMR spectrum of TTT-co-P3HT showed a new signal at 6.75 ppm which is absent 

on the 1H-NMR spectrum of P3HT. This signal is due to the present of β-hydrogens from TTT. 

The signals from 1H-NMR spectrum of TTT-co-P3HT are broader than those of P3HT. This is due 

to different P3HT chain lengths attached to TTT. 

Scheme 8.1: Synthetic route of 2,3,4,5-tetrathienylthiophene. i) 10% Pd(PPh3)4, K2CO3, 

THF/water (4:1), 110 ℃, 24 h. 
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Scheme 8.2: Synthetic of TTT-co-P3HT. i) FeCl3, 60 oC, 24 h. 

Table 8.1: Size exclusion chromatography analysis of TTT-co-P3HT. 

Polymer 
Mn 

(gmol-1) 

Mw 

(gmol-1) 

Mp 

(gmol-1) 

Mz 

(gmol-1) 
Polydispersity index Mz/Mw 

TTT-co-P3HT 15131 54421 38613 157867 3.60 2.90 
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Figure 8.1: (A) 1H-NMR of TTT in CDCl3 and the insertion is 1H-NMR of TTT. 
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Figure 8.1: (C) 1H-NMR of TTT-co-P3HT and (D) 1H-NMR of P3HT in CDCl3. 

FTIR spectra of TTT, TTT-co-P3HT and P3HT were recorded from 4000 cm−1 to 400 cm−1. The 

spectra are shown in Figure 8.2. Unique vibrational bands can be observed at the wavenumber of 

696 cm−1, the range from 2934 to 2844 cm−1 and 3085 cm−1 on the spectrum of TTT. The 

vibrational band at 696 cm−1 is due to the aromatic C–H out of phase bending vibrations of 

thiophene [24–26], while the vibrational bands in the range from 2934 to 2844 cm−1 are due to the 

β-position C–H of the thiophene. The presence of the α-position C–H is confirmed by the 

vibrational band at the wavenumber of 3085 cm−1 [26,27]. In comparison with the spectra of P3HT 

and TTT-co-P3HT, the vibrational bands in the range from 2934 to 2844 cm−1 increases in 

intensity due to the presence of the hexyl group. The vibrational bands at 696 cm−1 and 3085 

cm−1 disappears due to the occurrence of polymerization. 
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Figure 8.2: FTIR of P3HT, TTT-co-P3HT, and TTT. 

8.3.1. Optical and Electrochemical Characterization 

UV-Vis spectra of TTT-co-P3HT and P3HT materials are presented in Figure 8.3A and were 

obtained in chlorobenzene solvent and as thin films. The data obtained from Figure 8.3A is 

given in Table 8.2. As thin films, TTT-co-P3HT and P3HT materials have maximum 

absorption at a longer wavelength as compared to the spectra obtained in chlorobenzene. This 

is an indication that intermolecular π–π stacking is stronger in thin films. In both 

chlorobenzene and thin films, TTT-co-P3HT showed maximum absorbance at shorter 

wavelengths. This shows that TTT disturbs the interchain delocalization of π-electrons of 

P3HT after functionalization [23]. The onset absorption wavelengths determined on Figure 

A11 were used to estimate the optical band-gaps of TTT-co-P3HT and P3HT. The optical 

band gaps for TTT-co-P3HT were determined to be 2.32 eV and 1.98 eV in chlorobenzene 

and thin film, respectively. As for P3HT, they were determined to be 2.21 eV in chlorobenzene 

and 1.91 eV in thin film. TTT-co-P3HT material has broader band gaps indicating that lower 

number of photons are absorbed. Therefore, decreased numbers of electron/hole pairs are 

generated and TTT-co-P3HT OPVs is expected to have a decreased short circuit current-

density (JSC). 

CV was used to investigate electrochemical response of TTT-co-P3HT and P3HT donor 

polymers and the voltammograms are shown in Figure 8.3B. Table 8.2 displays the results of 
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HOMO and LUMO energy levels obtained from Figure 8.3B. These energy level offsets of 

the donor and acceptor materials are important factors in understanding the electron/hole pair 

separation dynamics. HOMO offset becomes of importance when the acceptor material 

absorbs light significantly [28,29]. In this work, we focus only on the LUMO offset. The 

LUMO offsets between donor and acceptor are determined from Figure 8.3C to be 0.96 eV 

for TTT-co-P3HT:PC71BM and 0.97 eV for P3HT:PC71BM. The values obtained for LUMO 

offsets are more than 3 times higher than the commonly known empirical threshold of 0.3 eV 

[30]. Gadisa et al. [31] studied the relationship between onset oxidation potentials of 

polythiophene derivatives and open circuit voltage (VOC). Their studies revealed that VOC 

decreases as onset oxidation potential increases. Gao et al. [32] reported donor and acceptor 

materials with LUMO offset less than threshold. They achieved low energy loss and high Voc. 

Therefore, TTT-co-P3HT:PC71BM and P3HT:PC71BM have high energy loss and this will 

have an impact on the VOC. 
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Figure 8.3: (A) Absorption spectra, (B) CV and (C) energy levels diagram of P3HT and TTT-co-

P3HT. 

Table 8.2: Optical and Electrochemical responses of TTT-co-P3HT and P3HT. 

Polymer 
aλ (nm) cEg

optical 

(eV) 

bλ (nm) cEg
optical 

(eV) 

dEHOMO 

(eV) 

dELLUMO 

(eV) 

eEg
CV 

(eV) max onset max onset 

TTT-co-P3HT 386 534 2.32 492 626 1.98 −5.09 −2.90 2.19 

P3HT 458 561 2.21 516 650 1.91 −4.90 −2.93 1.97 

aIn chlorobenzene solution. bIn thin film.  cEg
opt = 1240/λonset eV in the thin film. dObtained with CV method, 

ELUMO= −[(Ereduction-onset−EFerrocene)+4.8) eV and EHOMO= −[(Eoxidation-onset−EFerrocene)+4.8). eEg
CV was estimated 

using the equation: Eg
CV= ELUMO-EHOMO. 

Photoluminescence spectroscopy has been widely used to study electron/hole pair separation 

at the interface of donor and acceptor materials using the quenching effect 

[33,34,35,36]. Figure 8.4 depicts the photoluminescence results of (A) TTT-co-P3HT and 

TTT-co-P3HT:PC71BM and (B) P3HT and P3HT:PC71BM obtained using chlorobenzene as 

a solvent. Photoluminescence quenching was observed in both TTT-co-P3HT:PC71BM and 

P3HT:PC71BM blends. This quenching can be attributed to charge transfer and electron/hole 
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pair separation efficiency which corroborates other results in literature [34]. To determine the 

quenching degree of TTT-co-P3HT:PC71BM and TTT-co-P3HT:PC71BM, Equation 8.1 was 

used: 

q(%) =
Idonor−Idonor:acceptor

Idonor
× 100………………………….. 8.1 

This equation was employed to calculate photoluminescence quenching parameter q, where 

Idonor is the intensity of donor material and Idonor:acceptor is the intensity of donor:acceptor blend 

[33]. From Equation 8.1, for an outstanding degree of electron/hole pair separation and charge 

transfer without any recombination taking place, Idonor:acceptor must be equal to zero resulting 

to q equal to 100%. John et al. [35] achieved q of 97.29% and 96.6% indicating excellent 

electron/hole separation and charge transfer for their blends. The quenching parameter q was 

found to be 36% in TTT-co-P3HT:PC71BM and 58% in P3HT:PC71BM. This reveals that 

some of the created electron/hole pair recombine in TTT-co-P3HT and P3HT [36]. When 

comparing two blends, the results show that electron/hole pair separation and charge transfer 

is sufficient in P3HT:PC71BM than in TTT-co-P3HT:PC71BM. 

 

Figure 8.4: Photoluminescence spectra of (A) TTT-co-P3HT and TTT-co-P3HT:PC71BM and 

(B) P3HT and P3HT:PC71BM. 

8.3.2. Photovoltaic Properties 

OPVs were fabricated during this study with conventional configuration as follows: 
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ITO/PEDOT:PSS/P3HT:PC71BM/ZnO/Al. Figure 8.5 depicts the current-density (J) versus 

voltage (V) plots of (A) P3HT:PC71BM and (B) TTT-co-P3HT:PC71BM as active layers. The solar 

cell parameters obtained for the devices are recorded in Table 8.3. The organic bulk heterojunction 

solar cell containing TTT-co-P3HT produced smallest JSC (1.27 mA/cm2), VOC (0.41 V), fill factor, 

FF (26.78%) and PCE (0.14%) in comparison with the device containing P3HT which produced 

the largest JSC (7.91 mA/cm2), VOC (0.46 V), FF (31.64%) and PCE (1.15%). The improved 

performance of the device fabricated using P3HT was ascribed to sufficient electron/hole pair 

separation confirmed by photoluminescence and lower band-gap in comparison with TTT-co-

P3HT. Low Jsc and VOC in TTT-co-P3HT based OPV is attributed to the disruption of the ordered 

lamellar stacking of P3HT by modification with TTT. This disruption results to a decrease in 

absorption and low hole mobility in TTT-co-P3HT [37,38]. P3HT and TTT-co-P3HT based OPVs 

were fabricated in air. Therefore, oxygen permeation does occur and will oxidize low work 

function aluminum electrode. Oxidized aluminum electrode will form a charge transport barrier. 

This induces S-shaped I–V curve and reduces the performance of the OPVs [39]. Additionally, 

penetrative oxygen in the active layer lead to different photo-oxidation reactions of an acceptor 

and donor materials [40,41]. Changes in the structures of an acceptor and donor materials will 

change their charge carrier mobilities, energy levels and photon absorption properties. The oxygen 

doping in the active layer will increase the concentration of holes, which results in an increase in 

trapping of electrons and a decrease in VOC and FF [42,43]. 

 

Figure 8.5: J−V plots of (A) P3HT:PC71BM and (B) TTT-co-P3HT:PC71BM devices. 
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Table 8.3: Response of the TTT-co-P3HT:PC71BM and P3HT:PC71BM devices. 

Active layer 
JSC 

(mA/cm2) 

VOC 

(V) 

FF 

(%) 

PCE 

(%) 

TTT-co-P3HT:PC71BM 1.27 0.41 26.78 0.14 

P3HT:PC71BM 7.91 0.46 31.64 1.15 

 

8.3.3. Characterization of OPVs with Electrochemical Methods 

In order to further investigate the OPVs fabricated during this work, electrochemical techniques 

were used. ITO coated substrate was used as working electrode during electrochemical studies. 

The layers on the ITO substrates were prepared using OPVs fabrication conditions. 

Electrochemical techniques such as CV and EIS can be used to quantitatively study the electron-

blocking ability of PEDOT:PSS interlayer. Parameters such as peak separation and peak current 

are very useful in evaluating electron-blocking properties because these parameters depend 

strongly on the amount of electroactive species from the electrolyte that are exposed to 

electroactive sites of the working electrode. Figure 8.6 depicts CV and Nyquist plots of ITO 

without/with PEDOT:PSS layer in 1 mM ferrocene prepared using 0.1 M TBAPF6 in acetonitrile. 

CV (Figure 8.6A) obtained in the presence of PEDOT:PSS layer show a decrease in the 

oxidation/reduction peak currents and an increase in peak separations. The peak currents for a bare 

ITO is 0.27 mA for cathodic peak (Ipc) and for anodic peak (Ipa) is −0.18 mA, while for 

ITO/PEDOT:PSS are Ipc is 0.17 mA and Ipa is −0.07 mA. The extent to which the peak currents 

decreased after coating PEDOT:PSS onto the ITO substrate were estimated using Equation 8.2: 

Idecreased =
Iwithout−Iwith

Iwithout
 ………………………… 8.2 

where Idecreased is the amount of current decreased, Iwithout is the peak current of bare ITO and Iwith is 

the peak current of ITO/PEDOT:PSS [44]. The values of Idecreased was found to be 0.54 for cathodic 

peaks and 0.82 for anodic peaks. The peak separation for bare ITO was determined to be 0.42 V 

and for ITO/PEDOT:PSS was determined to be 1.17 V. The decrease in peak currents and an 

increase in peak separation for ITO/PEDOT:PSS suggest a decrease in the ITO electrode activity. 

These observations indicate that the PEDOT:PSS interlayer does not completely block 

electroactive species from ferrocene to reach ITO surface since the value of Idecreased is not equal to 

1. Therefore, PEDOT:PSS interlayer does not completely block electrons when is used as hole 

transport interlayer in OPVs and this might also be due to the presence of pinholes. 
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EIS is an important instrument that can be used to research charge transfer processes at the 

interlayer [45–47] and evaluate the surface coverage at the electrode active area [44,48]. Figure 

8.6B shows the Nyquist plots of bare ITO and ITO/PEDOT:PSS with the equivalent circuit as an 

inset. In the circuit, Rs is an Ohmic resistance, Rct is a resistance of charge transfer processes taking 

place at the interface and constant phase element (CPE) proposes a non-ideal behavior of the 

capacitor. CPE is well-defined by two adjustable values (CPE-T and CPE-P) and is mostly used 

as a capacitor-like element to compensate interfacial inhomogeneity (surface states or defects). In 

the case where CPE-P is equal to 1, then CPE and ideal capacitor are identical without defects 

[47,49,50]. The plots were fitted with z-view software and the results of parameters obtained are 

recorded in Table 8.4. The value of Rct for bare ITO was found to be 655.10 Ω and for 

ITO/PEDOT:PSS was found to be 2935.00 Ω. These results reveal that PEDOT:PSS block the 

diffusion of electroactive species from ferrocene containing supporting electrolyte to the ITO 

surface. The electrode surface coverage (θ) can be estimated from Rct of bare ITO and 

ITO/PEDOT:PSS using Equation 8.3: 

𝜃 = 1 −
𝑅𝑐𝑡

𝑏𝑎𝑟𝑒 𝐼𝑇𝑂

𝑅𝑐𝑡
𝐼𝑇𝑂 𝑃𝐸𝐷𝑂𝑇:𝑃𝑆𝑆⁄  ………………………. 8.3 

where Rct
bare ITO and Rct

ITO/PEDOT:PSS are charge transfer resistances measured at bare ITO and 

ITO/PEDOT:PSS, respectively [48]. If the surface is completely covered, the value 

Rct
ITO/PEDOT:PSS must be too big in such a way that θ will close to 1 [44]. From the Rct values attained 

by fitting the Nyquist plots, a value of θ = 0.78 was determined. Therefore, this indicates the 

presence of pinholes. 
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Figure 8.6: (A) CV (measured at 100 mVs-1 scan rate) and (B) Nyquist plots of 1 mM ferrocene 

obtained using bare ITO and ITO/PEDOT:PSS as working electrodes in 0.1 M 

TBAPF6/acetonitrile solution. The Nyquist plots were attained at bias potential of 0.45 V vs 

Ag/Ag+. The equivalent circuit used for impedance data fitting is shown as an inset on B. 

Table 8.4: Results obtained from fitting electrochemical impedance data of bare ITO and 

ITO/PEDOT:PSS. 

 Rs (Ω) Rct (Ω) CPE-T (μF) CPE-P (n) 

ITO 75.57 ± 0.06 655.10 ± 4.05 19.33 ± 0.51 0.82 ± 0.01 

ITO/PEDOT:PSS 85.31 ± 2.15 2935.00 ± 39.65 18.53 ±0.68 0.82 ± 0.01 

Figure 8.7 depicts CV of active layers (TTT-co-P3HT:PC71BM and P3HT:PC71BM) and active 

layers/ZnO coated onto a bare ITO and ITO/PEDOT:PSS electrodes. The results show that the 

presence of PEDOT:PSS cause a decrease in the peak currents. Cathodic and anodic peak currents 

are used to study the degree at which the peak current decreased using Equation 8.2. The results 

obtained are shown in Table 8.5. The extent at which the cathodic peak current is reduced because 

of PEDOT:PSS interlayer presence is 0.29 for TTT-co-P3HT:PC71BM, 0.25 for TTT-co-

P3HT:PC71BM/ZnO, 0.29 for P3HT:PC71BM and 0.52 for P3HT:PC71BM/ZnO. While amount at 

which an anodic peak current decreased was determined to be 0.32 for TTT-co-P3HT:PC71BM, 

0.25 for TTT-co-P3HT:PC71BM/ZnO, 0.22 for P3HT:PC71BM and 0.48 for P3HT:PC71BM/ZnO. 

According to Equation 8.2, if an interlayer does completely block electroactive species from 

reaching the surface of the electrode, the value of Idecreased must be equal to 1. These obtained values 

are low not only because of poor electron blocking properties of PEDOT:PSS, but due to the 

presence of pinholes on the PEDOT:PSS interlayer which allow active layer to be in direct contact 

with ITO electrode. 
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Figure 8.7: CV of (A) TTT-co-P3HT:PC71BM, (B) TTT-co-P3HT:PC71BM/ZnO, (C) 

P3HT:PC71BM and (D) P3HT:PC71BM/ZnO thin films coated on ITO substrate with/without 

PEDOT:PSS interlayer at 100 mVs-1 in 0.1 M TBAPF6/acetonitrile solution. 

Table 8.5: Cathodic and anodic peak currents obtained from CV used to study the effect of 

PEDOT:PSS interlayer. 

 
aIpa (without) 

mA 

bIpc (without) 

mA 

cIpa (with)  

mA 

dIpc (with)  

mA 

eIdecreased (pa) 

mA 

fIdecreased (pc) 

mA 

TTT-co-P3HT:PC71BM 0.28 -0.17 0.19 -0.12 0.32 0.29 

TTT-co-

P3HT:PC71BM/ZnO 
0.20 -0.12 0.15 -0.09 0.25 0.25 

P3HT:PC71BM 0.27 -0.21 0.21 -0.15 0.22 0.29 

P3HT:PC71BM/ZnO 0.29 -0.23 0.15 -0.11 0.48 0.52 

aIpa (without) is an anodic peak current obtained without PEDOT:PSS interlayer, bIpc (without) is cathodic peak current obtained 

without PEDOT:PSS interlayer, cIpa (with) is an anodic peak current obtained with PEDOT:PSS interlayer, dIpc (without) is cathodic 

peak current obtained with PEDOT:PSS interlayer, eIdecreased (pa) is the extent at which anodic peak current decreased and 
fIdecreased (pc) is an extent at which cathodic peak current decreased. 
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8.4. Conclusion 

In summary, we have successfully synthesized TTT-co-P3HT using chemical oxidation 

polymerization for use as the donor material in OPVs. The properties of TTT-co-P3HT were 

compared with those of pristine P3HT. The optical band gaps of TTT-co-P3HT and P3HT in 

chlorobenzene were found to be 2.32 eV and 2.21 eV respectively. The LUMO offsets of 

active layers TTT-co-P3HT:PC71BM and P3HT:PC71BM were determined to be 0.96 eV and 

0.97 eV, respectively. The TTT-co-P3HT:PC71BM active layer has insufficient electron/hole 

pair separation and charge transfer at the interface, which was confirmed by 

photoluminescence quenching studies. The OPVs device of P3HT:PC71BM exhibited a better 

performance with an efficiency of 1.15%, while TTT-co-P3HT:PC71BM exhibited an 

efficiency of 0.14%. Poor performance of TTT-co-P3HT in OPV is because of its low hole 

mobility and decreased photon absorbance due to the disturbance in ordered lamellar stacking 

of P3HT after functionalization. To further understand the deviation in TTT-co-

P3HT:PC71BM and P3HT:PC71BM devices performance, we studied the layers of OPVs 

fabricated during this work using electrochemical methods. The study revealed that 

PEDOT:PSS interlayer does not completely block electrons from active layer to the ITO 

substrate. From cyclic voltammetry results, the diffusion of electrons to the ITO substrate was 

observed by a decrease in the current of the peaks. Therefore, this study gives an opportunity 

to further optimize OPVs using cheap and reliable electrochemical methods and also shows 

the importance of using electrochemical methods in study the interlayers behavior for OPVs 

use. 
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Chapter 9 

9.1. Conclusion 

We have successfully synthesized PPI-Th-co-P3HT, PPI-Py-co-P3HT, HTB-co-P3HT and TTT-

co-P3HT copolymers using chemical oxidation polymerization synthetic method, while PPI-Sal-

co-P3HT was synthesized using Grignard reaction method. They were all characterized using 

different characterization techniques and for each co-polymer a study has been performed. Due to 

the difference in studies performed for each co-polymer, the findings are discussed below:   

➢ PPI-Th-co-P3HT was synthesized using different molar ratios of PPI-Th and 3HT. The 

molar ratios used are 1:40, 1:60 and 1:80 for PPI-Th and 3HT, respectively. This study 

revealed that there is no specific trend on the optical, thermal and electrochemical 

properties as the molar ratios change. The PPI-Th-co-P3HT synthesized using molar ratios 

of 1:40 and 1:80 were found to have a narrow optical band gap and most thermally stable, 

respectively. This is the indication that as the molar ratio changes, PPI-Th-co-P3HT with 

different molecular weight were synthesized. For TEM image, it was revealed that as the 

molar ratios increases, the particle size of PPI-Th-co-P3HT decreases. This was attributed 

to the fact that at higher concentration of 3HT, the rate of reaction is faster leading to 

smaller particle size. CV was used to determine the energy levels of PPI-Th-co-P3HT 

synthesized using molar ratios and they were compared to those of PC61BM. The LUMO 

offset (ΔELUMO) of molar ratios of 1:40, 1:60 and 1:80 were determined to be 0.52, 0.62 

and 0.58 eV, respectively. This is an indication that sufficient electron can occur between 

the PPI-Th-co-P3HT synthesized using 1:40 molar ratio and PC61BM as compared to other 

co-polymers. This was confirmed by Nyquist plot which gave a smallest semi-circle and 

bode plot that gave the smallest value of impedance for PPI-Th-co-P3HT synthesized 

using 1:40 molar ratio and its composite with PC61BM. Maximum PCE of 0.034% was 

achieved for PPI-Th-co-P3HT synthesized using molar ratio of 1:40. This performance 

was attributed to its narrow bandgap determined from UV-Vis, sufficient electron-hole 

separation at the PPI-Th-co-P3HT (1:40):PC61BM interface observed by 
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photoluminescence quenching and high conductivity observed from Nyquist and bode 

plots.  

➢ PPI-Py-co-P3HT was synthesized using different reaction times (24, 48 and 72 h). Their 

1H-NMR showed that the signals of all synthesized PPI-Py-co-P3HT are broad and this is 

due to the different chain lengths of P3HT attached to PPI-Py. It was revealed that as the 

reaction time increases, the FTIR vibration bands of PPI-Py-co-P3HT also intensify when 

comparing 24, 48 and 72 h. This is due to the resulting difference in the chain length of 

the P3HT branches as the reaction time increases. The optical studies showed that PPI-Py-

co-P3HT synthesized for 24, 48 and 72 h have the maximum absorption at 419, 412 and 

417 nm, respectively. While TGA showed that they decompose at different temperature 

range. These findings from optical and TGA studies reveals that there is no trend between 

them and reaction time. CV studies revealed that as the reaction time increases, the onset 

oxidation potential increases resulting in deepening of the HOMO energy levels. EIS 

revealed successful electron transfer between PPI-Py-co-P3HT and PC71BM by showing 

smaller semi-circle diameter and low value of impedance. Photoluminescence studies 

revealed that about 92.42, 89,82 and 90.02% photoluminescence intensities of PPI-Py-co-

P3HT synthesized for 24, 48 and 72 h, respectively. This indicates successful electron-

hole separation at the interface of PPI-Th-co-P3HT:PC71BM. PCE of 0.073, 6.14×10-3 and 

0.026% were achieved when PPI-Py-co-P3HT synthesized for 24, 48 and 72 h, 

respectively. 

➢ Effect of P3HT on the surface of PPI-Sal was investigated by comparing the response of 

PPI-Sal and PPI-Sal-co-P3HT from different characterization techniques. Their structures 

were confirmed by NMR and FTIR. After decoration PPI-Sal with P3HT, the maximum 

absorption peak showed a red shift from 328 nm to 415 nm due to the conjugation of the 

P3HT chain. CV was used to determine the HOMO and LUMO energy levels of PPI-Sal-

co-P3HT which were compared to those of PC71BM. The findings revealed that the 

ΔELUMO of PPI-Sal-co-P3HT and PC71BM is 0.72eV and is more than twice higher than 

the empirical value of 0.3eV. Therefore, high energy loss and high recombination will take 

place at the interface of PPI-Sal-co-P3HT and PC71BM. The  values for PPI-Sal and PPI-

Sal-co-P3HT were estimated from bode plot to be 0.59 and 1.00 ms, respectively. The 

higher value for PPI-Sal-co-P3HT indicates the suppression the electron-hole 
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recombination. Photoluminescence studies revealed that P3HT on the surface of PPI-Sal 

increases Stokes shift. OPVs of PPI-Sal-co-P3HT were fabricated and the photovoltaic 

parameters were measured. Maximum performing OPV device gave PCE of 0.21%, JSC of 

1.74 mA.cm-2, FF of 39.34% and VOC of 0.31 V.  

➢ Before the effect of solvent on the properties of HTB-co-P3HT were studied, HTB and 

HTB-co-P3HT were synthesized by Stille condensation and oxidation polymerization 

methods, respectively. NMR and FTIR were used to confirm their structural properties. 

FTIR confirmed successful synthesis of HTB-co-P3HT by showing new vibration bands 

at 2926 and 2855 cm-1 appearing due to the vibration of C–H of the P3HT hexyl group. 

The TGA studies revealed that the decomposition of HTB-co-P3HT occurs in two stages. 

The first stage was assigned to the decomposition of HTB-co-P3HT with smaller 

molecular weight and the second stage was assigned to HTB-co-P3HT with higher 

molecular weight. The effect of solvent on the optical and electrochemical properties of 

HTB-co-P3HT were studied using chlorobenzene, toluene and chloroform. It was found 

that narrow optical band gap was achieved in toluene. After performing EIS studies, it was 

found that the thin film prepared using chlorobenzene have smaller semi-circle and lower 

impedance than others prepared in toluene and chloroform. This is due to high boiling 

point of chlorobenzene which granted more time for HTB-co-P3HT to arrange in more 

crystalline structure. In chlorobenzene, toluene and chloroform, about 89.97, 80.92 and 

93.23% of HTB-co-P3HT photoluminescence intensity is quenched after blending with 

PC71BM, respectively. This indicates transfer of electrons from HTB-co-P3HT to 

PC71BM. OPVs of HTB-co-P3HT as a donor material were fabricated using 

chlorobenzene, chloroform and toluene to prepare active layer. PCE of 0.48% was achieve 

from a device prepared using chlorobenzene, while 0.30 and 0.33% were achieved in 

chloroform and toluene, respectively. High PCE achieved in chlorobenzene is due to high 

conductivity of the thin film formed which is confirmed by EIS studies. 

➢ After synthesis of TTT-co-P3HT, its properties were compared to those of P3HT. It was 

revealed that P3HT has optical band gaps of 2.21 and 1.91 eV, while TTT-co-P3HT has 

the optical band gaps of 2.32 and 1.98 eV in chlorobenzene and thin films, respectively. 

The LUMO energy level of TTT-co-P3HT are higher than those of P3HT and the HOMO 

energy levels are deeper than those of P3HT. This indicates that there is high energy loss 
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in TTT-co-P3HT than in P3HT containing organic solar cell devices. This was also 

confirmed by PL the photoluminescence studies based on quenching parameter (q) which 

was estimated to be 58% in P3HT:PC71BM and 36% in TTT-co-P3HT:PC71BM. This 

explains why the TTT-co-P3HT has lower Voc value than P3HT. The solar cell efficiency 

of the TTT-co-P3HT and P3HT device were determined to be 0.14 and 1.15%, 

respectively. The reason for this low efficiency was due to the fact that the devices were 

fabricated in air. So, oxygen will oxidize the aluminium electrode which will result to the 

electron transport barrier affecting the shape of the I–V curve and the performance of the 

device. The oxygen can also penetrate through the active layer leading to the electrons 

trapping which will result to lower FF and Voc.  We also showed how electrochemical 

methods can be used in the research field of solar cells. It was revealed that PEDOT:PSS 

do not completely block electrons. This was attributed to the presence of pinholes 

generated during spin coating and very thin layer of PEDOT:PSS formed. 

9.2. Recommendations 

These materials synthesized in this work have some disadvantages such as wide optical band gaps 

and their devices suffer from low efficiency. There are some recommendations that can be used to 

improve their disadvantages and they are as follows:  

➢ Materials synthesized in this study such as PPI-Th-co-P3HT, PPI-Sal-co-P3HT and 

PPI-Py-co-P3HT have functional group such as C=N and OH that can bind to the 

metallic elements. These allows them to have their complexes using variety of metals 

which can improve their light absorption properties. 

➢ Materials such as HTB-co-P3HT and TTT-co-P3HT have no functional groups that 

can be used to form their complexes. Therefore, metallic elements can be introduced 

into the active layer by blending so that they can improve the absorption properties via 

surface plasmon effect. 

➢ There is also an option of using acceptor materials with very good absorption 

properties together with any donor material synthesized in this study to improve light 

absorption properties and the device performance.  
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➢ The OPVs in this study were fabricated in air. This is another factor that contribute to 

low performance of OPVs fabricated in this study. Therefore, fabricating these devices 

can results to improved photovoltaic parameters.  
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Appendix 

 

Figure A1: Mass spectrum of PPI-Th. 
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Figure A2: J–V characteristics of the fabricated OPVs using PPI-Th-co-P3HT synthesized using 

molar ratio of A) 1:40, B) 1:60 and C) 1:80 as donor materials.  

Table A1: Photovoltaic performance of PPI-Th-co-P3HT synthesized using molar ratio of 1:40 as 

donor material. 

Device PCE  

( %) 

FF  

(%) 

JSC 

(mA.cm−2) 

VOC  

(V) 

1 0.027 29.34 1.34 0.027 

2 0.014 29.18 1.28 0.014 

3 0.017 29.35 1.23 0.017 

4 0.034 31.24 1.26 0.085 

Table A2: Photovoltaic performance of PPI-Th-co-P3HT synthesized using molar ratio of 1:60 as 

donor material. 

Device PCE  

( ×10-3 %) 

FF  

(%) 

JSC 

(mA.cm−2) 

VOC  

(×10-2 V) 

1 1.60 6.45 1.26 1.94 

2 0.95 6.86 1.17 1.18 

3 0.92 6.65 1.18 1.16 

4 0.92 8.67 1.09 0.98 

5 0.90 10.06 1.10 0.81 

6 0.92 9.45 1.10 0.89 
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Table A3: Photovoltaic performance of PPI-Th-co-P3HT synthesized using molar ratio of 1:80 as 

donor material. 

Device PCE  

(×10-3 %) 

FF  

(%) 

JSC 

(mA.cm−2) 

VOC  

(×10-2 V) 

1 1.24 6.09 1.17 1.74 

2 1.12 6.88 1.22 1.33 

3 1.14 13.87 1.20 0.68 

4 1.03 5.10 1.20 1.68 

5 1.09 5.77 1.20 1.57 

6 1.06 10.32 1.14 0.89 

7 13.41 27.68 1.18 4.10 

 

 

Figure A3: Mass spectrum of PPI-Py. 
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Figure A4: J–V characteristics of the fabricated OPVs using PPI-Py-co-P3HT synthesized for 

(A) 24h, (B) 48h and (C) 72h as donor materials.  

 

Table A4: Photovoltaic performance of PPI-Py-co-P3HT synthesized for 24h as donor material. 

Device PCE  

(×10-4 %) 

FF  

(%) 

JSC 

(×10-2 mA.cm−2) 

VOC  

(×10-5 V) 

1 2.99 67.22 4.95 9.00 

2 2.96 60.07 5.51 9.00 

3 2.88 69.21 4.86 8.60 

4 2.76 69.43 4.65 8.60 

5 2.95 83.25 4.46 8.00 

Table A5: Photovoltaic performance of PPI-Py-co-P3HT synthesized for 48h as donor material. 

Device PCE  

(×10-4 %) 

FF  

(%) 

JSC  

(×10-2 mA.cm−2) 

VOC  

(×10-5 V) 

1 0.40 17.27 0.32 0.72 

2 0.36 33.32 0.16 0.64 

3 0.32 18.54 0.27 0.65 

4 0.34 13.97 0.33 0.73 

5 0.31 26.02 0.17 0.67 

6 0.32 58.67 0.15 0.38 

7 2.95 79.86 2.65 13.93 
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Table A6: Photovoltaic performance of PPI-Py-co-P3HT synthesized for 72h as donor material. 

Device PCE  

(×10-4 %) 

FF  

(%) 

JSC 

 (×10-2 mA.cm−2) 

VOC 

(×10-5 V) 

1 3.50 76.47 4.94 9.30 

2 3.51 59.65 5.86 10.10 

3 3.32 50.08 6.16 10.80 

4 3.38 60.23 5.60 10.00 

5 3.46 47.22 6.67 11.00 

6 3.15 44.49 6.34 11.20 

7 3.36 56.75 5.75 10.30 

8 3.18 63.20 5.31 9.50 

 

 

 

Figure A5: Mass spectrum of PPI-Sal. 
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Figure A6: J–V characteristics of the fabricated OPVs using PPI-Sal-co-P3HT as donor 

materials.  

Table A7: Photovoltaic performance of PPI-Sal-co-P3HT as a donor material. 

Device PCE  

( %) 

FF  

(%) 

JSC 

(mA.cm−2) 

VOC  

(V) 

1 0.12 35.81 1.76 0.19 

2 0.17 39.67 1.78 0.24 

3 0.08 33.34 1.69 0.14 

4 0.07 32.24 1.70 0.12 

5 0.21 39.34 1.74 0.31 

6 0.13 36.27 1.70 0.21 

7 0.12 35.68 1.71 0.20 

8 0.06 31.42 1.66 0.12 

9 0.11 34.50 1.73 0.18 

10 0.16 36.70 1.72 0.25 

 

 

Figure A7: Size-exclusion chromatogram of PTTT-co-P3HT. 
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Figure A8: UV-Vis spectra of HTB in different solvents showing how onset wavelength was 

determined.  

300 400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
a

li
z
e

d
 a

b
s

o
rb

a
n

c
e

Wavelength (nm)

 HTB chlorobenzene

Onset wavelength

A

300 400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
a

li
z
e

d
 a

b
s

o
rb

a
n

c
e

Wavelength (nm)

 HTB toluene

Onset wavelength

B

300 400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
a

li
z
e

d
 a

b
s

o
rb

a
n

c
e

Wavelength (nm)

 HTB chloroform

Onset wavelength

C

http://etd.uwc.ac.za/ 
 



216 
 

 

Figure A9: UV-Vis spectra of HTB-co-P3HT in different solvents showing how onset 

wavelength was determined.  
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Figure A10: UV-Vis spectra of HTB-co-P3HT films prepared in different solvents showing how 

onset wavelength was determined.  

300 400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
a

li
z
e

d
 a

b
s

o
rb

a
n

c
e

Wavelength (nm)

 HTB-co-P3HT chlorobenzene film

 

Onset wavelength

A

300 400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
a

li
z
e

d
 a

b
s

o
rb

a
n

c
e

Wavelength (nm)

 HTB-co-P3HT toluene film

Onset wavelength

B

300 400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
a

li
z
e

d
 a

b
s

o
rb

a
n

c
e

Wavelength (nm)

 HTB-co-P3HT chloroform film

Onset wavelength

C

http://etd.uwc.ac.za/ 
 



218 
 

  

  

Figure A11: UV-Vis spectra of TTT-co-P3HT and P3HT in chlorobenzene and as thin films 

showing how onset wavelength was determined.  
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