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Abstract 

i 

 

ABSTRACT 

 

In these times of diminishing reserve of fossil fuel, the development of novel ―green or 

renewable‖ technologies to meet the increasing worldwide demand for energy is of great 

importance. The sun is the largest carbon free source of energy and an infinite source of 

renewable energy. However, except for the expensive inorganic crystalline silicon 

photovoltaic cells, this source of energy has not been utilized. The field of organic 

photovoltaic cell has made impressive progress in the last few years with the tremendous 

efforts of researchers working tirelessly to develop organic materials for solar energy 

conversion. Organic conjugated materials have the advantage of low cost, light weight, 

process-ability and good flexibility over inorganic materials. They have attracted wide 

academic and industrial interest due to their promise as semiconductors for photovoltaic 

applications. Design of advanced organic conjugated materials with the ability to absorb light 

from the sun and convert it into useful and storable form has and still is one of the most 

important goals of researchers in the field of renewable energy. This work describes a 

number of novel exciting and promising materials based on polycyclic aromatic compounds 

(PACs) for organic photovoltaic cells and organic light emitting diodes.  

 

PACs are a unique class of organic compounds consisting of fused aromatic rings and planar 

geometries. They have the ability to stack in well-organized arrays and they exhibit good 

charge-transport properties in thin films while also absorbing light over the visible region of 

the electromagnetic spectrum. PACs, including anthracene, anthanthrone and anthanthrene 

were individually employed for homo-polymer synthesis via the poly(arylene ethynylene)-

alt-poly(arylene vinylene)s (PAE-PAV) backbone. The possibilities of applications of 

polycyclic aromatic compounds based on anthanthrone and anthanthrene as building blocks 
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for polymer synthesis via the PAE-PAV backbone are unveiled. The influence of the type, 

nature and number of attached alkyloxy side chain on the photo-physical and subsequent 

photovoltaic properties of the homo-polymers was investigated. Un-optimized photovoltaic 

efficiency of over 2% was obtained for some of the anthracene homo-polymers with a 

maximum of 2.62%. Anthanthrene homo-polymer exhibited a short circuit current (Jsc) of 2.9 

mV/cm
2
, open-circuit voltage of (Voc) of 0.76 V corresponding to efficiency of 1.17%. 

Solubility problems associated with anthanthrone and anthanthrene in the homo-polymers 

was further addressed by the incorporation of anthracene into the anthanthrone and 

anthanthrene polymer backbones respectively to form novel co-polymers with PAE-PAV 

backbone structure and varying side chains. Photo-physical and photovoltaic properties of 

these novel co-polymers were influenced by the ratio of anthracene component present and 

the type or nature of the grafted alkyloxy side chain. The observed photovoltaic parameters 

for anthanthrene based homo-polymer was further improved to Jsc (4.00 mA/cm
2
), Voc (0.92 

V) and efficiency of 1.7% by the co-polymerization.  

 

In the course of this work, fullerene (3-(benzo[b]thiophene-3yl)-5-fulleropyrrolidinepyridine) 

and non-fullerene (Cobalt (II) salicylaldimine metallodendrimer) based materials were also 

synthesized and their potential as acceptor materials for photovoltaic applications 

investigated. Their properties were compared with that of traditional fullerene acceptor 

([6,6]-phenyl C61 butyric acid methyl ester (PCBM)). They combine a strong absorption over 

a broad range of the electromagnetic spectrum with good electrical characteristics and 

interesting air stability. Their stability gives room for easy handling, room temperature 

process-ability and long shelf life. The novel conjugated polymers and acceptors synthesized 

and investigated in this work are promising donor and acceptor materials for the advancement 

of the photovoltaic energy research. 
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GRAPHICAL ABSTRACT 

 

 

Graphical Abstract: Poly(arylene ethynylene)-alt-poly(arylene vinylene)s (PAE-PAV) 

based polymers with varying side chains employed as donors, their photo-physical (UV-Vis 

and PL) and photovoltaic (I-V curves and EQE) properties, types of device architectures 

(normal and inverted) employed for the photovoltaic study, and electroluminescence behavior 

of the polymers. 
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Then the LORD answered me and said, ‗Record the vision and inscribe it on 

tablets that the one who reads it may run. For the vision is yet 

for the appointed time; it hastens toward the goal and 

it will not fail. Though it tarries, wait for 

it; for it will certainly come, 

it will not delay 

Habakkuk 2:2-3 

Not slothful in business; fervent in spirit; serving the Lord 

Romans 12:11 

 

Vision not pursued is Vision Lost. Vision gives pain a purpose 
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CHAPTER ONE 

 

INTRODUCTION - The Need for Renewable Energy 

 

1 Background 

 

Energy is one of the fundamental needs of man and it is a significant factor in evaluating the 

standard of living/economic development of any country. Energy speeds up economic growth 

and lack of sustainable energy hinders development by limiting the potentials of meeting 

basic domestic needs, needs in agriculture, education, health care, transport services, 

manufacturing or trading enterprises and in mining, as well as real estate development and 

telecommunication [1]. Civilization has been achieved through the efficient and extensive use 

of energy to enhance human capabilities and skills. For continued economic growth and 

human development, energy is indispensible. In earlier times, all our energy needs relied on 

wood, and shortly after, deforestation became a regular occurrence with our planet at risk [2]. 

This challenge brought about the discovery of coal (first fuel of the industrial revolution), a 

presumed efficient alternative to wood; and thereafter, petroleum was also discovered [2]. 

With this discovery, it was assumed our energy challenge had been resolved forever. 

However, not long after that, we realized that as we mined and drilled, the quantity of 

extractable coal and oil kept on decreasing without replacement and gradually leading to 

demand surpassing availability. It was also observed that as energy is being generated from 

these sources, the environment gradually became unfriendly; making it clear that there is a 

limit to how much these sources of energy can be utilized.  
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Energy can now be gotten from a number of sources like petroleum, coal, biomass, 

geothermal, natural gas, propane, hydrothermal, solar, uranium, and wind. Energy from these 

sources can be used to generate electricity, heat up our homes, move our cars and 

manufacture a number of products. These sources of energy can further be classified into two 

forms; renewable and non-renewable. Sources that are unlimited in supply; exist in infinite 

amounts and can be replenished within a short period of time are termed renewable energy 

sources. Examples are biomass, geothermal, hydrothermal, wind and solar. It is the energy 

generated from natural resources that can be reproduced while non-renewable energy 

(petroleum, coal, natural gas, propane and uranium) is energy generated from limited sources 

and cannot be replenished. Unfortunately, world energy consumption relies heavily on non-

renewable energy sources [3]. Over 85% of world energy consumption is from non-

renewable energy sources. Global demand for energy increases as world human population 

grows. Increase in world population, improvement in the quality of life and industrialization 

of developing countries daily increases the consumption of fossil fuels leading to a 

diminishing reserve. Over one fourth of the global population especially the rural dwellers are 

faced with energy crisis as the non-renewable traditional grid from urban to rural areas is 

often time, not economically viable [4]. They are characterized by price volatility, operation 

safety, supply security and geopolitical sensitivity. The quantity of fossil fuels is not 

equivalent from country to country; therefore, countries with huge reserves can influence 

world economy. The decisions of these countries regarding price and level of production have 

far reaching effect on global energy consumption and production and can result in social 

tension. In addition to these limitations is the irreparable harm that this form of energy has 

done to our environment. Non-renewable sources of energy are faced with a number of 

challenges/concerns like water pollution, radioactive waste disposal and emission of 

substances like oxides of sulfur (SOx), oxides of nitrogen (NOx), CH4, CFCs, Ozone and CO2 
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contributing to acid deposition and global climate change [5-7]. The volatility of oil prices 

and our dependence on oil continues to grow. Our forest, wildlife, shorelines and ocean beds 

have been destroyed. These concerns, especially the global environmental consequences are 

giving a warning that sustainable development cannot be achieved from non-renewable 

energy sources [8]. 

 

Energy is the centre point in achieving the goal of sustainable development. Sustainable 

energy development promotes harmony between environmental protection and economic 

development. There exist a strong relationship between economic development and energy 

availability/sustainability; and this has been shown in the incredible economic growth in the 

heavily populated China when they harnessed the opportunity of sustainable energy [9]. The 

availability of modern energy such as electricity and liquid fuels boosted global economic 

development in the 20
th

 century. However, most part of the developing world lack access to 

this modern energy and still relies on out-of-date energy sources like fuel wood. The desire 

for renewable sustainable energy is on the rise both in the developed and developing world. 

No one will argue with the fact that finding alternative energy source is one of our century‘s 

main goals. There is a growing need for a viable alternative energy source that is sustainable, 

environmentally friendly and can provide the growing population with a high standard of 

living [10]. A transition from fossil fuels (non-renewable energy source) to the infinite 

renewable energy source is inevitable.  

 

1.1 Solar Energy Technology 

 

The direct harvest of energy from sunlight is a major way of addressing the growing global 

energy challenge with a renewable resource. The entire energy required globally for a year 
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can be provided by the sun in roughly an hour. This therefore means that the transition from 

from carbon based energy to solar energy is possible by tapping into a tiny proportion of this 

massive solar potential. Solar technology (Figure 1.1), an important source of global 

renewable/sustainable energy today is accessible in the form of photovoltaics (PV) and 

concentrated solar power (CSP) with varying mode of design, operation and performance. 

These two technologies are highly contested among industry experts and scholars on their 

viability. Photovoltaic is that form of solar energy in which sunlight is directly converted into 

electricity. They use solar cells to directly convert solar irradiation into electricity by 

exploiting the photovoltaic effect exhibited by semiconductors while concentrated solar 

power use heat provided by solar irradiation concentrated on a small area to generate 

electricity [11].  

 

 

Figure 1.1: Schematic of the forms of solar energy technology. 
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Concentrated solar power (CSP) is designed based on a simple scheme – solar irradiation is 

captured and redirected by large tracking mirrored collectors placed around a receiver (solar 

boiler) which converts the captured solar irradiation into useful heat that drives a turbine to 

generate electricity. Although the CSP technology is faced with so many challenges, it has 

witnessed a growth rate of about 37% in the last few years [12]. 

 

Photovoltaics (PV) on the other hand are the fastest growing renewable solar energy 

technology. The CSP industry has faced increasing competition from PV in recent years as 

PV manufacturing costs are decreasing rapidly due to mass manufacturing and associated 

learning curves [13]. A prominent example of this competition is the conversion of the first 

500 MW of 1000 MW Blythe solar power project of solar energy developer, Solar Trust of 

America (STA) from CSP to PV technology. They opted for PV technology instead of CSP 

technology citing PV's modularity and bankability as key reasons for the change in strategy 

[14]. It is therefore not surprising when Shell, the largest producer of oil stated in their recent 

publication that energy from solar cell may in a period of 50 years from now become the 

largest energy source with photovoltaics becoming the principal power source. Photovoltaics, 

therefore, appear to be a promising alternative to non-renewable energy sources. It is the 

direct conversion of sunlight into electricity/electrical energy. This is achieved by the use of 

devices made of semiconducting materials which are similar to those used in computer chips. 

Photovoltaic cells exist as inorganic or organic. Inorganic photovoltaic (IPV) cells are 

developed from inorganic materials such as crystalline silicon (c-Si), amorphous silicon (a-

Si), cadmium telluride (CdTe), copper indium gallium diselenide (CIGS), and group III-V 

semiconductors like gallium-arsenide (GaAs), gallium indium arsenide (GaInAs), indium 

arsenide (InAs), indium phosphide (InP) [15-16]; while organic photovoltaic (OPV) cells are 

made from organic materials like conducting polymeric and (or) non-polymeric materials 
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[17]. Solar energy based on inorganic photovoltaic cells is gradually loosing attention due to 

the drawbacks of cost and weight. As the need for sustainable energy increases due to the 

rising cost of electricity, limited supply of traditional energy and their environmental impact; 

the research on photovoltaic cells based on organic semiconducting material is attracting 

more and more attention. 

 

1.2 Problem Statement and Research Motivation 

 

The global energy sources (non-renewable sources) in addition to being expensive and 

environmentally unfriendly are limited. South Africa for instance is the fourth largest coal 

exporting country in the world. At present, South Africa has only about 50 years of coal 

supply left [18] and Eskom (South Africa‘s electricity public utility), ranked the seventh in 

the world as an electricity generator is currently battling load shedding. The availability of 

significant amounts of extractable coal reserves for future use is therefore uncertain. If the 

energy supply and well being of the South African nation and the international community it 

provides its coal is to continue and improve, these challenges must to be addressed.  

 

The largest carbon-free energy source is the sun. This source of energy has not been utilized 

except for the conventional expensive inorganic crystalline silicon (c-Si). The current 

photovoltaic market is dominated by inorganic c-Si which has achieved power conversion 

efficiency (PCE) of about 25% [19]. This form of photovoltaic is however becoming less 

attractive due to its drawbacks of high material cost, high cost of material purification as well 

as the bulky and rigid nature of the panels [20]. These drawbacks are the major motivation 

for the development of organic photovoltaic cells. 
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Organic photovoltaics first discovered by Heeger, Shirakawa and MacDiarmid in 1977 [21] 

have a variety of cheap and easy processing techniques and are light weight [22-26]. They are 

promising alternatives to crystalline silicon based devices. Due to their high extinction 

coefficient, a small quantity of material is required to capture incoming photons in 

photovoltaic cells based on organic semiconductors [22, 27]. By chemical synthesis, the 

chemical structure of these organic based materials can be fine-tuned and by extension, their 

optical and electrical properties [22-23, 28-29]. These semiconducting polymer based 

photovoltaic cells have recently made a number of advances towards commercialization. 

Progress in the efficiency of lab-scale photovoltaic cell has been made and the efficiency has 

more than doubled over the past decade [30-32]. As impressive as this progress may seem, 

they have not met the targeted efficiency required for broad commercialization [33]. 

Envisioned to be low-cost alternatives to existing c-Si photovoltaic cells, organic 

photovoltaic (OPVs) cells are yet to deliver their promise of broad commercialization due to 

persistently low efficiencies [34]. To achieve this efficiency required for broad/mainstream 

commercial market, new structurally related polymers must be synthesized and studied to 

help clearly define future rationale. This work seeks to synthesize novel organic 

semiconducting π-conjugated materials capable of bringing a turnaround to the photovoltaic 

market. 
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1.3 Aims and Objectives 

 

1.3.1 Aims 

 

The aim of this research work is to synthesize novel donor materials incorporating polycyclic 

aromatic compounds such as anthanthrone, anthracene and their derivatives; synthesize novel 

acceptors based on functionalized fullerene as well as investigation of other non-fullerene 

acceptors (dendritic materials) for the development of organic photovoltaic cells.  

 

1.3.2 Objectives 

 

The objectives of the study are to: 

 

1. Synthesize novel donors based on anthanthrone, anthanthrene and anthracene 

containing poly(arylene-ethynylene)-alt-poly(arylene-vinylene)s. 

2. Synthesize novel fullerene derivative by 1,3-dipolar cycloaddition of azomethine 

ylides to olefins. 

3. Interrogate the morphological, structural, spectroscopic, electrochemical and optical 

characteristics of the synthesized acceptor and donors. 

4. Understand the function/structure relationship and design organic photovoltaic cells 

from the synthesized materials. 
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1.4 The Thesis Statement 

 

Photovoltaic cells based on organic conjugated materials have advantages of inexhaustible 

supply option over non-renewable sources of energy and pose potential low-cost and light 

weight advantages over mainstream inorganic based silicon photovoltaic cells. The design of 

novel acceptor and donors may bring organic photovoltaic cells to the mainstream and bring a 

turnaround in the energy sector by initiating a principle strategy for sustainable energy 

development. 

 

1.5 Brief Overview of Chapters 

 

This thesis is divided into ten chapters 

 Chapter one: presents the background, problem statement, motivation, aims and 

objectives of this research 

 Chapter two: presents a detailed review on amplification of the spectral window of 

polyaromatic compound-containing donor polymers for organic photovoltaic cell. 

 Chapter three: presents a review on the luminescence quenching characteristics of 

fullerenyl systems 

 Chapter four: this chapter features the list of materials used, describes the major 

reaction mechanisms employed for polymer synthesis and functionalization of fullerene, the 

general experimental procedures, and a detailed methodology of the research  

 Chapter five to nine: discusses the experimental results obtained in the research  

 Chapter ten: gives the general conclusion and recommendation for future work 

Chapters two, three and five to nine each consist of a sub-abstract and conclusion. 
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CHAPTER TWO 

 

LITERATURE REVIEW - Amplification of the Spectral Window of 

Polycyclic-Aromatic Compounds Based Class of Donor Polymers for 

Organic Photovoltaic Cells 

 

Abstract 

 

Apart from the environmental effects of the limited natural sources of energy (fossil fuels), 

the drop in the quantity available for use globally with the associated devastating 

consequences for the global economy is now a concern. There is the fear that our energy 

resources are beginning to run out as we cannot have growing demands on limited resources 

without eventually running out of the resource. This concern is getting the world back on its 

feet as government and researchers are working to make the use of renewable resources a 

priority. Organic and inorganic materials have been used for the capture of renewable 

sunlight and conversion into useful energy through the ‗photovoltaic effect‘. The synthetic 

chemists have designed and synthesized a variety of conjugated polymers with different 

architectures and functional moieties to meet the requirements of organic photovoltaic 

devices. Conjugated polymers have attracted an increasing amount of attention for 

applications in photovoltaic devices due to their potential advantages over inorganic 

semiconductors. A number of reports and reviews are available on poly[2-methoxy,5-(2'-

ethyl-hexyloxy)-p-phenylene vinylene) (MEH-PPV), poly(2-methoxy-5-(3′,7′-

dimethyloctyloxy)-p-phenylene vinylene) (MDMO-PPV) and poly(3-hexylthiophene) 

(P3HT) based semiconducting polymers for photovoltaic applications. This review describes 
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emerging polycyclic aromatic compound based polymers and their spectra amplification for 

improved photovoltaic applications.  

 

2 Introduction 

 

The diminishing reserve of fossil fuels coupled with its environmental consequences calls for 

urgent attention. One of the most important ways to deal with the growing global energy 

needs and environmental concerns is the direct harvest of energy from sunlight via the 

photovoltaic technology. The practical and effective application of the knowledge of 

‗photovoltaic effect‘ in the generation of electricity from sunlight is a promising solution to 

the growing need for clean, environmentally friendly, abundant, and renewable energy 

sources. Unfortunately, due to the relatively high cost of silicon based solar cells, only a tiny 

fraction of the energy used globally comes from sunlight [1]. A promising alternative to 

silicon based solar cells is organic photovoltaic (OPV) cells. Organic photovoltaic cells based 

on polymers have emerged as an alternative promising photovoltaic technology. This is due 

to the potential of cost-effective production of large area of flexible devices using solution-

processing techniques, versatility in organic material design, low environmental impact and 

lightweight platform for the clean conversion of sunlight to electricity [2-14]. Due to their 

high extinction coefficient, a small amount of material is required to harvest incoming 

photons in photovoltaic cells based on organic semiconductors [5, 7]. By chemical synthesis, 

the chemical structure of these organic based materials can be fine-tuned and by extension, 

their optical and electrical properties [8-9, 15-16]. A number of research works has focused 

on the design and synthesis of conjugated semiconducting polymers with new molecular 

structures aimed at harvesting solar irradiation in the visible part of the electromagnetic 
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spectrum and in conjunction with innovative strategies for device design, improved the 

efficiency of cells. The synergic efforts of researchers from various fields of science have 

resulted in a rapid improvement in the conversion efficiency [4, 17] which has progressed 

very recently to slightly above 10% [18-20]. The first polymer-based OPV device is now 

commercially available [21]. This shows a promise of mass production for solar cells based 

on OPVs. However, for improved efficiency and broad commercialization, the development 

of new materials and their integration into efficient device configurations have to be 

explored. Researchers have unfolded a number of new polymers and small molecules aiming 

to improve properties such as solubility, light absorption and charge transport of organic 

semiconductors. This review will focus on polycyclic aromatic compounds as building blocks 

for donor polymer in OPV cells and the effect or influence of structural deviation on the 

spectra window of these donor polymers. 

 

Polycyclic aromatic compounds (PACs) and their derivatives are very useful building blocks 

for the synthesis of organic semiconducting materials for organic electronic e.g organic light-

emitting diodes (OLEDs), organic field-effect transistors (OFETs), and organic photovoltaic 

(OPV) cell applications [22]. They are a unique class of organic compounds with planar 

geometries which make them promising for optoelectronic applications. They consist of fused 

aromatic rings with the ability to stack in well-organized arrays and exhibit good charge-

transport properties in thin films while also absorbing light over the visible region of the 

electromagnetic spectrum [23-29]. Their structural and electronic features such as the 

effective conjugation length, the overlap between π-orbitals, rigid π-conjugated backbone and 

the manner in which the rings are fused in these materials determine their optical and 

electronic properties [30]. In terms of cost and property tailoring, they are usually very cheap 

and possess properties that enable the introduction of new functional groups to fine-tune their 
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electronic and optical properties. They can easily be functionalized through known reactions 

via C-C cross couplings. A wide range of the visible region of the electromagnetic spectrum 

can be accessed by modification of their structural properties. Their low cost and tunable 

electronic and optical properties over the entire visible region provide them with many 

advantages for organic electronics applications. Examples of polycyclic aromatic compounds 

that are emerging as building blocks for donor materials in photovoltaic design are 

anthanthrone, anthracene (Figure 2.1) and their derivatives. 

 

 

Figure 2.1: Chemical structures of polycyclic aromatic compounds (anthanthrone and 

anthracene) with labelled C-positions. 

 

2.1 Anthanthrone-Containing Donor Materials 

 

Anthanthrones are polycyclic aromatic compounds with extended conjugation and symmetric 

structures. They are known compounds which are used as pigments and vat dyes. Their large 

conjugated planar structure facilitates intermolecular interactions and their extended π-

conjugation is believed to be an advantage in photovoltaics since electronic coupling 

increases with respect to size. They have been rarely studied as building blocks for organic 

semiconductors. Only very recently, Morin and co-workers synthesized a series of 
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anthanthrone and their derivatives, investigated their optoelectronic properties and 

photovoltaic performance of a few of them. The group reported small molecule derivatives of 

commercially available low-cost anthanthrone (4,10-dibromoanthanthrone) for device testing 

[31-32]. This particular compound possesses two bromine atoms and two ketones with a rigid 

and extended π-conjugated backbone which provide useful optical properties in the visible 

range. The presence of the bromine atoms allows the introduction of functional groups and 

alkyl chains to increase the solubility of the compound or polymer made from it. 

Electrophilicity of the carbonyl groups can serve as reactive sites for different nucleophiles to 

modify or tune the optical and electronic properties. The effective conjugation length can also 

be increased through the carbonyl end by introduction of conjugated moieties. The absorption 

spectra (Figure 2.2) of the anthanthrone derivative (6,12-bis(amino) anthanthrene)-based 

conjugated molecules were modulated by changing the conjugated moieties linked at the 4 

and 10 positions (Figure 2.3) [31]. The optoelectronic properties of the derivatives show a 

strong dependence on the moieties attached to the nitrogen atoms at the 6 and 12 positions. 

The molecule with the DPP moieties attached show an optical response covering almost the 

entire visible region. 
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Figure 2.2: UV−Vis spectra (CHCl3 (solid lines); thin films (square symbols)) and 

fluorescence spectra (CHCl3, dashed lines) of anthanthrone derivatives A) DPP-AA and B) 

T-AA as shown in Figure 2.3. Reprinted (adapted) with permission from (J.-B. Giguère and 

J.-F. Morin, Synthesis and Optoelectronic Properties of 6,12-Bis(amino)anthanthrene 

Derivatives, J. Org. Chem., 78 (2013) 12769 - 12778). Copyright (2013) American Chemical 

Society. 

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



 

 

 

 

Chapter Two: Literature Review 

20 

 

 

 

Figure 2.3: Anthanthrone modification at the 4,10-position. 

 

Briseno et al. [33] reported the unique packing motif and photovoltaic performance of a small 

molecule based on anthanthrone. The molecule is shown to have good oxidative stability and 

serve as an electron donor in bulk heterojunction organic photovoltaic (BHJ OPV) cell 
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exhibiting a power conversion efficiency of ~2.0%. Apart from stability and optical 

tailorability, materials based on anthanthrone have shown interesting charge transport 

properties [34]. Anthanthrene (anthanthrone derivative) small molecules with different 

pendant groups as semiconductors for OPV cells have been reported [30]. Charge mobilities 

were greatly improved with solvent annealing and reached maximum values of 0.078 cm2 V
-1

 

s
-1

 and when used as donors in conjunction with PC61BM in bulk heterojunction OPV cells, 

PCE of 2.4% was achieved with good open circuit voltage (Voc) and fill factor (FF) of 0.77 V 

and 59%, respectively. The study showcased the potential of the anthanthrene scaffold as a 

versatile building block for organic electronics. A number of anthanthrone derivatives have 

been investigated [30-33, 35-39], but very few have been tested as p-type or donor materials 

for photovoltaic cell device fabrication. 

 

2.2 Anthracene-Containing Donor Materials 

 

Anthracenes are very appealing as building blocks with high thermal and device stability 

[40]. The rigid structure can be easily functionalized at its 9,10 position. They possess high 

fluorescence quantum yield and their emission can be tuned during polymerization by the 

incorporation of other arylene-building blocks [41]. The good photoconductive behavior, 

high fluorescence quantum yields in thin films and high absorption coefficients around 100 

000 M
-1

 cm
-1

 of anthracene based polymers make them ideal for design of organic electronic 

devices [42]. Anthracene and its derivatives have been investigated [43-45] and used in light 

emitting diodes [46] and other thin-layer-based organic electronic devices like transistors [47] 

and photovoltaic cells [48]. However, relatively little work has been done with this materials 

in areas of OPV device fabrication. The main limitation is the poor solubility of the early 

anthracene-containing polymers which leads to processing difficulties in thin-layer 
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preparation by the spin-coating technique and the high crystallinity of anthracene units which 

prevents the formation of stable flexible thin films. 

 

Among organic semiconductors, two types of architectures are the most commonly used. 

They are the poly-arylenes (PAs), i.e., polymers made up of aryl units connected together, 

and poly-arylene vinylenes (PAVs), i.e., polymers comprising alternating aryl and vinylene 

units. Introduction of ethynylene unit between arylenes in poly(arylenes) results in poly-

arylene ethynylene (PAE). Combination of PAE and PAV has led to a new type of 

conjugated system, denoted poly(arylene-ethynylene)-alt-poly(arylene-vinylene) (PAE-PAV) 

(polymers made up of alternating aryl, ethynylene and vinylene units), with outstanding 

optoelectronic properties [49-51]. In the past few years, research interest has focused on 

conjugated ethynylene containing polymers, PAEs and PAE-PAV, as a promising class of 

semiconductors. This is due to the availability of efficient protocols for palladium catalyzed 

alkynylation reactions and the understanding of their steric and conformational advantages 

[52]. Compounds of this class have been used as donor materials in photovoltaic cells and Voc 

up to 0.95 V and 1.05 V have been recorded for polymer-fullerene heterojunction devices 

[53-55] and polymer-polymer bilayer devices [56-57] respectively. Photovoltaic parameters 

(short circuit current (Jsc) and fill factor (FF)) of devices based on these materials are largely 

dependent on the ethynylene-vinylene bond ratio in conjunction with the type and length of 

solubilizing alkyoxy side chains [58]. Different donor polymers can be achieved using the 

PAE-PAV backbone via structural modification by varying the aryl groups. The knowledge 

of poly(arylene-ethynylene)-alt-poly(arylene-vinylene)s prompted the design of poly(arylene-

ethynylene)-alt-poly(arylene-vinylene)s with anthracene based arylene for photovoltaic 

applications [59]. Anthracene conjugated polymers that have found applications in 

photovoltaic cells are majorly based on PAE-PAV backbone and are abbreviated AnE-PV. 
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The problems of intractability and infusibility are well taken care of in the PAE-PAV 

backbone by the attachment of one or more solubilizing side chains (alkyl/alkyloxy) on the 

aromatic rings. Grafting of solubilizing side chains does not only aid solubility, it 

significantly impacts their optoelectronic and transport properties, and also enables polymer 

process-ability into thin films for diverse use.  

 

Photovoltaic properties of conjugated polymers can be improved by the attached side chain 

and through structural modification of the conjugated polymers leading to tuning of the band 

gap for improved light absorption [60-67]. For instance, the presence of an electron rich and 

electron deficient unit within the same polymer back bone shifts the light absorption toward 

lower energy and results in a significant decrease in the band gap of the copolymer. Several 

electron deficient and electron rich functional groups have advanced in the past 20 years and 

they have proven to be the best instruments for the fine tuning of electronic properties of 

conjugated molecules [24-25, 27]. 

 

2.3 Donor-Acceptor (D-A) Strategy 

 

The development of low band gap donor polymers with good charge carrier mobilities is of 

crucial importance for increasing efficiency of photovoltaic cells. Recent research advances 

on conjugated polymers for photovoltaic devices have therefore focused on creating low band 

gap polymers with good charge carrier mobilities and other interesting properties necessary 

for device fabrication by the D-A strategy. A D-A polymer is a polymer which contains both 

an electron rich and an electron deficient moiety in the polymer backbone. It is the synthesis 

of alternating donor (D) and acceptor (A) units to tune the energy (highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)) levels, 
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thereby reducing the band gap of the resulting D-A copolymers. The energy levels of 

polymer can be effectively tuned in a D-A polymer and as a result, the band gap. This 

understanding is borne out of the fact that the HOMO is located in the donor part of the 

copolymer while the LUMO is located in the acceptor part of the copolymer [68] and band 

gap is the difference between both energy levels. Therefore a good selection of appropriate 

donor and acceptor for copolymerization can effectively tune the energy levels. This 

understanding can be applied in the control of the Voc and the Jsc of OPV devices for 

improved efficiency. In principle, higher Voc values are achieved with donor polymers with 

deep low-lying HOMO levels [69-70] while higher Jsc values are attained with low band gap 

polymers [71-73]. To maximize the Voc and the Jsc, polymers used in BHJ OPVs should 

maintain a low HOMO energy level as well as a narrow band gap. Therefore suitable 

alignment of the HOMO and LUMO levels is a necessary requirement for an ‗ideal‘ polymer 

for BHJ OPV cell. To concurrently maximize Voc and Jsc, researchers have resorted to the 

synthesis of polymers containing both donor and acceptor material in the polymer backbone. 

Such polymers have been shown to display improved absorption i.e red-shifted absorption 

spectra towards the visible region in the wavelength range of 500 – 800 nm where the solar 

flux is most intense [74-75]. This has proven to be an efficient strategy in tuning the band gap 

and tailoring the properties of conjugated semiconducting polymers for applications in 

organic electronics [76].  

 

For OPV cells, important polymers from fluorene class of polymers are alternating 

polyfluorene copolymer. The homo polyfluorene based polymers for example show weak 

absorptions in the visible region and as such are not appropriate for electricity conversion. 

Fluorene based polymers for solar electricity conversions are usually copolymerized with 

other aromatic building blocks with electron deficient units. This results in a bathochromic 
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shift of the absorption of the resulting polymer. Incorporation of electron-deficient 

benzothiadiazole unit into fluorene based polymer backbone reduced the LUMO level and 

thus lowered the band gap [77]. From the report by Andersson and co-workers, broad and 

extended absorption with further reduction in the band-gap of the copolymer was achieved by 

replacing the benzothiadiazole with 4,7-dithien- 2-yl-2,1,3-benzothiadiazole (DTBT) as the 

electron acceptor unit in the polymer backbone [78]. The bathochromic shift can be attributed 

to the contribution from both the electron deficient benzothiadiazole unit, thiophene and 

fluorene moieties which give rise to the lowering of the band-gap. Apart from lowering of 

band gap, these copolymers can also be used to achieve high hole mobility and nanoscale 

morphology of the active layer blend in BHJ OPV cells [79-80].  

 

Morin‘s group reported the synthesis of five polymers (series of PTANT) based on 

anthanthrone unit coupled with two electron-rich units (thiophene and carbazole) and three 

electron-poor units (thienopyrroledione, diketopyrrolopyrrole, and benzothiadiazole) (Figure 

2.4) [81]. The polymers display interesting optical properties with light absorption in the 

visible range in both solid state and chloroform solution. The maximum wavelength in thin 

film ranged from 545 nm for PTANTBT to 674 nm for PTANTDPP with relatively low 

optical band gap values, ranging from 1.80 to 1.39 eV. The electronic properties (Table 2.1) 

show notably similar LUMO level values of all polymers irrespective of the co-monomer 

attached to the anthanthrone unit. The LUMO level values of these polymers range from 

−3.40 eV for PTANTDPP to −3.45 eV for PTANTTPD; indicating that the LUMO orbitals 

are mostly localized on the anthanthrone unit. The HOMO energy value of the polymers 

however vary in response to the attached co-monomer from −4.99 to −5.35 eV for 

PTANTTPD and PTANTBT, respectively. Further work by same authors on anthanthrone 

derivative (series of PAA) based polymers incorporating either electron rich or electron-
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deficient units revealed that the electronic nature of these co-monomers had little or no 

influence on the overall electronic properties of the series investigated [82]. The 

optoelectronic properties of both series investigated were largely dictated by the anthanthrone 

unit. However, comparing both works from same authors, we see a striking influence of the 

attachment of two thiophene units on the diketopyrrolopyrrole electron deficient moiety 

attached to PTANT and PAA series. PTANT in this context is the anthanthrone unit with two 

thiophene units attached, while PAA is the anthanthrone derivative (anthanthrene) with no 

ring substituent. The attachment of two thiophene units to diketopyrrolopyrrole to give 

diketopyrrolopyrrole dithiophene (DPP (Th)2) and subsequent addition to PTANT and PAA 

series to give PTANTDPP and PAADPP respectively, resulted in promising photovoltaic 

properties. PTANTDPP and PAADPP both have the lowest band gap (1.39 eV), broader 

absorption band, highest absorption maximum and onset, highest molecular weight and good 

yield in their respective series (Table 2.1). They both show broad absorption with full width 

at half maximum (FWHM) values up to 300 nm (Figure 2.5), which is very promising for 

organic photovoltaic cell application. 
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Figure 2.4: Structures of anthanthrone containing polymer. 
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Table 2.1: Optical and electrochemical properties of anthanthrone and its derivative based 

polymers 

 Yield 

(%) 

M n
 

(g/mol) 

max
 

(nm) 

E
opt

g
 

(eV) 

V ox
 

(V) 

V red
 

(V) 

ELUMO
 

(eV) 

EHOMO
 

(eV) 

PTANTDPP 87 11,600 674 1.39 0.81 -0.86 -3.40 -5.07 

PTANTBT 24 1,700 545 1.79 1.09 -0.85 -3.41 -5.35 

PTANTC 94 5,300 569 1.68 0.96 -0.85 -3.41 -5.22 

PTANTT 75 4,700 578 1.59 0.76 -0.86 -3.41 -5.02 

PTANTTPD 60 4,600 574 1.80 0.73 -0.82 -3.45 -4.99 

PAAT 70 10,400 592 1.71 1.05 -0.88 -3.38 -5.31 

PAATPD 61 5,700 569 1.68 1.06 -0.84 -3.42 -5.32 

PAADPP 77 18,500 705 1.39 0.83 -0.81 -3.45 -5.09 

PAAC 55 7,000 556 1.73 1.12 -0.86 -3.40 -5.38 

PAABDT 33 13,000 580 1.76 0.81 -0.87 -3.39 -5.07 

PAABT 13 16,200 N/D 1.59
b
 N/D

c
 -0.85 -3.41 N/D

c
 

Eg film values were measured at the onset. V: onset vs Ag/AgCl, scan rate of 100 mV s
-1

, 

Fc/Fc+ E1/2 measured at 0.44 vs Ag/AgCl. 
b
 The value was measured from solution since a 

good quality film could not be obtained. 
c 
Reliable measurements could not be taken because 

of poor film forming properties. 
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Figure 2.5: UV-Vis spectra for polymer A) PTANT and B) PAA series in solid state. A). 

Reprinted (adapted) with permission from (A. Lafleur-Lambert, J.-B. Giguère and J .-F. 

Morin, "Conjugated Polymers Based on 4,10-Bis(thiophen-2-yl)anthanthrone:Synthesis, 

Characterization, and Fluoride-Promoted Photoinduced Electron Transfer," Macromolecules, 

48 (2015) 8376 - 8381). Copyright (2015) American Chemical Society. B) Reproduced 

(―Adapted‖) from {A. Lafleur-Lambert, J.-B. Giguère and J.-F. Morin, "Anthanthrene as a 

large PAH building block for the synthesis of conjugated polymers," Polym. Chem., 6 (2015) 

4859 – 4863} with permission of The Royal Society of Chemistry. 

 

A critical goal of D-A copolymer design is to achieve extended absorption to match the solar 

spectrum. Donor polymers for OPV cell application can be influenced by factors like (i) side 

chains of the conjugated semiconducting polymer, which enhance solubility and process-

ability, (ii) molecular weight and (iii) position of aromatic ring 
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2.3.1 Side Chain Effect 

 

Side chains can be used to enhance solubility of π-conjugated molecules and subsequently 

influence the thin-film supramolecular ordering for various thin film applications [83-84]; 

permit the formation of flexible materials and offers greater tuning of molecular properties 

[85]. They play an important role in the ordering of molecular self assembly and contribute to 

both the tuning of the optical as well as electronic properties of semiconducting materials. 

The attachment of hexyl side chain to the back bone of polythiophene in a regio-regular 

manner to give poly(3-hexylthiophene) (P3HT) for example, has resulted in polythiophene 

exhibiting high charge carrier mobility. This is as a result of high degree of intermolecular 

ordering, and this behavior makes P3HT one of the best materials for the construction of high 

efficiency organic electronic devices like OFETs and OPVs till date [86-87]. Slight change in 

the attached side chains in PAE-PAV based polymers have been shown to influence the 

electronic and physical properties of these polymers and appreciably improve their 

photovoltaic performance [58, 88]. Egbe et al [89] reported the influence of side chains on 

the electrochemical properties of alkyloxy-substituted phenylene ethynylene/phenylene 

vinylene hybrid polymers. Longer linear octadecyl and bulky branched 2-ethylhexyl enhance 

the interface energy barrier due to their strong insulating nature. The solid-state 

photophysical properties (photoconductivity, absorption and emission spectra, fluorescence 

quantum yield, Stokes shift, and full width at half maximum (FWHM)) of Daa-cc and D3 

(Figure 2.6) greatly depend on the nature (linear or branched), length, and location of the 

grafted alkyloxy side groups as shown in the absorption and emission spectra (Figure 2.7) 

[42]. Polymer Daa-cc showed almost identical absorption and emission spectra in dilute 

chloroform solution while the FWHM value of the emission curves revealed a dependence on 
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the length of the attached side chains. This class of polymers have been shown to exhibit easy 

photoconductivity with incorporation of long octadecyloxy side chains [90].  

 

 

Figure 2.6: Structures of phenyl and anthracene-containing PAE-PPV polymers D-D3 with 

varying side chain. 
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Figure 2.7: A) Absorption and emission spectra in CHCl3 solution of polymers D and D3. 

Reprinted (adapted) with permission from (D. A. M. Egbe, Bader Cornelia, J. Nowotny, W. 

Gunther and E. Klemm, "Investigation of the Photophysical and Electrochemical Properties 

of Alkoxy-Substituted Arylene-Ethynylene/Arylene-Vinylene Hybrid Polymers," 

Macromolecules, 36 (2003) 5459 - 5469). Copyright (2003) American Chemical Society. 

 

Photovoltaic device performance of anthracene containing polymers bearing linear 

octyloxy/branched 2-ethylhexyloxy side chains and methoxy/2-ethylhexyloxy side chains 

have been shown to be affected by length and distribution of the side chain [91]. The 

polymers exhibit a broad variation in their photovoltaic properties with strong dependence on 

the structure of the attached side chains. PAE-PAV-based anthracene polymers bearing 

asymmetric alkyloxy side chains were reported to display optimal interfacial contact with 

[6,6]-phenyl C61 butyric acid methyl ester (PCBM) in BHJ OPV cells due to the side chains 

[59]. By varying the mole fractions of polymer units with different side-chain species, the 

photovoltaic properties can be optimized [92-93] as variations of the side chain of polymers 

have strong impact on the π–π stacking ability of the polymer backbone. Random distribution 

of linear octyloxy side chains and or branched 2-ethylhexyloxy side chains on the backbone 
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of anthracene containing polymers was used to vary the backbone π–π-stacking distance (dπ–

π) and the interlayer separation (dinter) of the polymer resulting in optimized photovoltaic 

properties [94]. The donating effect of side chains lowers the band gap of polymers and they 

can be used to tune the nano-morphology of the active layer of organic photovoltaic device. It 

is common knowledge that the performance of bulk heterojunction devices is strongly 

dependent on the values of the Voc, Jsc and FF. The Jsc and FF in OPV devices have been 

shown to be greatly dependent on the type and length of the solubilizing alkyloxy side chains 

[58].  

 

2.3.2 Molecular Weight Effect 

 

Molecular weight fine-tuning can impact on the optoelectronic properties of a polymer, as 

well as the photovoltaic properties. One of the important parameters to be considered in the 

synthesis of donor materials for improved device performance is molecular weight [75, 95]. 

Usually, the molecular weight is analyzed in the form of weight average molecular weight 

(Mw) and number average molecular weight (Mn). Mn has a strong impact on the physical 

properties of the polymer. The relatively low molecular weight polymer PTANTBT (with Mn 

value of 1700 g/mol) reported by Morin‘s group [81], has the lowest absorption maximum 

and highest solid state optical band gap in the entire series investigated (Table 2.1). The low 

molecular weight may be responsible for the poor absorption of this polymer in the visible 

region. The effects of a moderate variation of the molecular weight on the optical, structural, 

morphological and transport properties of an anthracene-containing PAE-PAV copolymer, as 

well as their overall implication on the photovoltaic parameters of BHJ OPV was investigated 

by Camaioni et al [96]. A two-fold variation in the molecular weight of the polymer induced 
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appreciable changes in the properties of the investigated polymer films, resulting in 

conversion efficiency of 3.26%.  

 

2.3.3 Position of Aromatic Ring 

 

The position of aromatic ring on the polymer chain can also have an effect on the 

photophysical properties of the polymer. Mullen et al [97] demonstrated that placing 

anthracene unit between two double bonds leads to a backbone torsion of 80°. This results 

from the steric hindrance between the vinylene hydrogen atoms and the anthracenylene 

hydrogen atoms. The replacement of the vinylene units by ethynylene units displaces this 

steric repulsion. This explains the report by Egbe et al [98-99] of a bathochromic shift in 

absorption wavelength in their investigation based on position of aromatic ring on the 

backbone of anthracene-containing polymers. They observed a bathochromic shift of 

approximately 50 nm in the absorption maximum going from an anthracene-containing 

polymer of general constitutional unit (-Ph-C≡C-Ph-CH=CH-Anthracene-CH=CH)n (D1) 

(Figure 2.6 where the anthracene unit is located between two double bonds) to the polymer 

of general constitutional unit (-Ph-C≡C-Anthracene-CH=CH-Ph-CH=CH)n (D2) in which the 

anthracene unit is placed at the bridge between a vinylene and an ethynylene bond. A further 

50 nm bathochromic shift was observed in moving from the D2 architecture to the 

architecture (-Ph-C≡C-Anthracene-C≡C-Ph-CH=CH-Ph-CH=CH)n (D3) (anthracene unit 

placed between two triple bonds). Also, going from D1 to D2 and through to D3, a decrease 

in the observed anthracene band around 255 nm was observed (Figure 2.8a). This suggests 

the degree of contribution of the anthracene unit to the main chain conjugation based on the 

position of the anthracene in the chain. Going from solution to thin film, a slight 

bathochromic shift is observed for D2 and D3 except for D1 (Figure 2.8b). The 
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bathochromic shift observed in D2 and D3 is ascribed to enhanced planarization of the 

conjugated backbone while the constant absorption observed for D1 in both solution and film 

is attributed to large torsion angle which does not allow enhancement of conjugation even in 

thin film.  

 

 

Figure 2.8: Normalized absorption (solid lines) and emission (dash lines) spectra of D1 – D3 

in a) solution, b) thin film. Reprinted (adapted) with permission from Ref [98], Copyright 

(2009) John Wiley and Sons. 

 

Figures 2.6, 2.9 and Table 2.2 reveals a number of reports on organic photovoltaic cells 

based on anthracene-containing polymers. It shows the effect of band gap, molecular weight, 

side chains and position of the aromatic ring on the optical properties of anthracene 

containing polymers. These factors are inter-dependent and as such should be considered 

during synthesis of materials for photovoltaic applications. For instance, the solubility, 

molecular weight, intermolecular interactions and charge carrier mobilities of a conjugated 

semiconducting polymer can be greatly influenced by the presence and type/nature of side 

chain. Side chains enhance the solubility of conjugated polymers and can lead to increase in 

molecular weight. Molecular weights on the other hand influence the intermolecular 
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interactions of polymers through changes in morphology and thereby enhance the charge 

carrier mobility in the device. In a very recent report by Bouguerra et al [100] the film 

properties of a set of conjugated polymers poly(1,4-arylene−ethynylene)-alt-poly(1,4-

arylene−vinylene)s (PAE−PAVs) with dissymmetrical configuration of alkyloxy side chains 

showed a dependence on the combinatorial effects of side chain configuration and molecular 

weight. Certain types of substituents or side chains can red-shift the absorption thereby tuning 

the HOMO and the LUMO energy levels and lowering the optical band gap of a polymer. It 

is therefore vital to understand and account for these designing principles and balance the 

guiding concepts in order to achieve an ‗ideal‘ polymer for organic photovoltaic cell 

applications. 

 

 

Figure 2.9: Structures of anthracene-containing PAE-PPV polymers D4-D7. 
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Table 2.2: Optoelectronic and photovoltaic response of anthracene-containing PAE-PPV polymers 

Donor M n
 

(g/mol) 

 a
 (nm)  f

 

(nm) 

E
opt

g
 

(eV) 

HOMO LUMO E
el

g
 

(eV) 

J sc
 

(mA/cm
2
) 

V oc
 

(mV) 

FF  

(%) 

PCE 

(%) 

Ref. 

D1 33,000 453 607 2.22 5.21 3.23 1.98     [59, 93, 98] 

D2 31,000 506 621 2.05 5.23 3.35 1.88     [59, 93, 98] 

D3 25,600 575 620 1.90 - - -     [42, 93, 98] 

D4 19,300 552, 590 621 1.91 5.15 3.38 1.77 6.75 680 48.37 2.22 [92-93] 

D5 40,000 508, 583 624 1.80 5.17 3.37 1.80 7.14 790 55.65 3.14 

D6 25,500 504 605 1.95 5.16 3.37 1.79 3.44 930 34.67 1.11 

D5 7,980       6.6 880 52.5 3.1 [101] 

D7        8.0 826 69.2 4.6 [102] 

D7        8.3 774 61 3.9 [102] 

D7 6,600 577 621 - - - - 6.27 828 58.42 3.03 [91] 

D6 25,500 504 605 1.95 5.16 3.37 1.79 7.23 802 69.60 4.03 [92-93, 103] 

D7        8.0 822 65 4.3 [104] 

D5        7.05 764 67.97 3.66 [105] 

D7        7.52 843 68.1 4.33 [106] 
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2.4 Conclusion 

 

Although polycyclic aromatic compounds are promising for OPV applications there are very 

few reports in which they have been employed as building blocks for this purpose. The 

challenge of solubility and complex synthetic routes are most likely responsible for the lack 

of interest and widespread adoption of these materials for photovoltaic application. However, 

this challenge is being overcome by the use of solubilizing alkyl/alkyloxy side chains on the 

aromatic ring, extending the conjugation length and the use of electron-rich and electron-poor 

(D-A) units within the main chain in order to create a charge transfer complex, resulting in 

the lowering of the band gap. The basic optical behavior and electronic properties of a D-A 

conjugated polymer is determined by the electron strength and molecular geometry of the 

donor and acceptor as well as their interactions. As a result of this dependence, a rational 

design of electron donor and acceptor units is vital before combining them to develop high-

performance donor-acceptor polymers. It is of great importance for researchers to understand 

the role of each factor and how to combine them for amplification of the optical window and 

subsequent enhancement of device efficiency. 
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CHAPTER THREE 

 

LITERATURE REVIEW - Luminescence Quenching Characteristics of 

Fullerenyl Systems 

 

Abstract 

 

Fullerenes are semiconducting materials which have a variety of applications. Specifically, 

fullerenes serve as electron acceptors and electron transport materials in organic photovoltaic 

cells. Photo-induced charge transfer and charge separation is the basics for organic 

photovoltaic cells. It is the core on which the overall energy conversion efficiency of organic 

photovoltaic cells is based. The understanding of the working principle of photo-induced 

electron transfers in organic photovoltaic cells improves the capture and conversion of light 

energy into electrical energy. In this review, a brief overview of the photo-induced charge 

transfer mechanisms by fluorescence quenching of donor materials in organic photovoltaic 

cells involving fullerenes will be presented.  

 

3 Introduction 

 

Carbon, the most common organic element existed in two allotropic forms (diamond and 

graphite) until 1985 when a third allotrope (fullerenes) was uncovered. Fullerenes are large 

carbon cage molecules viewed as three-dimensional analogues of benzene with possibility of 

many attachments. They are the third form of carbon after graphite and diamond and the only 

known molecular form of carbon. They are spherical, hollow molecular allotropes of carbon 
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made of a cage of interlocking pentagons and hexagons. The first synthesized is fullerene C60. 

The C60 molecule was discovered by a group of scientists led by Richard E. Smalley in 1985 

[1] in Rice University in Houston during experiments aimed at understanding the 

mechanisms by which long-chain carbon molecules are formed in interstellar space and 

circumstellar shells. A startling result of their effort was the coincidental discovery of the 

third form of carbon. In the experiment, graphite was vaporized by laser irradiation, 

producing a remarkably stable cluster consisting of 60 carbon atoms. The surface of the 

graphite was vaporized into plasma containing atoms and free ions. The atoms and free ions 

collided with the helium atoms and through the collision; clusters containing various numbers 

of carbon atoms were formed. These clusters were dominated by 60 and 70 carbon atoms, 

with most clusters having 60 carbon atoms; and now referred to as fullerene C60. This newly 

found molecule was named after the American architect Richard Buckminster Fuller whose 

geodesic dome based on hexagons and pentagons it resembles. The discovery of fullerenes 

triggered a lot of interest and excitement amongst researchers and it earned Curl, Kroto, and 

Smalley the 1996 Nobel Prize in chemistry.  

 

At the early stage of discovery, the scientists had problem with up-scaling production. They 

succeeded in producing only minute quantity. This challenge was soon overcome when after 

5 years, Kratschmer‘s group [2] and Kroto‘s group [3] developed new methods of synthesis 

at high scale. Fullerenes have also been found to exist naturally in interstellar dust as well as 

geological formations on earth though in very low quantity (ppm range). The search for 

carbon in space and the fallout of fullerene has turned out to be one of the rare research 

breakthroughs that basically alters traditional knowledge of carbon consisting of just two 

allotropes (diamond and graphite); and activates a multidisciplinary research. Fullerenes are 

interesting molecules with wide spread applications. For instance, the relatively high 
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superconductivity with T c
of up 33 K and above [4-6] of alkali metal intercalated fullerenes is 

of great interest to physicists, their mono-disperse nanostructures [7-9] is enticing to material 

scientists, their use in optical and switching devices [10] is fascinating to device engineers 

while the molecular nature of the solid phase, phase transitions and large family of new 

compounds [11-16] that can be prepared from them are attractive to chemists. Since its 

discovery, fullerenes have opened up novel research fields in chemistry, physics/engineering, 

material science, medicine etc. with significant potentials for broad/mainstream commercial 

applications in pharmaceuticals, catalysis, semiconductors, optics, organic electronic; 

particularly organic photovoltaic (OPV) cells [17-19]. Fullerenes are attractive and important 

spherical molecules with low reduction potentials and strong electron acceptor properties [20-

22]. The extremely low reorganization energy of fullerenes makes them one of the most 

useful electron acceptor molecules in organic photovoltaic cells [23]. Their n-type semi-

conductive nature makes them a good counterpart to the numerous good p-type organic 

semiconductors and this makes their utilization in OPV cells interesting.  

 

The past 25 years of rapid development and successful fullerene research has resulted in 

thousands of novel chemical materials and breakthroughs in technology. C60 derivatives with 

special electronic and structural properties have been synthesized and investigated. In the 

relatively short history of fullerenes, researchers have been extraordinarily dedicated to the 

field and this has been repeatedly rewarded with novel reactions and mechanisms for 

fullerenes. A huge number of fullerene derivatives have become available through the 

attachment of various kinds of chemical groups. This advancement was pioneered by Wudl 

and his co-workers [24], opening up different kinds of applications in science and 

technology, and from bio-sciences to organic optoelectronic devices [25-26]. Efforts are now 

focussed on the most versatile and general methods to obtain derivatives of fullerenes with 
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attractive properties. Well-optimized and widely used synthetic methods such as the Bingel 

cyclopropanation [27], 1,3-dipolar additions [28-29] and Diels–Alder reactions [30-31] 

provided readily accessible building blocks for higher molecular architectures and 

optoelectronic devices. A number of reviews have provided in-depth insights into the 

reactions of fullerenes [32-37]. Thus, in this review, the fluorescence quenching 

characteristics of traditional and novel fullerenyl systems are discussed with their 

applications in organic photovoltaic cells. 

 

3.1 Fullerenes in Organic Photovoltaics 

 

Photovoltaic cells are commonly composed of a thin film made from a blend of 

semiconducting donor material and a soluble acceptor sandwiched between a transparent 

conducting electrode (the anode) and a low work-function metal cathode. Fullerenes and their 

derivatives with tunable shape and size are extremely promising nanostructures for the 

construction of novel advanced materials [32, 38], and particularly as electron acceptors in 

organic photovoltaic cells. They have attracted great attention for their potential applications 

in photovoltaic cells since two decades ago when Heeger and co-workers observed that the 

carrier collection efficiency (ηc) and energy conversion efficiency (ηe) of polymer 

photovoltaic devices were enhanced by blending of π-conjugated semiconducting polymer 

with C60 or its functionalized derivatives [39]. Blend films of poly(2-methoxy-5-(2′-ethyl-

hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) and fullerenes showed ηc of about 29 

percent of electrons per photon and ηe of about 2.9 percent; with efficiencies that are better 

by over two orders of magnitude compared to devices with pure MEH-PPV. An efficient 

charge separation resulting from photo-induced electron transfer from the donor MEH-PPV 

to C60 (as acceptor) and a high collection efficiency resulting from a bi-continuous network of 
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internal donor-acceptor heterojunctions was also recorded. In 2001, Hummelen and his group 

reported the synthesis and application of a series of highly soluble fullerene derivatives 

(methanofullerene [6,6]-phenyl C61-butyric acid methyl ester (PCBM), azafulleroid, and a 

ketolactam quasifullerene) with varying acceptor strengths (i.e., first reduction potentials) as 

electron acceptors in plastic solar cells based on MEH-PPV donor [40]. The fullerene 

derivatives gave a variation of almost 0.2 V in their first reduction potential with the open 

circuit voltage of the corresponding devices correlating directly with the acceptor strength of 

the fullerenes. The highest and the lowest average open circuit voltages were observed for the 

PCBM and ketolactam containing cells, with 760 and 560 mV, respectively. Progress in the 

use of MEH-PPV/C60 was achieved with improved photovoltaic elements of up to 3% power 

conversion efficiency reported [41]. Attention soon shifted to the use of P3HT:PCBM with a 

conversion efficiency ranging from 4–5% [42-44]. The fullerene acts as the n-type 

semiconductor (electron acceptor) while the polythiophene acts as the p-type polymer 

(electron donor). They are blended and cast as the active layer to create what is known as a 

bulk heterojunction. Presently, the most widely used fullerene derivative electron acceptors 

are [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM) and [6,6]-phenyl-C71-butyric acid 

methyl ester ([70]PCBM). [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM) is one of 

the most important electron acceptor materials currently employed in organic bulk-

heterojunction photovoltaic cells. Poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-

butyric acid methyl ester (PCBM) are the most widely used donor and acceptor materials 

respectively today.  

 

One of the growing research areas primarily driven by solar energy conversion is photo-

induced electron transfer in donor-acceptor systems [45-46]. Photo-induced electron transfer 

is basically used in the fabrication of molecular electronic and optoelectronic devices [47-48]. 
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The discovery of photo-induced electron transfer in blends of conjugated polymers and 

fullerenes revealed solution processed organic photovoltaic (OPV) cells as promising form of 

solar cells [49]. The electron transfer processes in fullerenyl based systems are enhanced as a 

result of the small reorganization energy and spherical shape of fullerenes [50]. As a result, 

fullerenes increases the rate of forward electron transfer and slow down backward electron 

transfer, resulting in the formation of long-lived charge-separated states in donor-acceptor 

systems. This characteristic is vital in the fabrication of organic photovoltaic devices. In the 

first report, the solution processed bulk heterojuction organic photovoltaic (BHJ OPV) cells 

by Heeger et al [39] used a highly soluble fullerene derivative to achieve sufficient 

percolation of charges through both components. Remarkably, even after about twenty years 

of acceptor material research, fullerene derivatives are still one of the best performing 

acceptors, and certainly the most popular electron acceptors for OPV devices. Investigation 

and understanding of fullerene quenching of donor polymers by photo-induced charge 

transfer and separation processes can be used for the improvement of power conversion 

efficiencies in organic solar cells. 
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Figure 3.1: Structure of (a) fullerene C60, (b) fullerene C70 and (c) functionalized fullerene 

(PCBM). 

 

3.2 Charge Transfer in Fullerenyl Systems 

 

A large number of the studies on charge transfer applications have been on the development 

of light-energy conversion systems and molecular photonic devices [51-53]. Charge transfer 

is an important process particularly in chemistry and biology; therefore, a good understanding 

of the process between a donor and an acceptor is vital. From the wide variety of donor–

acceptor systems, fullerenes stands out as electron acceptor due to their unique physical 

properties of three-dimensional structure, delocalized π-electrons within the spherical carbon 

framework, small reorganization energy and low reduction potential [54-55]. These unique 

physical and chemical properties make the investigation of the electron transfer processes 

between fullerenes and donors interesting. 
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C60 fullerenes for example, readily accept up to six electrons and also form charge-transfer 

complexes with a variety of materials including small molecules [56-59] and polymers [60-

63]. From an energetically deep lowest unoccupied molecular orbital (LUMO) level of −4.3 

eV versus vacuum, fullerenes show a high electron affinity [55]. The high electron affinity of 

fullerenes favors electron transfer process from donor to fullerene when it comes in contact 

with organic donor having a higher lying LUMO level. The use of donors and fullerenes as 

acceptors in organic photovoltaic cells is appreciated not only for the affinity that exists 

between the donors and the surface of fullerenes but also for the capability that the 

donor/acceptor systems with fullerene acceptors results in photo-induced charge-separated 

species. The proof of photo-induced electron transfer from the excited state of a donor to 

fullerene C60 and its derivatives and the response time of charge transfer have given rise to an 

appreciable interest in their applications as an optical absorber or fluorescence quencher [39, 

49, 64-66]. For instance, for a donor polymer blended with C60, the time scale for photo-

induced electron transfer is faster than the radiative or non-radiative decay of the 

photoexcited state [49, 66-67]. Charge transfer can be very efficient and on a faster timescale 

than the radiative decay in organic chromophores such as conjugated polymers with transfer 

rates as high as KT=10
12

 s
-1

 [68-70]. 

 

Photo-induced charge transfer between a donor and an acceptor can be described in six steps 

as follows: (i) Light absorption by the donor is followed by (ii) photo-excitation of the donor, 

(iii) delocalization of the excitation between the donor and acceptor, (iv) polarization of the 

excitation leading to partial charge transfer, (v) radical ion is formed and finally, (vi) the 

charge is completely separated. The donor and acceptor must be covalently bounded (intra-

molecular charge transfer) or spatially very close (inter-molecular charge transfer) for 

electron transfer to occur. The distance between the donor and acceptor must be small enough 
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to permit significant coupling of their electronic wave-functions [69, 71]. Another important 

factor for charge separation is the energy level alignment of the participating molecules. 

Charge transfer is only possible if the offset between the LUMOs (for electron transfer) or the 

HOMOs (for hole transfer) of donor and acceptor is large enough to overcome the coulombic 

attraction between the charges.  

 

A vast variety of materials like conjugated polymers [49], metal phthalocyanine [72] or 

porphyrins [73] undergo photo-induced electron transfer to fullerenes. The high symmetry of 

fullerenes which results in good contact with the donor is one of the advantages of employing 

fullerenes as photo-induced charge transfer acceptors. In organic photovoltaic cells for 

example, the photo-induced electron transfer from a donor to fullerene acceptor is followed 

by an efficient photo-induced hole transfer from the acceptor. This is due to the HOMO level 

of fullerene which is at about -6.1 eV vs the energy level of the vacuum [55]. The long 

lifetime of the charge separated state is one of the most remarkable aspects of the photo-

induced charge transfer between organic donors. The photo-induced charge transfer is very 

fast with transfer rates above 10
12

 s
-1

 when the conditions are conducive and the back transfer 

that can lead to recombination is extremely slow at ambient temperature. This is believed to 

be as a result of instant rapid delocalization of the charges generated in the donor and 

acceptor π -electron systems making the possibility of recombination low [49, 74]. In the 

work by de la Escosura and group [75], a dyad covalently linked between Zn–phthalocyanine 

and a C60 molecule was investigated. Ultrafast photo-induced charge transfer revealed by 

photo-induced absorption measurements and fluorescence quenching was observed. Time 

resolved photo-induced absorption measurements revealed the lifetime of the charge 

separated state to be 130 ns. Mixture of Pd–phthalocyanine compound having a strong 

electron accepting behavior with Zn–phthalocyanine [76] in solution resulted in a complex 
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with significantly longer lifetime of the charge separated state of 475 ns. This behavior is 

attributed to strong electronic coupling between the two phthalocyanine moieties, which 

allows photo-induced radical cation generated to move from the counter charge on the 

fullerene; leading to a stable charge separated state. 

 

Very recently, Santos et al [77] clearly showed that efficient electron transfer takes place in 

β-substituted fullerene/donor dyad system connected through p-phenylenevinylene dimer. 

The primary component of the fullerene/donor interaction is controlled by the dispersive 

forces associated with π - π and weak electrostatic interaction. Predominant character of 

electrostatic interaction and π – π interaction has been shown for the formation of 

supramolecular ensemble fullerene/phthalocyanine [53, 78-79]. Rate constant for charge 

separation, quantum yield for charge separation and different energy calculations related to 

electron transfer and solvent reorganization energies employed suggest photo-induced 

electron transfer from excited phthalocyanine to fullerene [79]. A number of works on photo-

induced charge transfer from the excited state of a conducting polymer onto fullerene have 

been reported [49, 80-82]. Reports on ground state electron transfer between fullerenes and 

electron donors are also available [68]. Such electron transfer system is different from the 

photo-induced type that happens only upon excitation of the charge transfer donor [49, 83]. 

This is the reason for the interest in fullerenes for application as electron acceptors in OPVs 

[41, 84]. Interactions between electron donating polymers and fullerenes are particularly of 

importance due to the need for a fundamental understanding of the interaction mechanism of 

donor-acceptor components in Bulk heterojunction organic photovoltaic cell (BHJ-OPV) for 

improved device design and fabrication. This understanding can be achieved using 

photophysical and photochemical methods such as absorption, fluorescence spectral 

measurements and the Stern–Volmer approach for analyzing fluorescence quenching. 
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3.3 Fluorescence Quenching of Donor Polymers by C60 Fullerene and Its Derivatives 

 

Fluorescence quenching and decrease of luminescence lifetime for donor-acceptor when they 

are blended together is usually the first indication of photo-induced charge transfer. 

Fluorescence quenching occurs as a result of charge transfer processes from a donor to an 

acceptor. The decrease in fluorescence intensity of a donor with increasing fullerene 

concentration is associated with decrease in the quantity of free donor, which is caused by 

interactions between fullerene and the donor. The fluorescence intensity of a material can be 

reduced or quenched by a number of processes or molecular interactions. These processes or 

interactions can occur as a result of molecular rearrangements, during excited state reactions, 

energy transfer, charge transfer reactions or they may occur due to formation of complexes in 

the ground state. The decrease in the intensity of fluorescence is termed fluorescence 

quenching. Possible fluorescence quenching mechanisms include collisional or dynamic 

quenching, static or complex formation quenching or a combination of both. The process of 

complex formation is termed static quenching while quenching caused by collision of 

diffusion of materials is termed collision or dynamic quenching. Fluorescence quenching 

studies can be carried out in solution or in solid state in the form of thin film. However, for 

understanding of the processes taking place between a donor and acceptor during 

fluorescence, studies cannot be conducted in solid state since the solid state fluorescence is 

most often completely quenched; and as such does not give room for understanding of the 

interaction mechanism. It is assumed that the quenching in the solid state involve additional 

non-diffusional component or complex formation contributing to polymer quenching. 

Fluorescence quenching studies are usually carried out in solution to get an insight or 

understanding of the charge transfer process from the electron donor to the electron acceptor 

with the assumption that the same processes taking place in solution also take place in the 

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



 

 

 

 

Chapter Three: Literature Review 

64 

 

solid state. In solution, fluorescence quenching by an acceptor molecule follows the classic 

Stern-Volmer relationship. 

 

 QKI  oqo
1I          equation (3.1) 

 

where I o
 is the intensity of fluorescence without a quencher, I  is the steady-state intensity 

of fluorescence at the concentration of quencher  Q  [85-88],  o
 is the lifetime of the 

fluorophore in the absence of quencher and K q
 is the quenching constant.  

 

3.3.1 The Stern-Volmer Equation 

 

Considering the fluorescence intensities observed in the absence of quencher ( I o
) and 

presence of quencher ( I ), the Stern-Volmer equation can be derived. The fluorescence 

intensity of a fluorophore is proportional to its concentration in the excited state  *F . Under 

uninterrupted light, a sustained population of excited fluorophores is formed. At this stage, 

  0dt
*

Fd . The differential equations describing the concentration of the fluorophore 

in its excited state in the absence and presence of a quencher are  

 
    0o

*

*

dt
 F

F

tf
d      equation (3.2) 

 
    0*

q

*

dt













 F

F
QKtf

d
    equation (3.3) 

where  tf is the constant excitation function,  Q is quencher, and  o

1

  is the decay 

rate of the fluorophore in the absence of quencher 
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KK nrr

1

o




  

KK nrr

o

1


        equation (3.4) 

where K r
is the radiative rate and K nr

 is the non-radiative decay rate. An additional 

decay rate 




QK q

is observed in the presence of a quencher yielding equation (3.5) 

 








QKKK qnrr

1
       equation (3.5) 

Division of equation (3.4) by equation (3.5) yields the Stern-Volmer equation 
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 QK  oqo
1       equation (3.6) 

In the case of purely dynamic quenching, Ioo I . Therefore,  

 QKI  oqo
1I   

 

 o
 is the lifetime of the fluorophore in the absence of quencher, and   is the lifetime of the 

fluorophore in the presence of quencher. KK SVoq
  is the Stern-Volmer quenching 

constant. 
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The constant is evaluated from the normalized plot of fluorescence intensity against the 

quencher concentration. Quenching data are usually presented as plots of II o
against  Q  

to yield a straight line graph with slope =  oqK and intercept 1 (Figure 3.2). The plot is 

linear if either dynamic or static quenching mechanism is dominant [85-88]. 

 

 

Figure 3.2: Stern–Volmer quenching plot (PL of MEH-PPV over the PL of polymer with 

PCBM versus the PCBM concentration). The solid line is the fit obtained from the Stern–

Volmer equation. Inset: The chemical structures of MEH-PPV and PCBM. Reprinted 

(adapted) with permission from Ref [80], Copyright (2001) John Wiley and Sons. 

 

3.3.2 Dynamic Quenching 

 

Dynamic quenching occurs as a result of the diffusive encounters between the fluorophore 

and quencher during the lifetime of the excited state. The quencher collides with the 

fluorophore during the lifetime of the excited state and the quenching takes place when the 
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excited fluorophore experiences contact with an atom or molecule that can facilitate non-

radiative transitions to the ground state. Upon contact with the quencher, the fluorophore 

returns to the ground state without emission of photon. It is a time-dependent process and 

usually, no permanent change or photochemical reaction occurs. In the simplest case of 

dynamic quenching, the Stern-Volmer equation holds according to equation (3.7) 

 QKII Do
1         equation (3.7) 

 

The Stern-Volmer quenching constant is given by  oqD KK   for dynamic quenching. 

 

3.3.3 Static Quenching 

 

Static quenching, first reported by Gregorio Weber, occurs when the fluorophore forms a 

stable complex with the quencher. This results in quenching of the fluorescence intensity as 

the complex formed is non-fluorescent. It occurs as a result of the formation of a non-

fluorescent ground-state complex between the fluorophore and quencher. On absorption of 

light, the complex immediately returns to the ground state without emission of a photon. 

Static quenching follows the Stern-Volmer equation according to equation 3.8 

 

 QKII ao
1        equation (3.8) 

 

K a
is the association constant of the complex. The Stern-Volmer constant contains both 

static and dynamic components, but where static quenching is dominant, the Stern-Volmer 

constant is taken as the association constant, K a
, between the fluorophore and quencher [85, 
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87-88]. The Stern-Volmer quenching constant in this case is given by  oqa KK   for 

static quenching. 

The dependence of the fluorescence on the concentration of the quencher can be derived as 

follows 

 

FQQF          equation (3.9) 

 

 








QF

FQ
K a

       equation (3.10) 

 




 QFKFQ a

       equation (3.11) 

 












 QK
F

FQF

F
F

I
I t

a
.oto 1     equation (3.12) 

where F is the fluorophore and Q .is the quencher. 

The association constant, K a
, can be used to evaluate the strength of charge transfer 

complex formed between fullerenes and other molecules [56, 59, 89], and fullerenes and 

polymers [61].  

 

3.3.4 Differences between Dynamic and Static Quenching 

 

In both dynamic and static quenching, molecular contact between the fluorophore and 

quencher is important. However, dynamic quenching only affects the excited states of the 

fluorophores, and as a result, no changes in the absorption spectra occur. On the other hand, 

static quenching results in changes in the absorption spectra. The complex as formed in static 

quenching is formed in the ground state resulting in perturbation of the absorption spectrum 
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of the fluorophore. Static and dynamic quenching can be distinguished from one another by 

various methods. It can be on the basics of their different temperature dependences, 

fluorescence lifetime measurement, exploring the curvature with a Stern-Volmer plot and the 

absorbance spectra [87, 90-93]. However, the most commonly used method to identify and 

differentiate between both quenching mechanisms is the fluorescence lifetime measurement 

[92-93]. Dynamic quenching reduces the average lifetime of the fluorophore while the 

fluorescence lifetime for static quenching remains unchanged with the addition of quencher 

[87-88]. In static quenching the complexed fluorophores are non-fluorescent, and the only 

observed fluorescence is from the un-complexed fluorophores. In general, for static 

quenching, the fluorescence lifetime remains unchanged while dynamic quenching results in 

decrease in the fluorescence lifetime. Figure 3.3 [94], shows the fluorescence decay of donor 

protoporphyrinIX (PPIX) in the absence and presence of fullerene. The donor reveals a single 

exponential decay with fluorescence life-time of 11.2 ns. The fluorescence decay remained a 

single exponential with no change in the fluorescence lifetime as the fullerene concentration 

increases. This report confirmed a static quenching for the PPIX/fullerene system. 
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Figure 3.3: Fluorescence decay dynamics of PPIX by varying fullerene concentration. 

Reprinted from Synthetic Metal, 194, A. Kathiravan, Excited state electron transfer reactions 

of ProtoporphyrinIX with fullerene, 77 - 81, Copyright (2014), with permission from 

Elsevier. 

 

Fluorescence quenching increases with temperature for dynamic quenching while quenching 

decreases in static quenching. The reason for this is that diffusion rates and dynamic collision 

rates increase with increasing temperature, whereas; complex formation strength tends to 

decrease with increasing temperature. Temperature-dependant method can therefore be used 

to determine the exact quenching mechanism, by comparing the quenching extent at various 

temperatures. In most cases, both interactions are present but with one dominant. In the 

interaction of fullerenes with poly(p-phenylene ethynylene) (PPE) for example, static 

quenching is reportedly dominant [88]. 
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In a system with both static and dynamic quenching simultaneously taking place, the 

following relation holds: 

 

     QQ KKII aDo
11        equation (3.13) 

and a plot of II o
against  Q  yields an upward curvature due to the squared concentration 

of the quencher. 

Figure 3.4 shows the Stern-Volmer plot for static and dynamic quenching with a slope = K  

intercept = 1 and quenching response to temperature. 

 

 

Figure 3.4: Comparison of dynamic and static quenching. Principles of fluorescence 

spectroscopy; quenching of fluorescence, 2006, p. 280, Joseph R. Lakowicz. ―With 

permission of Springer". 
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T. Chaudhuri et al [95] described emission spectroscopic studies performed to study the 

intermolecular complexation of fullerene C60 and C70 as well as of o- and p-chloranils with 

meso-tetra-2-chlorophenylporphyrin(clTP) in non- interacting toluene medium. The report 

revealed different quenching mechanisms to be operational for these two groups of 

compounds. With incremental addition of the electron acceptors to a fixed concentration of 

the donor clTP, a progressive quenching of fluorescence intensity of the clTP was observed 

(Figure 3.5). From the report, the type of quenching mechanism operational for the two 

groups of acceptor on the donor clTP using temperature-dependent steady state emission 

studies (Figures 3.6 A and B) and time-resolved emission studies (Figures 3.6 C and D) 

was confirmed. From the temperature-dependent studies, the increase in temperature lowered 

the slope of the linear Stern-Volmer plots indicating that static quenching occurs with 

fullerenes (Figure 3.6A). This was further confirmed through the linear horizontal plot of 

 o
against the concentration of C60 (Figure 3.6D). Chloranils on the other hand, revealed 

both dynamic and static quenching mechanism (Figure 3.6B), and the dynamic contribution 

was evaluated by time- resolved measurements (Figure 3.6C). The report by this group 

revealed the possibility of both quenching methods in the system and practical methods of 

identifying the different quenching mechanisms. 
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Figure 3.5: Quenching of fluorescence intensity with incremental addition of fullerene. 

Reprinted from J. Lumin, 130, T. Chaudhuri, S. Nath, S. Chattopadhyay, M. Banerjee and S. 

K. Nayak, Supramolecular interactions of meso-tetra-2-chlorophenylporphyrin with 

fullerenes: A luminescence study, 507 - 511., Copyright (2010), with permission from 

Elsevier. 
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Figure 3.6: Effect of temperature on steady-state fluorescence quenching of (A) clTP/C70, 

(B) clTP/o-chloranil and Stern–Volmer plots of time-resolved quenching of fluorescence for 

(C) clTP/o-chloranil (D) clTP/C60. Reprinted from J. Lumin, 130, T. Chaudhuri, S. Nath, S. 

Chattopadhyay, M. Banerjee and S. K. Nayak, Supramolecular interactions of meso-tetra-2-

chlorophenylporphyrin with fullerenes: A luminescence study, 507 - 511., Copyright (2010), 

with permission from Elsevier. 

 

In principle, II o
 is expected to be linearly dependent on the concentration of quencher. 

However, deviations from linearity may occur. The deviations can be as a result of both static 

and dynamic mechanisms being active in the quenching process, thereby resulting in upward 

curvature or positive deviation in the Stern–Volmer plot [86-87]. It can be as a result of large 

degree of quenching at large quencher concentrations [86-87, 96-98]. A linear Stern-Volmer 

plot is generally indicative of a single class of fluorophores, all equally accessible to 
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quencher. If two fluorophore or more populations are present, and one class is not accessible 

to quencher, then the Stern-Volmer plots deviate from linearity. Also, deviations can occur 

when a system contains a fluorophore in different environments, as a result of the existence 

of a reverse reaction or hydrogen bond complex formation with the fluorophore [97-100]. 

The Stern-Volmer equation can be modified to suit the deviations which results in non-linear 

plots [101].  

 

3.4 Mechanism of Photo-Induced Charge Separation and Operating Principle of 

Organic Photovoltaic Cell 

 

The operating principle of a photovoltaic cell is based on the photovoltaic effect. The 

photovoltaic effect is the generation of a potential difference at the junction of two different 

materials in response to visible or other radiation [102]. In photovoltaic cells, the potential 

difference facilitates dissociation of photo-generated charge which results in light energy 

conversion into electrical energy. For organic photovoltaic cell to convert light energy to 

electrical energy, they must be able to absorb incident photons through the promotion of 

electrons to higher energy level and contain an internal electric field that accelerates the 

promoted electrons in a particular direction, resulting in an electric current. Absorption of 

light in the active layer results in the generation of excitons (Figure 3.7). Excitons consist of 

an electron and a hole in the LUMO and HOMO respectively [103]. The generation of 

exciton is followed by diffusion of the generated exciton through the material until it either 

decays or reaches the interface where it dissociates into electrons and holes and is transported 

to appropriate electrodes [104]. The hole is transported to and collected at the anode while the 

electron is transported to and collected at the cathode. If they are able to exit the anode and 

cathode before recombination, current is produced [104]. The possibility of constructing 
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donor–acceptor bulk heterojunction photodiodes from a blend of fullerene and organic 

semiconductor [72, 105] or even inorganic semiconductor nanoparticle [106] is the most 

important application of photo-induced charge transfer. The fullerene acts as the acceptor and 

electron transporter in the device. 

 

 

Figure 3.7: Schematic of typical organic photovoltaic cell device architecture. a. Schematic 

PV cell with an expanded exciton. b. Explains the main processes taking place in a. Light 

absorption is followed by (1) generation of excitons which can either decay if unable to reach 

the interface within its diffusion length or diffuse to the interface (2) diffusion of exciton to 

the interface, (3) dissociation of the diffused excitons at the interface into holes and electrons 

and (4) transfer of holes and electrons to the appropriate electrodes where they are collected 

and charge produced.  

 

A donor material can transfer an electron to fullerene to generate photo-induced charge 

separation when the difference between the LUMO of the donor and the LUMO of fullerene 

is around 0.3 eV (Figure 3.8). This is regarded as the exciton splitting energy and it is 

required to guarantee the efficient charge separation at interface of donor and acceptor [107]. 

When a conjugated polymer absorbs light greater than π - π* gap, it becomes excited and 

electron transfer to an electron deficient material is initiated [49]. Amongst all other 
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processes which take place during light absorption, photo-induced charge transfer is 

indispensible for materials to be considered for donor–acceptor bulk heterojunction solar cell 

application. This can be achieved by fine tuning the energy level of the donor by chemical 

synthesis to achieve a low band gap and an ‗ideal‘ exciton splitting energy with a suitable 

acceptor. Another method or additional method of achieving unhindered photo-induced 

charge transfer is having an ‗ideal‘ active layer blend morphology, solubility of the materials 

and cast solvent e.g the type of solvent the blend is cast from. The donor and acceptor should 

be properly blended by stirring since charge generation takes place at donor/acceptor 

interface. 

 

 

Figure 3.8: Schematic of the energy levels of an ‗ideal‘ active layer blend. 

 

Increase in photo-generated current and general performance was recorded in donor-acceptor 

BHJ OPV constructed from a blend of semiconducting polymer MDMO–PPV (poly((2-

methoxy-5-(3,7-dimethyloctyloxy)-p-phenylene) vinylene) and PCBM by using 

chlorobenzene as cast solvent in place of toluene [108]. The probing of both systems via 

scanning electron microscopy (Figure 3.9) revealed a strong phase separation between the 
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two compounds in blend films cast from toluene while films cast from chlorobenzene shows 

a fine mixture [109-111]. The report shows that a nanoscale phase separation takes place 

during the film formation resulting in a nano-morphology with a significant influence on the 

casting conditions. Taking into account the importance of charge transfer in organic 

photovoltaic cells, the connection between the blend morphology and the performance of an 

OPV can be understood. The interfacial area where electrons and holes generated from 

excitations can be separated is smaller in the coarse blends casted from toluene as solvent, as 

shown in the photoluminescence spectra of the films (Figure 3.10). From the spectra, some 

of the PCBM in the blend cast of toluene are not available or in proximity with the donor to 

undergo a charge transfer. This is noticed in the strong luminescence of the PCBM in the 

blend cast from toluene compared to the blend cast from chlorobenzene. Therefore, the 

amount of charge carrier generated and the photo-generated current is lessened in the coarse 

phase separated blend. 
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Figure 3.9: SEM cross-section images of films of MDMO–PPV:PCBM blends cast from 

chlorobenzene (a, b) and toluene (c, d). The blending ratio is depicted in the lower right 

corner. Reprinted (adapted) with permission from Ref [109], Copyright (2004) John Wiley 

and Sons. 

 

Figure 3.10: Photoluminescence spectra of thin films on glass: MDMO–PPV (1), PCBM (4) 

and blends of MDMO–PPV:PCBM (1:4 by weight) cast from chlorobenzene (2) and toluene 

(3). Reprinted (adapted) with permission from Ref [109], Copyright (2004) John Wiley and 

Sons. 
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3.5 Factors Responsible for Fluorescence Quenching 

 

The factors responsible for fluorescence quenching can be summed up as concentration, side 

chain/molecular weight, π – π interaction and effective charge transfer from donor to 

acceptor. The reduction in the fluorescence intensity of a donor with increasing acceptor 

concentration can be attributed to decrease in the quantity of free donor fluorophore. This is 

caused by a strong interaction between donor and acceptor. The fluorescence quenching of D-

A-D-type low band gap organic dyes based on triphenylamine and 

benzoxadiazole/benzothiadiazole, 4,7-Bis{5-{4-{2-[4-(N,N-diphenylamino)phenyl]-1-

nitrilethenyl} phenyl}-2-thienyl}-2,1,3-benzoxadiazole (BDNTBX) and 4,7-Bis{5-{4-{2-[4-

(N,N-diphenylamino)phenyl]-1-nitrilethenyl}phenyl}-2-thienyl}-2,1,3-benzothiadiazole 

(BDNTBT) by PCBM was investigated by Zeng et al [112]. As the concentration of the 

acceptor PCBM increased, the fluorescence of both donor materials was gradually quenched, 

revealing a photo-induced charge transfer and separation process between the donor and 

acceptor. The report conformed to the linear Stern-Volmer equation at low concentration of 

PCBM (Figure 3.11). 
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Figure 3.11: Emission spectra (left) of BDNTBX and BDNTBT (1.0*10
-5

 M) in CHCl3 with 

increasing concentration of PC61BM (*10
-5

 M): 0.0 (0), 2.5 (1), 5.0 (2), 10.0 (3), 15.0 (4), 

20.0 (5), 25.0 (6), 30.0 (7). The insets are Stern-Volmer quenching plots for both compounds 

respectively. Fluorescence of BDNTBX without and with PCBM in CHCl3 under irradiation 

(365 nm) on the setting of Panasonic DSC-TX1 camera (right). Reprinted from Dyes Pigm, 

95, S. Zeng, L. Yin, X. Jiang, Y. Li and K. Li, D–A–D low band gap molecule containing 

triphenylamine and benzoxadiazole/benzothiadiazole units: Synthesis and photophysical 

properties, 229 - 235., Copyright (2012), with permission from Elsevier. 

 

Although interactions between fullerenes and polymers can be dominated by the polymer 

backbone [101], side chains can play a role in the interaction of polymer and fullerene. C60 

interactions have been shown to be stronger due to the presence of certain side chains groups 

[57-58, 113-116]. Also, fluorescence quenching of a donor material can be associated with 

molecular weight of the donor. Studies on poly(p-phenylene ethynylenes) (PPE) fluorescence 

quenching and the effects of molecular weight conducted on poly(p-phenylene ethynylenes) 

by fullerene showed constant values of Stern-Volmer constants at low molecular weight 

followed by an increase at higher molecular weights [101]. Generally, fullerenes interact 

strongly with conjugated polymers. The quenching of polymer by fullerene gives higher 
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Stern-Volmer constant values than the quenching of small molecules by fullerene. This can 

be ascribed to molecular weight effect where longer average diffusion lengths and increased 

mobility of excitons for larger molecules results in large degree of enhancement. Also, an 

increase in molecular weight of polymer can increase the Stern-Volmer constant if the 

exciton diffusion length of a polymer in solution is greater than the polymer length [117]. 

Quenching can also be related to the electronic properties e.g electron affinity of the acceptor. 

However the report by Mayorova et al [118] showed a series of fullerene based acceptor with 

similar electronic properties. These acceptors were applied individually for the quenching of 

MEH-PPV and revealed different quenching abilities. It can therefore be concluded that apart 

from electronic property like electron affinity, other factors are responsible for fluorescence 

quenching abilities of the acceptor materials. In the report by Campbell et al [101], the 

fluorescence quenching behavior of a series of poly(p-phenylene ethynylenes) of different 

molecular weight and side chain chemistry with C60 was investigated using a modified Stern–

Volmer equation. The fluorescence quenching measurements showed no significant 

difference in the complex strength for poly(p-phenylene ethynylenes) with different side 

chains. This suggests that the interaction of C60 with the polymer is basically through the 

conjugated polymer backbone. Considering the strength of interaction and lack of side group 

contribution to the interaction, it is believed that π - π interactions between the C60 cage and 

PPE backbone are responsible for the comparatively strong interactions observed. The 

fluorescence quenching of extensively studied P3HT donor with acceptor PCBM was 

attributed to efficient charge transfer from P3HT to PCBM, providing a fast non-radiative 

decay of the excited state [119]. Alves et al [120] reported the fluorescence quenching of 

P3HT and PFT respectively by PCBM and compared the quenching observed for PCBM as 

acceptor with that of CdSe as acceptor both in solution and film. The Stern-Volmer constants 

obtained for P3HT:PCBM and PFT:PCBM were 2579 and 2711 Lmol
−1

 respectively while 
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the constant obtained for P3HT:CdSe and PFT:CdSe are 1445 and 665 Lmol
−1

 respectively. 

From the Stern-Volmer constant values, it is clear that PCBM have better interaction with the 

polymers and therefore quenches more efficiently than CdSe. 

 

3.6 Conclusion 

 

Fullerenes have proven to be good electron acceptors in the presence of light absorbing 

electron donors. Charge transfer processes are the core of the rapidly growing field of organic 

photovoltaic cells and the possibility of constructing donor–acceptor bulk heterojunction 

photodiodes from fullerenes with semiconducting materials is the most important application 

of photo-induced charge transfer. Amongst all other processes which take place during 

absorption and conversion of light energy into electrical energy, photo-induced charge 

transfer is crucial. The understanding of photo-induced charge transfer process is vital in the 

photo-physics and photochemistry of organic systems. A good understanding of this process 

within polymer-fullerene blend will increase the amount or quantity of absorbed photons 

converted into electricity. The application of fullerenes therefore, in organic photovoltaic 

cells as photo-induced electron acceptors and electron transport materials is indispensable. 

Their versatility which results from their energetic properties places them above other 

acceptor materials for organic photovoltaic cell applications. 
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CHAPTER FOUR 

 

RESEARCH MATERIALS AND METHODOLOGY 

 

4 Introduction 

 

This chapter gives details of the following: 

 

 Materials: Information on all the materials used, including source and assay. 

 Methodology: Research design and a general overview of all the sequential steps 

taken to actualize the aim of this research. It also contains the section on research 

mechanism. The research mechanism section give information on the types and 

mechanism of all the major reactions carried out in the course of this research. 

 

The analytical techniques employed in this study includes nuclear magnetic resonance 

(NMR) spectroscopy, mass spectroscopy (MS), ultrviolet-visible (UV-Vis) spectroscopy, 

photoluminescence (PL), electroluminescence (EL), thermogravimetric analysis (TGA), 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), atomic force 

microscopy (AFM), infra red (IR) spectroscopy, cyclic voltammetry (CV), square wave 

voltammetry (SWV), electrochemical impedance spectroscopy (EIS), microscopy, and 

photovoltaics (current voltage (I-V curves) and external quantum efficiency (EQE)). 
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4.1 Materials 

 

A list of the materials used, their source (Sigma Aldrich, Aldrich, Fluka, Alfa Aesar, Merck, 

VWR, etc) and purity is presented in Table 4.1. 

 

Table 4.1: List, source and purity of materials used 

Material Source Assay [%] 

Benzo[b]thien-3-ylboronic acid Sigma Aldrich ≥95 

5-Bromo-3-pyridinecarboxaldehyde Sigma Aldrich 97 

Tetrakis(triphenylphosphine) 

palladium(0) 

Sigma Aldrich 99 

Bis(triphenylphosphine)palladium(II) 

dichloride 

Sigma Aldrich 98 

Chloro(2-dicyclohexylphosphino-

2′,4′,6′-triisopropyl-1,1′-biphenyl)[2-

(2′-amino-1,1′-biphenyl)]palladium(II) 

Sigma Aldrich - 

1, 2-dimethoxyethane Sigma Aldrich 99.9 

Triphenyl phosphine Sigma Aldrich ≥95 

Fullerene C60 Bulky USA - 

Sarcosine Sigma Aldrich ≥98 

Tetrabutylammonium 

hexafluorophosphate (TBAPF6) 

Sigma Aldrich >99.0 

Hydroquinone  Aldrich ≥ 99.5 
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Material Source Assay [%] 

   

1,3-dimtheyloctane Aldrich 96 

Potassium carbonate, anhydrous Alfa Aesar 99 

Sodium metabisulfite Alfa Aesar 97 

Paraformaldehyde Alfa Aesar 97 

Sodium bromide Alfa Aesar 97 

(Trimethylsilyl)acetylene Alfa Aesar 98 

n-Buthyllithium, 2.5 M in hexane Alfa Aesar - 

Diisopropylamine  Alfa Aesar 99+ 

Potassium tert-butoxide Alfa Aesar 97 

2-Ethylhexyl bromide Aldrich 95 

1-Bromoundecane Aldrich 98 

1-Bromotridecane Aldrich 98 

Dibromo anthracene Alfa Aesar 98 

Triethylphosphite Aldrich 98 

Diethyl ether Sigma Aldich ≥99.0 

1-Bromodecane Sigma Aldrich 98 

Potassium hydoxide Alfa Aesar 85 

N, N-dimethyl formamide Alfa Aesar 99.8 

Bromine Sigma Aldrich ≥99.0 

H2SO4 Merck - 

CH3COOH Merck - 

CuI Alfa Aesar - 

Potassium fluoride Alfa Aesar 99 

Sodium sulfate Sigma Aldrich ≥99 
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Material Source Assay [%] 

   

Poly[(9,9-di-n-octylfluorenyl-2,7-

diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-

diyl)] (F8BT) 

Sigma Aldich - 

[6,6]-Phenyl C61 butyric acid methyl 

ester (PCBM) 

Solene, Sigma Aldich ≥99.5 

1-[3-(Methoxycarbonyl)propyl]-1-

phenyl-[6.6]C61, 3′H-Cyclopropa[1,9] 

[5,6]fullerene-C60-Ih-3′-butanoic acid 

3′-phenyl methyl ester, PCBM, 

[60]PCBM 

Sigma Aldrich >99.5 

Silica Gel Merck, Macherey-Nagel MN 60  0.063-0.200 mm 

(70–230 mesh)  

Poly-(3-hexylthiophene) (P3HT) Rieke - 

Poly(ethyleneimine) solution Aldrich - 

Poly[[2,2′-bithiophene]-5,5′-diyl(9,9-

dioctyl-9H-fluorene-2,7-diyl)] (F8T2) 

Sigma Aldrich 99.9 

Methanol VWR Chemicals - 

Tetrahydrofuran & Toluene VWR Chemicals - 

Dichloromethane VWR Chemicals Technical 

Dimethyl sulfoxide VWR Chemicals Technical 

Acetonitrile VWR Chemicals - 

Cyclohexane  VWR Chemicals - 

Ethylacetate VWR Chemicals - 
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4.2 Methodology 

 

4.2.1 Research Design 

 

This thesis was designed to follow some sequential steps or cycles. Nuclear magnetic 

resonance (NMR) spectroscopy measurements were made after each synthesis to ascertain its 

conformity to proposed structure. Thereafter, purification and characterization were carried 

out to confirm the properties of the materials for possible application in organic electronics; 

particularly, organic photovoltaic cells. The broad research design can be summarised in the 

flow diagram below: 

 

 

Figure 4.1: A flow chart of the research design. 
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The entire research is based on polymer synthesis and functionalization of fullerene for 

photovoltaic applications. The above research design follows the sequential steps below: 

 

 Material synthesis: each synthetic step of the material synthesis followed a set of 

known reactions usually to give a crude product which is then purified. For 

polymerization, synthetic steps such as alkylation, bromination, formylation, 

alkynylation (protected), alkynylation (deprotected), Sonogashira reaction, 

Michaelis Arbuzov reaction and finally Horner Wadsworth Emmons reaction 

were employed. Fullerene functionalization was achieved via the Suzuki coupling 

reaction followed by the Prato reaction. The major reactions are in bold. 

 

 Product confirmation: the crude product is usually confirmed by MS and 
1
H NMR to 

ascertain the success of the synthesis. 

 

 Purification: all successful reactions undergo purification either by column 

chromatography, Soxhlet extraction, re-precipitation, crystallization or two or all of 

the above purification steps to obtain the pure product. 

 

 Sample Characterization: the pure sample/product is then characterized by nuclear 

magnetic resonance (NMR) spectroscopy, mass spectroscopy (MS), ultrviolet-visible 

(UV-Vis) spectroscopy, photoluminescence (PL), electroluminescence (EL), 

thermogravimetric analysis (TGA), transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), atomic force microscopy (AFM), infra red (IR) 

spectroscopy, elemental analysis and cyclic voltammetry (CV) to ascertain its 

potential for device fabrication. 
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 Device Fabrication and Characterization: Samples with promising potential for device 

fabrication are then employed in device fabrication and characterized to obtain the 

current-voltage curve where the device efficiency is determined and the external 

quantum efficiency which gives information on the percentage of energy the device 

can give out from what it receives. 

 

4.2.2 Reaction Mechanisms 

 

This section gives a schematic representation showing all the reactions that were carried out 

in this work and brief illustration of the mechanisms. Figure 4.2 shows two reaction steps 

based on the Suzuki coupling reaction and the Prato reaction while Figure 4.3 consists of a 

series of reactions ranging from the well known Williamson synthesis to the Horner 

Wadsworth Emmons (HWE) reaction. However, in this section we will be dwelling on the 

mechanisms and discussion of the reactions of Figure 4.2 and the three major reactions of 

Figure 4.3. Namely; 

 

 Sonogashira reaction 

 Michaelis Arbuzov reaction and  

 Horner Wadsworth Emmons reaction 

 

The formation of carbon-carbon (C–C) bond in chemistry is of great importance as it 

provides vital steps in the synthesis of bio-active molecules for medicines and agrochemicals 

and novel organic materials with intriguing electronic, optical or mechanical properties which 

are likely to play a significant role in the rapidly growing area of nanotechnology 
[1]

. In this 

section, C-C bond forming reactions employed in this work will be briefly explained. 
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Figure 4.2: Reaction steps based on the Suzuki coupling reaction and the Prato reaction. 
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Figure 4.3: Series of reactions ranging from Williamson synthesis to Horner Wadsworth 

Emmons (HWE) reaction.  

 

4.2.2.1 Suzuki Coupling Reaction 

 

The Suzuki coupling reaction is the reaction between an aryl or vinyl boronic acid and an 

aryl or vinyl halide by a Pd (0) complex [2-4]. The coupling takes place in the presence of a 

base. The role of the base as reported by Duc and coworkers are basically to enhance the 
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transmetalation and the reductive elimination [5] by increasing the reactivity of the boronic 

acid toward the Pd-halide complex and converting it into the respective organoborate. The 

reaction was first reported in 1979 by Akira Suzuki‘s group and he shared the 2010 Nobel 

Prize in Chemistry with Richard F. Heck and Ei-ichi Negishi for their effort for discovery and 

development of palladium-catalyzed cross couplings in organic synthesis [6].  

 

The aim of transition metal-catalysed organic synthesis is generally a C–C bond formation. 

The palladium-catalysed Suzuki reaction [7] is one of the most efficient methods for carbon-

carbon (C–C) bond formation. Other coupling methods like Stille, Kharash, Himaya, 

Kumuda, Liebeskind–Srogl and Negishi can also be used to achieve same purpose [8], but the 

Suzuki coupling reaction has proven to be the most popular due its mild conditions of 

reaction, availability of the various boronic acids commercially and the environmental safety 

of same compared to other organometallic reagents [9-13]. The wide spread interest in 

applications of the Suzuki reaction, new developments and advancements in the reaction 

being reported constantly as described by several reviews [4, 14-16] is also due to the 

stability, ease of preparation and low toxicity of the boronic acid compounds. In addition, the 

reaction management and removal of unwanted boron-containing products is easier compared 

to other organometallic reagents especially during upscaling. The reaction has been used in 

the synthesis of many valuable compounds such as pharmaceuticals, polymers, and 

agrochemical. 

 

The mechanism of the Suzuki reaction starts with the palladium catalyst. The steps as shown 

in Figure 4.4 is briefly described 
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 The first step is the oxidative addition of palladium catalyst in the oxidation state zero 

to the halide (2) to form the organopalladium species (3), where palladium picks up 

oxidation state 2. 

 (3) reacts with base to give the intermediate (4). 

 (4) undergoes transmetalation with the boronate complex (6) (base activated boronic 

acid produced by the reaction of the boronic acid 5 with base) to form the 

organopalladium specie (8).  

 (8) undergoes reductive elimination to give the desired product (9) and the catalytic 

cycle is completed by the restoration of the original palladium catalyst (1) which has 

an oxidation state of zero. 

 

The oxidative addition step is believed in most cases to be the rate determining step. 
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Figure 4.4: Mechanism for Suzuki coupling reaction. 

 

4.2.2.2 Prato Reaction 

 

The Prato reaction is the well-known 1,3-dipolar cycloaddition of azomethine ylides to 

olefins. In fullerene chemistry, this reaction is referred to as the functionalization of 

fullerenes and nanotubes [17]. It is a highly valued reaction for the functionalization of 

fullerenes and carbon nanotubes. It involves the use of amino acid (particularly N-

methylglycine) which reacts with aldehyde when heated at reflux in toluene to generate 
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azomethine ylide which then reacts with a double bond in a 6,6 ring position in fullerene via a 

1,3-dipolar cycloaddition to yield a N-methylpyrrolidine derivative (Figure 4.5).  

 

Mechanism 

The mechanism as shown in Figure 4.5 is briefly interpreted below 

 

 Amino acid is heated in the presence of the aldehyde (1) to form a 1, 3-dipolar 

compound (6) after the removal of H20 and decarboxylation  

 1, 3-dipolar compound reacts readily with 6, 6 ring of fullerene to give the 

functionalized fullerene (8) 
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Figure 4.5: Mechanism for Prato reaction. 

 

4.2.2.3 Sonogashira Coupling Reaction 

 

Sonogashira coupling reaction is a useful palladium-catalyzed sp
2
-sp coupling reaction of 

terminal alkynes with aryl or vinyl halides [18]. The reaction is performed using a palladium 

catalyst, a copper (I) co-catalyst and an amine base under anhydrous and anaerobic 

conditions. The co-catalyst which increases the rate of the reaction, react with the terminal 
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alkyne and produce a copper (I) acetylide, which acts as an activated specie for the coupling 

reactions (Figure 4.6). The inclusion of a copper co-catalyst in this coupling reaction results 

in increased reactivity of the reagents and makes it possible for the reaction to be carried out 

under mild conditions. 

 

The procedures of the Sonogashira coupling reaction were first reported by Heck and Cassar 

in 1975 [19-20]. Heck‘s study which was based on the Mizoroki-Heck reaction for the 

palladium-catalyzed arylation or alkenylation of alkenes, reported the now known Sonogahira 

reaction employing a phosphane-palladium complex as a catalyst and triethylamine or 

piperidine as a base and solvent while Cassar‘s report involved the use of a phosphane-

palladium catalyst in combination with sodium methoxide as a base and DMF as solvent. 

Both methods generally required harsh reaction temperature (up to 100 °C). In the same year, 

Sonogashira and Hagihara reported that addition of a co-catalyst (CuI) greatly accelerates the 

reaction, thus enabling the reaction to be carried out under milder conditions compared to 

earlier reports by Heck and Cassar. The cross-coupling is carried out at mild conditions with 

a base, typically an alkylamine base [21-22] which in most cases also acts as the solvent. The 

alkylamine solvent helps neutralize the hydrogen halide produced as the by-product in the 

coupling reaction by creating a basic medium. In addition, due to the instability of palladium 

(0) complexes in air, and the promotion of the formation of homocoupled acetylenes in the 

presence of oxygen, anaerobic conditions are advised for Sonogashira coupling reactions. 

Considering the pivotal role of the base in this reaction, specific amines such as piperidine, 

morpholine, or diisopropylamine are used for the reaction to proceed. These secondary 

amines can react efficiently and reversibly with trans-RPdX(PPh3)2 complexes by 

substituting one PPh3 ligand; where the R, X, a factor for basicity, and the amine's steric 

hindrance are responsible for the equilibrium constant of the reaction [23]. The amine is 
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usually added in excess to prevent competition of ligand exchange between the amine and the 

alkyne group. 

 

As a result of this new finding, the Sonogashira protocol became the most popular procedure 

for the alkynylation of aryl or alkenyl halides. The method has become the most important 

method to prepare arylalkynes and conjugated enynes, which are starting materials for natural 

products, pharmaceuticals products and molecular organic materials. A brief description of 

the mechanism as shown in Figure 4.6 is given below 

 

Mechanism 

 The active palladium catalyst (1) reacts with the aryl or vinyl halide (2) in an 

oxidative addition to produce a Pd
II
 intermediate (3). This step is believed to be the 

rate-limiting step of the reaction. 

 The Pd
II
 intermediate (3) reacts in a transmetallation with the copper acetylide (4), 

which is produced in the copper cycle and undergoes a trans-cis isomerization (5). 

 Finally, 5 undergo reductive elimination to produce the alkyne (6), with regeneration 

of the palladium catalyst. 
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Figure 4.6: Mechanism for Sonogashira coupling reaction. 

 

4.2.2.4 Michaelis Arbuzov Reaction 

 

The Michaelis-Arbuzov‘s reaction is one of the most versatile pathways for the formation of 

carbon-phosphorus bonds from the reaction of a trialkyl phosphate with an aryl or alkyl 

halide. It involves the formation of alkyl phosphonates containing one phosphorus-carbon 

bond. The reaction, first discovered and reported by German chemist August Michaelis [24] 

in 1898, was expanded by Arbuzov in 1906 [25]. This reaction has been reported successful 

with or without a catalyst. Microwave assisted reaction of the synthesis of organophsophorus 

compounds [26-28] and phosphonylation of aromatic compounds has been reportedly 

realized under catalytic conditions [29-30]. The heating of highly activated benzene 

compounds with phosphites yield the corresponding phosphonates without a catalyst [31]. 
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The reaction is one of the most thoroughly investigated among organophosphorus reactions 

and is widely employed for the synthesis of phosphonates, phosphinic acid esters, and 

phosphine oxides; and has gained industrial importance with major application in petro-

chemistry and the synthesis of polymers. This reaction finds extensive application in the 

synthesis of phosphonate esters for use in the Horner-Wadsworth-Emmons reaction. 

 

Mechanism 

The mechanism as shown in Figure 4.7 is briefly interpreted below 

 The alkyl group of the alkyl halide (2) is attacked by the lone pair of electrons of the 

phosphite (1) to form the addition compound (3) in which the alkyl group of the alkyl 

halide is attached to the phosphorus.  

 Next, an alkyl group of the phosphite dissociates from (3), resulting in the formation 

of the P=O bond. 

 The alkyl group is eliminated as an alkyl halide and compound (4) is produced. 

 

 

Figure 4.7: Mechanism for Micheallis Arbuzov Reaction. 

 

 

 

 

 

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



 

 

 

 

Chapter Four: Research Materials and Methodology 

116 

 

4.2.2.5 Horner Wadsworth Emmons Reaction 

 

The Horner–Wadsworth–Emmons reaction is a chemical reaction resulting in olefin 

formation by means of phosphonate carbanions. It is the reaction of phosphonate carbanions 

with aldehydes to produce mainly E-alkenes [32]. In 1958, Leopold Horner published a novel 

reaction between phosphine-oxide stabilized carbanions and carbonyl compounds known as 

the Wittig reaction [33-34]. This was further modified/expanded by William Wadsworth and 

William Emmons into the Horner–Wadsworth–Emmons reaction (or HWE reaction) by 

employing phosphonates [35]. It was soon discovered that as olefin forming reagents, 

phosphonates have certain advantages over both phosphoranes and phosphine oxides [32, 36-

39]. Since then, the HWE reaction has gained popularity for C=C bond formation [36, 40-

42]. The ease of workup, convenient reaction conditions and availability of reagents has 

attracted interest in this reaction method. The extraction of the by-product of reaction is easy 

and can be simply done by taking advantage of the solubility of the phosphate by-product in 

water. This is an important advantage over conventional Wittig reaction. The HWE reaction 

have become one of the most frequently employed synthetic process for polymerization 

employing products from the Micheallis Arbuzov reactions 

 

Steps in the mechanism of the Horner–Wadsworth–Emmons reaction (Figure 4.8): 

 

 The first step of the mechanism is the formation of the phosphonate carbanion by the 

removal of a proton at the α-carbon by a base (1).  

 Next is the nucleophilic addition of the carbanion to a carbonyl - ketone or aldehyde 

(reaction with an aldehyde is shown (2)). 
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 This is followed by the formation of the phosphorous-oxygen bond between 

phosphonate and carbonyl (3).  

 Step (4) is the elimination of the phosphonate to give the final product (5). 

 

In this reaction, the rate-determining step is the addition of phosphonate anion to the carbonyl 

group (step 3), where the carbanion-stabilizing group is important for the elimination to take 

place. The product of the classical HWE reaction is known to be predominantly E-alkene 

favoured. Notwithstanding, reducing the size of the alkyl on the carbonyl can reduce E-

favored products and result in a mixed yield. In the case of a strongly dissociating metallic 

base, this process can lead to strong Z- selective products. It has been shown that the 

stereochemical outcome of the reaction depends on the reactants (type of carbonyl 

compound), and the reaction medium (reaction conditions) [43]. Others include the base, 

solvent, and additives (such as metal salts, crown ethers, or even the deliberate exclusion of 

salts) [44-48]. 
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Figure 4.8: Mechanism for Horner Wadsworth Emmons reaction. 
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CHAPTER FIVE 

 

RESULTS AND DISCUSSION - Synthesis, Characterization and 

Photovoltaic Investigation of Poly(arylene ethynylene)-alt-poly(arylene 

vinylene)s (PAE-PAV) Polymers Based On Anthanthrone and Its 

Derivatives 

 

Abstract 

 

Anthanthrone and its derivatives are large polycyclic-aromatic compounds (PACs) and pose a 

number of challenges for incorporation into the structure of soluble conjugated polymers. For 

the first time, this group of polycyclic aromatic compounds were employed as building 

blocks for the synthesis of polymers (P1, P2, P3, P4 and P5) based on poly(arylene 

ethynylene)-alt-poly(arylene vinylene)s (PAE-PAV) backbone by Sonogashira and Horner 

Wadsworth Emmons reaction. In a bid to tune the material properties, different alkyloxy side 

chains were incorporated. The photo-physical properties were recorded both in solution and 

films and the electrochemical investigations were conducted by means of cyclic voltammetry. 

The UV-Visible absorption spectroscopy of the un-substituted anthanthrone based polymer 

(P1) revealed more light absorption, a Vis-NIR region absorption. The substituted 

anthanthrone polymers (P2 and P3) show almost similar photo-physical response with the 

frontier orbital energy levels basically unaffected by the side chains. The highest occupied 

molecular orbital/lowest unoccupied molecular orbital energy levels of the polymers 

estimated from their voltammetric response are observed to be confined within the 

anthanthrene/anthanthrone core. The highest occupied molecular orbital (-5.3 eV) and lowest 
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unoccupied molecular orbital (-3.0 eV) energy values of P2 and P3 are exactly the same 

while deeper HOMO/LUMO is observed for P1 (HOMO -5.5 eV; LUMO -4.1 eV). P1, P2 

and P3 were investigated for photovoltaic applications. Open circuit voltage over 0.9 V was 

observed for P1. P2 and P3 exhibited an open-circuit voltage over 0.75 V; and fill factor of 

0.53 was observed for P2. 

 

5 Introduction 

 

Polycyclic aromatic compounds (PACs) containing several benzenoid constituents have 

attracted considerable attention for potential applications in supramolecular electronics [1-3] 

and are becoming increasingly popular for optoelectronic applications [4-8]. The large 

conjugated π-systems of PACs accelerate electron delocalization while the rigid flat geometry 

enables them to stack in well organized arrays for strong π-stacking interactions. The 

conjugated π-systems influence the tuning of the optoelectronic properties, while the flat 

geometry is enables good light emitting properties and intermolecular charge transport [9-14]. 

These combined features make PACs appealing building blocks for the preparation of organic 

semiconducting polymers. 

 

In spite of this, a comparatively low number of conjugated polymers incorporating large 

PACs building blocks have been reported so far [15-23]. The lack of interest in PACs based 

polymers (especially for organic photovoltaic cells) is as a result of the drawbacks which is 

majorly relatively high band gap. Extension of the effective conjugation can be used to 

overcome this drawback [24-25]. However, this is often likely to be accompanied by a 

significant decrease in solubility, which might hinder processing into thin films suitable for 

photovoltaic applications. Large hexabenzocoronene PAC for example, was reportedly 
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incorporated in the main chain of conjugated polymers [26]. These materials, however, were 

insoluble in common organic solvents. The synthesis of π-conjugated small molecules based 

on anthanthrone is relatively simple but the preparation of polymers using anthanthrone units 

is challenging. Its rigidity coupled with its large and flat π surface hinders good solubility in 

common organic solvents [27]. Only very recently, the synthesis and characterization of the 

first series of soluble conjugated polymers based on anthanthrone derivative (anthanthrene) 

[28] and 4,10-bis(thienophen-2-yl)anthanthrone (TANT) unit were reported [27].  

 

Herein, the application of anthanthrone and its derivative as building blocks for solution 

process-able π-conjugated polymer synthesis via the poly(arylene ethynylene)-alt-

poly(arylene vinylene)s (PAE-PAV) backbone using the Horner-Wadsworth-Emmons 

(HWE) polycondensation reaction is reported for the first time. The new polymers were 

characterized in detail and their applicability as absorber materials in organic photovoltaic 

(OPV) devices was investigated. PAE-PAV are a class of polymeric materials that combine 

the intrinsic properties of poly(arylene-ethynylene) (PAE) and poly(arylene-vinylene) (PAV) 

into a single backbone with additional structure-specific properties [29]. The general 

constitutional unit of the PAE-PAV backbone in this study (-Ph-C≡C-Anth-C≡C-Ph-

CH=CH-Ph-CH=CH-)n contains an anthanthrone or its analogue anthanthrene embedded 

between two triple bonds (Figure 5.1b).  
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Figure 5.1: a) Synthesized monomers for polymer synthesis, b) Synthesized polymers P1 - 

P5 and small molecule SM. 
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To the best of my knowledge, the use of anthanthrone and its derivative as building blocks 

for polymer synthesis via the PAE-PAV backbone has not been reported. PAE-PAV based on 

other structures such as anthracene [30-39], thiophene and phenylene core [29, 40-41] have 

been presented in previous works. The aim of the current study is to establish anthanthrone 

and its derivatives as suitable building blocks for the design of novel PAE-PAV backbones 

with good solubility (through side chain incorporation and variation) and to probe the 

suitability of the new materials in photovoltaic applications. 

 

5.1 Experimental 

 

5.1.1 Synthesis 

 

The preliminary synthesis of various dialdehydes and the corresponding bisphosphonate 

esters (Figure 5.1a) is imperative for the polymer synthesis. The synthesis of the dialdehydes 

are 6-step reactions starting with O-alkylation of hydroquinone with the corresponding alkyl 

bromide; while the synthesis of the bisphosphonate derivatives are 3-step reactions starting 

with O-alkylation of hydroquinone with the corresponding alkyl bromide. The 6-step 

dialdehyde synthesis was obtained via the O-alkylation of hydroquinone, dibromination of 

the O-alkylated product, formylation of the new product, alkynylation via trimethyl 

silylacetylene, deprotection of the product by removal of the trimethylsilane cap to give an 

uncapped alkyne, and finally; Sonogashira cross coupling of a dibrominated compound with 

the uncapped alkyne (Figure 5.2a).  
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Figure 5.2: Reaction pathway leading to polymer synthesis. 

 

The Sonogashira reactions proceed via the Pd-catalyzed and Cu-cocatalyzed cross-coupling 

reaction of terminal alkyne and an aryl dihalide with an amine base to form the dialdehyde 

[30-31, 42-43]. For the bisphosphonate derivatives, the alkyloxy derivative obtained from O-

alkylation of hydroquinone was bromomethylated using NaBr, paraformaldehyde, 

CH3COOH and H2SO4. The bromomethylated derivatives were then converted to the 

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



 

 

 

 

Chapter Five: Result and Discussion 

130 

 

corresponding bisphosphonate esters by the Michealis-Arbuzov reaction (Figure 5.2b) [30-

31, 42-43]. The polymer synthesis (Figure 5.2c) proceeds via the Horner-Wadsworth-

Emmons olefination reaction of the dialdehyde with bisphosphonate esters [29, 44-45].  

 

5.1.1.1 Synthesis of Precursors 

 

This section presents the synthesis procedure depicted in Figure 5.2. 

 

1,4-bis(decyloxy)benzene (1a) 

 

Dimethylsulfoxide (293 mL) was added to a flask containing hydroquinone (16.19 g, 146.3 

mmol). The mixture was deaerated under vigorous stirring for 30 minutes. KOH (25 g, 380.3 

mmol) was added in one portion and the deaerating was continued for 30 more mins. 

Thereafter, 1-bromodecane (84 mL, 0.395 mmol) was added dropwise. The reaction mixture 

was stirred overnight at room temperature. By pouring into cold water (600 mL) the reaction 

was quenched. The precipitate was filtered off and washed several times to neutrality. The 

raw product was re-crystallized in acetone. Filtration and drying in vacuum yielded a white 

solid (53.2 g, 93%). 
1
H NMR (300 MHz, CDCl3) δ 6.82 (s, 4H), 3.90 (t, J = 6.6 Hz, 4H), 1.78 

(m, 4H), 1.52 – 1.14 (m, 28H), 0.89 (t, J = 6.7 Hz, 6H). 

 

1,4-bis((2-ethylhexyl)oxy)benzene (1b) 

 

A mixture of dimethylsulfoxide (598 mL) and hydroquinone (33.08 g, 298.8 mmol) was 

deaerated under vigorous stirring for 30 minutes. KOH (51 g, 777.2 mmol) was added in one 

portion. After another 30 minutes of deaerating 2-ethylhexyl bromide (151 mL, 807.1 mmol) 
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was added dropwise. The reaction mixture was stirred overnight at room temperature and 

poured into ice water. Toluene was added. The organic phase was washed with brine and 

water,  dried over Na2SO4 and filtered. The solvent was evaporated using a rotary evaporator 

leaving a brown oil, which was subjected to flash column chromatography (silica/toluene) to 

yield a colourless liquid (95.03 g, 95%). 
1
H NMR (300 MHz, CDCl3) δ 6.82 (s, 4H), 3.90 (t, J 

= 6.6 Hz, 4H), 1.87 – 1.63 (m, 2H), 1.52 – 1.14 (m, 16H), 0.89 (m, 12H). 

 

1,4-bis((3,7-dimethyloctyl)oxy)benzene (1c) 

 

Dimethylsulfoxide (73 mL) and hydroquinone (4.24 g, 36.6 mmol) were deaerated for 30 

minutes. KOH (6 g, 95.1 mmol) was added in one portion and the deaerating was continued 

for 30 more minutes. Thereafter, 3,7-dimethyloctyl bromide (22.75 g, 98.7 mmol) was added 

dropwise. The reaction mixture was stirred overnight at room temperature and poured into ice 

water. Toluene was added and the organic phase was washed with brined and water, dried 

over Na2SO4 and filtered. The solvent was removed using a rotary evaporator to leave a 

brown oil, which was distilled under reduced pressure to yield a brown liquid (8.89 g, 62%). 

1
H NMR (300 MHz, CDCl3) δ 6.82 (s, 4H), 3.89 (t, J = 6.6 Hz, 4H), 1.85 – 1.62 (m, 4H), 

1.51 – 1.11 (m, 28H), 0.88 (t, J = 6.7 Hz, 6H). 

 

1,4-dibromo-2,5-bis(decyloxy)benzene (2a) 

 

To a stirred solution of 1a (13.36 g, 34.2 mmol) in dichloromethane (164 mL) bromine (4.40 

mL, 85.5 mmol) was added. The mixture was stirred at room temperature overnight.  

Saturated aqueous K2CO3 was added. The organic layer was separated, and the aqueous layer 

was extracted with DCM. The combined organic layers were washed with aqueous solution 
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of saturated sodium metabisulphite (Na2S2O5), dried over anhydrous Na2SO4, filtered, and 

concentrated to yield a light yellow solid (18 g, 96%). 
1
H NMR (300 MHz, CDCl3) δ 7.08 (s, 

2H), 3.94 (t, J = 6.5 Hz, 4H), 1.92 – 1.62 (m, 4H), 1.53 – 1.14 (m, 28H), 0.88 (t, J = 6.7 Hz, 

6H). 

 

1,4-dibromo-2,5-bis((2-ethylhexyl)oxy)benzene (2b) 

 

To a stirred solution of 1b (95 g, 284.1 mmol) in dichloromethane (1360 mL) bromine (37 

mL, 7103 mmol) was added. After stirring at room temperature overnight saturated aqueous 

K2CO3 was added. The organic layer was separated, and the aqueous layer was extracted with 

dichloromethane. The combined organic layers were washed with aqueous solution of 

saturated sodium metabisulphite (Na2S2O5), dried over anhydrous Na2SO4, filtered, and 

concentrated to yield a dark yellow liquid (126.3 g, 90%). 
1
H NMR (300 MHz, CDCl3) δ 7.08 

(s, 2H), 3.94 (t, J = 6.5 Hz, 4H), 1.93 – 1.65 (m, 2H), 1.54 – 1.11 (m, 16H), 0.88 (m, 12H). 

 

4-bromo-2,5-bis(decyloxy)benzaldehyde (3a) 

 

2a (11.72 g, 21.4 mmol) was dissolved in dry diethyl ether (235 mL) and deaerated. To the 

stirred and cooled (-10 °C) mixture a solution of n-BuLi (8.87 mL, 22 mmol, 2.5 M in 

hexane) was added dropwise, followed by the addition of DMF (2.2 mL, 28.4 mmol). The 

cooling bath was removed and the solution left to stir overnight. The reaction was quenched 

by the addition of 10% aqueous HCl. The organic phase was separated and the aqueous phase 

washed with toluene. The combined organic phases were washed with saturated aqueous 

NaHCO3 solution and water until neutrality. The organic phase dried over Na2SO4, filtered 

and concentrated using a rotary evaporation. The crude product was further purified by 
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column chromatography (silica; toluene:hexane (1:1)) to yield a bright yellow solid (4.34 g, 

40%). 
1
H NMR (300 MHz, CDCl3) δ 10.41 (s, 1H), 7.30 (s, 1H), 7.22 (s, 1H), 4.14 – 3.89 (m, 

4H), 1.91 – 1.67 (m, 4H), 1.52 – 1.08 (m, 28H), 0.88 (t, J = 6.6 Hz, 6H). 

 

4-bromo-2,5-bis((2-ethylhexyl)oxy)benzaldehyde (3b) 

 

2b (35.32 g, 71.7 mmol) was dissolved in dry diethyl ether (788 mL) and deaerated. To the 

stirred and cooled (-40 °C) mixture a solution of n-BuLi (29.55 mL, 73.9 mol, 2.5 M in 

hexane) was added dropwise, followed by the addition of DMF (7.4 mL, 95.4 mmol). The 

cooling bath was removed and the solution was stirred overnight. The reaction was quenched 

by the addition of 10% aqueous HCl. The organic phase was separated and the aqueous phase 

washed with toluene. The combined organic phases were washed with water until neutrality,  

dried over Na2SO4 and concentrated using a rotary evaporator. The crude product was further 

purified by column chromatography (silica; hexane:dichloromethane (1:1)) to yield  a 

brownish liquid (21.46 g, 68%). 
1
H NMR (300 MHz, CDCl3) δ 10.42 (s, 1H), 7.31 (s, 1H), 

7.23 (s, 1H), 4.00 – 3.76 (m, 4H), 1.87 – 1.62 (m, 2H), 1.62 – 1.11 (m, 16H), 1.03 – 0.77 (m, 

12H). 

 

2,5-bis(decyloxy)-4-((trimethylsilyl)ethynyl)benzaldehyde (4a) 

 

To a 1 h deaerated solution of 3a (4.33 g, 8.7 mmol) in diisopropylamine (96 mL) were added 

Pd(PPh3)4 (0.5 g, 0.44 mmol) and CuI (0.05 g, 0.26 mmol). The resulting mixture was further 

deaerated for 50 minutes. Trimethylsilylacetylene (1.9 mL, 13.1 mmol) was added dropwise 

within 3 h to the stirred mixture. The reaction mixture changed from yellow to greenish 

yellow with addition of the catalyst and to dark green with addition of 
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trimethylsilylacetylene. The reaction was left to run at room temperature overnight and heat 

was introduced for 2 hours at 45 °C. Toluene (20 mL) was added, and the reaction mixture 

was filtered over celite to remove the precipitated diisopropyl ammonium bromide. Solvent 

was removed under reduced pressure and the residue was submitted to column 

chromatography (silica gel 60; toluene:hexane (1:1)) to yield a dark yellow solid (4.04 g, 

90%). 
1
H NMR (300 MHz, CDCl3) δ 10.42 (s, 1H), 7.16 (s, 1H), 7.04 (s, 1H), 4.00 (m, 4H), 

1.91 – 1.65 (m, 4H), 1.27 (m, 28H), 0.88 (m, 6H), 0.35 – 0.12 (s, 9H). 

 

2,5-bis((2-ethylhexyl)oxy)-4-((trimethylsilyl)ethynyl)benzaldehyde (4b) 

 

To a 50 min deaerated solution of 3b (13.07 g, 29.6 mmol) in diisopropylamine (325 mL) 

were added Pd(PPh3)4 (1.04 g, 1.48 mmol) and CuI (0.17 g, 0.89 mmol). The resulting 

mixture deaerated for another 50 minutes. Trimethylsilylacetylene (6.45 mL, 44.4 mmol) was 

added dropwise within 8 h to the stirred mixture. The reaction mixture changed from yellow 

to greenish yellow upon addition of the catalyst, turbid yellow and then to dark green with 

addition of trimethylsilylacetylene. The reaction was left stirring at room temperature 

overnight and heat was introduced for 2 hr at 45 °C. Toluene was added and the mixture was 

filtered over celite to remove the precipitated diisopropyl ammonium bromide. Solvents were 

removed under reduced pressure, and the residue was subjected to column chromatography 

(silica gel 60; hexane:dichloromethane (1:1) as eluent) to yield a dark brown liquid (13 g, 

96%). 
1
H NMR (300 MHz, CDCl3) δ 10.44 (s, 1H), 7.26 (s, 1H), 7.07 (s, 1H), 4.00 – 3.75 (m, 

4H), 1.83 – 1.64 (m, 2H), 1.48 – 1.12 (m, 16H), 0.92 (m 12H), 0.35 – 0.14 (m, 9H). 
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2,5-bis(decyloxy)-4-ethynylbenzaldehyde (5a) 

 

4a (2.62 g, 5.1 mmol) and potassium fluoride (1 g, 17.2 mmol) were added to a deaerated 

solution of methanol (13 mL) and tetrahydrofuran (18 mL). The mixture was protected from 

light and stirred at room temperature for 3 h. The solvent was removed under reduced 

pressure, residue dissolved in toluene and washed with water. The organic layer was dried 

over Na2SO4, concentrated under reduced pressure and purified by flash chromatography 

(silica; toluene:hexane (1:1) as eluent) to yield a bright yellow solid (1.71 g, 76%). 
1
H NMR 

(300 MHz, CDCl3) δ 10.43 (s, 1H), 7.30 (s, 1H), 7.08 (s, 1H), 4.02 (m, 4H), 3.45 (s, 1H), 

1.95 – 1.63 (m, 4H), 1.46 – 1.03 (m, 28H), 0.88 (t, J = 6.6 Hz, 6H). 

 

2,5-bis((2-ethylhexyl)oxy)-4-ethynylbenzaldehyde (5b) 

 

4b (12.99 g, 28.3 mmol) and potassium fluoride (5 g, 58.1 mmol) were added to a solution of 

methanol (72 mL) and tetrahydrofuran (102 mL). The mixture was protected from light and 

stirred at room temperature for 3 h. The solvent was removed under reduced pressure, the 

residue dissolved in toluene and washed with water. The organic layer was dried over 

Na2SO4 and, after the removal of the solvent, purified by flash chromatography (silica; 

hexane:dichloromethane (1:1) as eluent) to yield a dark brown oil (9.9 g, 90%). 
1
H NMR 

(300 MHz, CDCl3) δ 10.45 (s, 1H), 7.30 (s, 1H), 7.09 (s, 1H), 3.91 (m, 4H), 3.46 (s, 1H), 

1.89 – 1.66 (m, 2H), 1.57 – 1.12 (m, 16H), 1.03 – 0.76 (m, 12H). 
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1,4-bis(bromomethyl)-2,5-bis(decyloxy)benzene (6a) 

 

A suspension of 1a (4.84 g, 12.4 mmol), paraformaldehyde (5.2 g, 169 mmol), and NaBr (6.4 

g, 62 mmol) in glacial acetic acid (56 ml) was heated at 70°C yielding a clear solution. To 

this a 1:1 mixture of concentrated sulfuric acid and glacial acetic acid was added dropwise. 

The temperature was increased to 90°C and kept for 7 hours. The reaction was allowed to 

cool to room temperature, the precipitate was filtered off and washed with water several 

times to a pH of 6 – 7. The precipitate was dried under vacuum and re-crystallized from 

hexane (50 ml) to give a white solid (6.18 g, 87% yield). 
1
H NMR (300 MHz, CDCl3) δ 6.85 

(s, 2H), 4.52 (s, 4H), 4.08 – 3.85 (m, 4H), 1.92 – 1.67 (m, 4H), 1.53 – 1.15 (m, 28H), 0.88 (t, 

J = 6.7 Hz, 6H). 

 

1,4-bis(bromomethyl)-2,5-bis((3,7-dimethyloctyl)oxy)benzene (6c) 

 

A suspension of 1c (6.34 g, 16.2 mmol), paraformaldehyde (6.9 g, 221.4 mmol), and NaBr 

(8.4 g, 81.2 mmol) in glacial acetic acid (74 ml) was heated at 70°C. A 1:1 mixture of 

concentrated sulfuric acid and glacial acetic acid was added dropwise. The temperature was 

increased to 90°C and allowed to run for 7 h. The reaction was allowed to cool to room 

temperature and washed with water several times to a pH of 5 – 6. The crude product was 

purified by column chromatography (silica; toluene:hexane (1:1)) to yield a creamy colored 

solid (5.5 g, 59%). 
1
H NMR (400 MHz, CDCl3) δ 6.86 (s, 2H), 4.53 (s, 4H), 4.11 – 3.94 (m, 

4H), 1.96 – 1.79 (m, 2H), 1.78 – 1.66 (m, 2H), 1.66 – 1.45 (m, 4H), 1.45 – 1.25 (m, 8H), 1.25 

– 1.09 (m, 6H), 0.97 (m, 6H), 0.88 (d, J = 6.6 Hz, 12H). 
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5.1.1.2 Monomer Synthesis 

 

Synthesis of M1 

 

A mixture of 1,4-bis(bromomethyl)-2,5-(2-ethylhexyloxy)benzene (15.2 g, 18.97 mmol) and 

excess  triethylphosphite (9.47 g, 57 mmol) was stirred and heated slowly to 150±160°C; 

simultaneously, the evolving ethyl bromide was distilled off. After 4 h, vacuum was applied 

for 30 mins at 180°C to distil off excess triethylphosphite. The resulting oil was allowed to 

cool to room temperature to form pure oily substance (14.4 g, 83% yield). 
1
H NMR (300 

MHz, CDCl3) δ/ppm: 6.92 (d, J = 1.6 Hz, 2H), 4.08 – 3.89 (m, 8H), 3.79 (d, J = 5.6 Hz, 4H), 

3.15 (d, J = 20.1 Hz, 4H), 1.76 – 1.59 (m, 2H), 1.55 – 1.34 (m, 10H), 1.34 – 1.11 (m, 18H), 

0.99 – 0.63 (m, 12H); 
13

C NMR (75 MHz, CDCl3) δ 150.43, 119.30, 114.50, 71.17, 61.8, 

39.65, 30.58, 29.09, 27.06, 25.21, 23.89, 23.00, 16.30, 14.01, 11.12. 

 

M2 and M3 were prepared under similar reaction conditions as described for M1 

 

Synthesis of M2 

 

A mixture of 1,4-bis(bromomethyl)-2,5-decyloxybenzene (3.37 g, 5.85 mmol) (6a) and 

excess  triethylphosphite (3.0 g, 17.6 mmol) was stirred and heated slowly to 150±160°C, and 

the evolving ethyl bromide was distilled off simultaneously. The reaction went on for 4 h, 

after which vacuum was applied for 1 h at 180°C to distil off any excess triethylphosphite left 

in the mixture. The resulting oil was allowed to cool to room temperature to form a white 

solid, which was recrystallized from diethyl ether (30 ml) yielding (3.9 g, 97%) of pure 

substance. 
1
H NMR (400 MHz, CDCl3) δ 6.89 (s, 2H), 4.00 (m, 8H), 3.90 (t, J = 6.5 Hz, 4H), 
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3.20 (d, J = 20.3 Hz, 4H), 1.82 – 1.65 (m, 4H), 1.41 – 1.15 (m, 40H), 0.86 (t, J = 6.6 Hz, 6H); 

13
C NMR (100 MHz, CDCl3) δ 150.31, 119.28, 114.70, 68.89, 61.69, 31.89, 29.61, 29.56, 

29.47, 29.44, 29.32, 26.92, 26.13, 25.54, 22.67, 16.38, 16.34, 16.31, 14.10. 

 

Synthesis of M3 

 

A mixture of 1,4-bis(bromomethyl)-2,5-(3,7-dimethyloctyloxy)benzene (5.1 g, 8.7 mmol) 

(6c) and excess  triethylphosphite (4.4 g, 26.1 mmol) was stirred and heated slowly to 

150±160°C, and the evolving ethyl bromide was concurrently distilled off. After 4 h, vacuum 

was applied for 30 min at 180°C to distil off any excess triethylphosphite still present in the 

mixture. The resulting oil was allowed to cool to room temperature to form a pure yellowish 

oil (5.73 g, 96% yield). 
1
H NMR (400 MHz, CDCl3) δ 6.85 (s, 2H), 4.07 – 3.79 (m, 12H), 

3.14 (d, J = 20.4 Hz, 4H), 1.86 – 1.37 (m, 8H), 1.32 – 1.01 (m, 24H), 0.86 (d, J = Hz, 6H), 

0.79 (d, J = 6.6 Hz, 12H); 
13

C NMR (100 MHz, CDCl3) δ 150.15, 119.18, 114.60, 67.01, 

61.61, 38.99, 37.09, 36.23, 29.63, 27.72, 26.71, 25.32, 24.45, 22.45, 22.34, 19.44, 16.09. 

 

Synthesis of Ma 

 

4,10-Dibromoanthanthrone (408 mg, 0.88 mmol) was given to a degassed solution of 15 mL 

of diisopropylamine and 40 mL of tetrahydrofuran. 30 mins later, Pd(PPh3)4 (45.1 mg, 0.04 

mmol), and CuI (7.4 mg, 0.04 mmol) were added. Mixture was allowed to stir and degas for 

another 30 mins and thereafter, 2,5-bis((2-ethylhexyl)oxy)-4-ethynylbenzaldehyde (750 mg, 

2.0 mmol) (in a solution of degassed THF) was added drop-wisely. The reaction mixture was 

heated at 60 °C for 72 h in a nitrogen atmosphere and monitored with TLC. 40 mL of toluene 

was thereafter added and heat removed while still stirring. After cooling to room temperature, 
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the mixture was re-precipitated in cold methanol and refrigerated for 4 h. The mixture was 

filtered, re-dissolved in toluene and concentrated under vacuum. The residue was 

chromatographed on a silica gel column with toluene as eluent to yield 350 mg (37%) of a 

purplish black substance. 
1
H NMR (300 MHz, CDCl3) δ 10.47 (s, 2H), 8.87 – 8.66 (m, 4H), 

8.60 (s, 2H), 7.95 – 7.73 (m, 2H), 7.32 (s, 2H), 7,17 (s, 2H), 4.17 – 3.82 (m, 8H), 2.03 – 1.73 

(m, 4H), 1.73 – 1.16 (m, 32H), 1.1 – 0.8 (m,24H); 
13

C NMR (100 MHz, CDCl3) δ 188.98, 

182.12, 155.49, 154.07, 134.07, 133.74, 131.28, 129.53, 129.30, 128.63, 127.60, 125.45, 

124.11, 119.09, 117.49, 109.36, 94.20, 93.96, 71.72, 71.65, 39.57, 39.48, 30.65, 30.34, 29.71, 

29.14, 29.01, 24.04, 23.77, 23.11, 23.08, 14.13, 14.07, 11.26, 11.06. 

 

Mb and Mc were prepared under similar reaction conditions as described for Ma 

 

Synthesis of Mb 

 

4,10-Dibromo-6,12-ethylhexyloxylanthanthrene (200 mg, 0.29 mmol) was given to a 

degassed solution of 10 mL of diisopropylamine and 20 mL of toluene. Pd(PPh3)4 (16.7 mg, 

0.015 mmol), and CuI (2.8 mg, 0.015 mmol) were added after 30 mins of stirring and 

degassing and the reaction was allowed to run under same condition for 1 h. 2,5-

bis(decyloxy)-4-ethynylbenzaldehyde (320 mg, 0.72 mmol) was dissolved in 15 mL of 

toluene and degassed for 30 mins. The degassed solution of 2,5-bis(decyloxy)-4-

ethynylbenzaldehyde was added drop-wisely to the reaction mixture. The reaction mixture 

was heated at 70-80 °C for 24 h in a nitrogen atmosphere and monitored with TLC. 40 mL of 

toluene was added and heat removed while still stirring. After cooling to room temperature, 

the precipitated diisopropylammonium bromide was filtered off and the solvent was 

evaporated under vacuum. The residue was chromatographed on a silica gel column with 
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toluene:hexane (4:1) as eluent. 380 mg (93% yield) of a greenish substance was obtained. 
1
H 

NMR (300 MHz, CDCl3) δ 10.49 (s, 2H), 8.94 (d, J = 7.4 Hz, 2H), 8.80 (d, J = 8.1 Hz, 2H), 

8.73 (s, 2H), 8.19 (m, 2H), 7.38 (s, 2H), 7.22 (s, 2H), 4.29 (d, J = 5.5 Hz, 4H), 4.21 – 4.07 

(m, 8H), 2.23 – 1.68 (m, 10H), 1.68 – 1.08 (m, 78H), 1.03 (t, J = 7.0 Hz, 6H), 0.90 (t, J = 6.6 

Hz, 6H), 0.77 (t, J = 6.7 Hz, 6H); 
13

C NMR (100 MHz, CDCl3) δ 189.13, 155.51, 153.95, 

150.13, 130.72, 127.58, 125.98, 125.61, 124.88, 124.52, 123.95, 121.27, 120.54, 120.22, 

119.50, 117.12, 109.28, 96.16, 90.48, 69.26, 59.55, 41.30, 38.17, 31.94, 31.86, 31.26, 30.48, 

29.70, 29.62, 29.46, 29.32, 26.12, 24.03, 23.31, 22.72, 22.58, 14.32, 14.15, 14.05, 11.56. 

 

Synthesis of Mc 

 

4,10-Dibromo-anthanthrone (200 mg, 0.43 mmol) was given into a degassed solution of 12 

mL of diisopropylamine and 20 mL of toluene. Pd(PPh3)4 (20.3 mg, 0.02 mmol) and CuI (3.3 

mg, 0.02 mmol) were added. Degassed solution of 2,5-bis(decyloxy)-4-ethynylbenzaldehyde 

(390 mg, 0.88 mmol) was added drop-wisely after 30 mins. The reaction mixture was heated 

at 70-80 °C for 24 h in a nitrogen atmosphere. Toluene was added and reaction mixture 

stirred to acquire room temperature. After cooling to room temperature, the precipitated 

diisopropylammonium bromide was filtered off and the solvent was distilled off under 

vacuum. The residue was chromatographed on a silica gel column with toluene as eluent to 

yield 130 mg (26% yield) of a purple substance. Same reaction was conducted in THF at 60 

°C for 72 h. After cooling, the mixture was re-precipitated in cold methanol (100 mL). The 

precipitate was recovered via filtration, and the crude residue was purified by silica gel 

column chromatography (toluene) to afford Mc as a purplish black solid (74% yield). 
1
H 

NMR (300 MHz, CDCl3) δ 10.44 (s, 2H), 8.72 (d,d, J = 6.9 Hz, 4H), 8.49 (s, 2H), 7.82 – 7.68 

(m, 2H), 7.24 – 7.13 (m, 2H), 7.09 (s, 2H), 4.06 (t,t, J = 6.6 Hz, 8H), 2.17 (m, 4H), 1.91 (m, 

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



 

 

 

 

Chapter Five: Result and Discussion 

141 

 

8H), 1.66 – 1.08 (m, 56H), 0.87 – (t,t, J = 6.2 Hz, 6H, 6H). Acquisition of the 
13

C NMR 

spectrum of Mc proved unsuccessful because of the poor solubility and precipitation of the 

product during the course of the acquisition. 

 

5.1.1.3 Polymer Synthesis 

 

Synthesis of P1 

 

For the synthesis of P1, a solution of Ma (150 mg, 0.14 mmol) and M1 (89 mg, 0.14 mmol) 

in dry toluene (12 mL) was mechanically stirred and heated under nitrogen to reflux. The 

polymerization was initiated by the addition of potassium tert-butoxide (63 mg, 0.56 mmol) 

and an instant color change from deep pink to black was observed. Reaction mixture was 

stirred for 45 min and additional toluene (100 mL) was added. The reaction was quenched 

with aqueous HCl (10%, 10 mL). The organic phase was separated and washed with 

deionized water until a pH of ~ 7 was obtained. Residual water was removed from the 

mixture by heating to reflux in a Dean Stark apparatus. The obtained solution was 

concentrated under reduced pressure using a rotary evaporator. The resulting concentrated 

solution was precipitated in cold methanol and kept in the refrigerator for 24 h. After 24 h the 

precipitate was filtered off in a Soxhlet thimble and transferred into a Soxhlet extractor. 

Extraction was done using methanol to remove oligomers and any impurity. The extraction 

continued until the extract became colorless. The polymer was re-dissolved in toluene, re-

precipitated in cold methanol and stored in the refrigerator. After 24 h, it was filtered and 

dried under air to obtain 190 mg (95% yield) of black partially soluble polymeric material. 

GPC (THF as eluent; polystyrene as standard): Mn 1,830 g/mol, Mw 3,570 g/mol, PDI 2. 
1
H 

NMR (300 MHz, CDCl3) δ 10.48 (s), 9.25 – 8.41 (m, anthanthronylene H‘s), 8.07 – 6.67 (m, 
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arylene vinylene H‘s), 4.37 – 3.20 (m, -CH2O-), 2.49 – 0.37 (m, alkyl H‘s). FTIR cm
-1

: 3064 

(ν(=C-H)), 2962, 2934 and 2878 (ν(C-H)), 2198 (ν(C≡C)), 1659 (ν(C=O)), 1575 (ν(C=C) 

vinylene linker), 1500 (ν(C=C) aromatic ring), 1464 (δ (CH2)), 1380 (δ (CH3)), 1203 (ν(C=C-

O-C) aromatic-aliphatic). 

P2 – P5 were prepared under similar reaction conditions as described for P1 

 

Synthesis of P2 

 

A solution of Mb (170 mg, 0.12 mmol) and M2 (83 mg, 0.12 mmol) in dry toluene (12 mL) 

was mechanically stirred and heated under nitrogen to reflux. Potassium tert-butoxide (54 

mg, 0.48 mmol) was added at a stable temperature to initiate the reaction. A color change 

from bright to dark green was observed. The reaction mixture was stirred for 80 min. 

Thereafter, toluene (100 mL) was added, and the reaction was quenched with aqueous HCl 

(10%, 10 mL) to neutralize the potassium tert-butoxide. Mixture was cooled to room 

temperature; the organic phase separated and washed with deionized water until a pH of ~ 7 

was obtained. Residual water was removed from the mixture by heating to reflux in a Dean 

Stark apparatus. The obtained solution was concentrated under reduced pressure using a 

rotary evaporator. The resulting concentrated solution was precipitated in cold methanol and 

kept in the refrigerator for 24 h. After 24 h the precipitate was filtered off and transferred into 

a Soxhlet extractor, and extracted using methanol. The polymer was re-dissolved in 

chloroform and re-precipitated in cold methanol. It was filtered and dried after 24 h to obtain 

220 mg (95% yield) of brownish green polymeric material. GPC (THF as eluent; polystyrene 

as standard): Mn 3,200 g/mol, Mw 11,730 g/mol, PDI 3.7. 
1
H NMR (300 MHz, CDCl3) δ 

9.05 - 8.22 (anthanthrenylene H‘s), 7.58 - 6.92 (arylene vinylene H‘s), 4.28- 3.28 (m, -CH2O-

), 2.41 – 0.42 (m, alkyl H‘s). FTIR cm
-1

: 3064 (ν(=C-H)), 2962, 2924 and 2850 (ν(C-H)), 
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2180 (ν(C≡C)), 1594 (ν(C=C) vinylene linker), 1500 (ν(C=C) aromatic ring), 1464 (δ (CH2)), 

1203 (ν(C=C-O-C) aromatic-aliphatic). 

 

Synthesis of P3 

 

P3 was obtained from a solution of Mb (190 mg, 0.14 mmol) and M3 (93 mg, 0.15 mmol) in 

dry toluene (13 mL). Both monomers were mechanically stirred and heated to reflux under 

nitrogen. The polymerization was initiated by the addition of potassium tert-butoxide (60 mg, 

0.56 mmol). A color change from bright green to deep green was observed. The reaction 

mixture was stirred for 1 h 20 mins. Chloroform (100 mL) was thereafter added, and the 

reaction was quenched with aqueous HCl (10%, 10 mL) to neutralize the potassium tert-

butoxide. Mixture was cooled to room temperature; the organic phase was separated and 

washed with deionized water until a pH of ~ 7 was obtained. Residual water was removed 

from the mixture by heating to reflux in a Dean Stark apparatus. The obtained solution was 

concentrated under reduced pressure using a rotary evaporator. The resulting concentrated 

solution was precipitated in cold methanol and kept in the fridge for 24 h. After 24 h the 

precipitate was filtered off in a thimble and transferred into a Soxhlet extractor, and extracted 

with methanol. The polymer was re-dissolved in chloroform and re-precipitated in methanol. 

24 h later, it was filtered and dried to obtain a brownish green polymeric material. Two 

different reactions with different temperature were conducted for this polymer synthesis. One 

was done at 111 °C [GPC (THF as eluent; polystyrene as standard): Mn 3,650 g/mol, Mw 

11,800 g/mol, PDI 3.2] and the other at 118 °C [GPC (THF as eluent; polystyrene as 

standard): Mn 2,880 g/mol, Mw 7,820 g/mol, PDI 2.7]. The reaction conducted at 111 °C is 

soluble in common organic solvents and yielded 180 mg (73% yield) while that conducted at 

118 °C (33% yield) is only partially soluble at heated temperatures. 
1
H NMR (300 MHz, 
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CDCl3) δ 8.73 (dd, J = 126.1, 116.0 Hz, (anthanthreneylene H‘s)), 7.65 -6.90 (m, arylene 

vinylene H‘s), 4.61 – 3.48 (m, -CH2O-), 2.38 – 0.42 (m, alkyl H‘s). FTIR cm
-1

: 3073 (ν(=C-

H)), 2962, 2924 and 2850 (ν(C-H)), 2198 (ν(C≡C)), 1603 (ν(C=C) vinylene linker), 1500 

(ν(C=C) aromatic ring), 1464 (δ (CH2)), 1203 (ν(C=C-O-C) aromatic-aliphatic). 

 

P4 and P5 were synthesized under similar reaction conditions as described for P1 – P3. For 

P4, monomers Mc and M1 were employed while for P5; monomers Mc and M3 were 

employed. Both polycondensation reactions produced materials that appeared completely 

insoluble and could not be further characterized. 

 

Synthesis of Small Molecule (SM) 

 

Mb (190 mg, 0.14 mmol) and diethyl benzylphosphonate (79 mg, 0.34 mmol) were dissolved 

in dried toluene (15 ml) to give a greenish brown color while stirring vigorously under 

nitrogen and heating under reflux. Potassium-tert-butoxide (62 mg, 0.5 mmol) was added 

(and the reaction mixture was heated at reflux for 30 mins. After 30 mins toluene was added, 

heat removed and aqueous HCl (10 wt.%) was added. The purification process yielded a 

greenish material (170 mg,79 %). 
1
H NMR (300 MHz, CDCl3) δ 9.08 (d, J = 7.3 Hz, 2H), 

8.92 – 8.78 (m, 2H), 8.27 (t, J = 7.7 Hz, 2H), 7.64 (d, J = 7.6 Hz, 4H), 7.56 - 7.18 (m, 16H), 

4.37 (d, J = 5.2 Hz, 4H), 4.28 (t, J = 6.4 Hz, 4H), 4.15 (t, J = 6.2 Hz, 4H), 2.19 (m, 2H), 1.94 

– 1.03 (m, 80H), 0.94 (d, J = 6.6 Hz, 12H), 0.83 (t, J = 6.2 Hz, 12H). 

 

NMR spectra were measured in CDCl3 with a Gemini 300 MHz spectrometer and Bruker 

Avance IIIHD 400 MHz Nanobay NMR spectrometer equipped with a 5 mm BBO. Gel-

permeation chromatography (GPC) measurements in form of size exclusion chromatography 
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(SEC) were performed using a Pump Deltachrom (Watrex Comp.) with a Midas autosampler 

and two columns of MIXED-B LS PL gel, particle size 10 μm. An evaporative light 

scattering detector (PL-ELS-1000 from Polymer Laboratories) was used; THF was the 

mobile phase and polystyrene standards were used for calibration. 

 

5.1.2 UV-Vis and Photoluminescence Measurements 

 

The UV-Vis and photoluminescence measurements were conducted using a Perkin Elmer 

UV-Vis/NIR Lambda 1050 spectro and a PTi Photon Technology Intl. fluorometer, 

respectively. Polymer was dissolved in chlorobenzene (1.0 * 10
-5

 M) for the solution 

measurements while 80 L solution was spin-coated from a 10 mg/mL solution on pre-

cleaned ITO coated glass substrate at a speed of 20 rps for film measurement.  

 

5.1.3 Electrochemical Measurement 

 

The electrochemical properties in thin film which includes the redox potentials and the 

positions of the frontier orbitals of P1, P2 and P3 were investigated using cyclic voltammetry 

in acetonitrile with tetrabutylammonium hexafluorophosphate (TBAPF6) as supporting 

electrolyte, a Ag/AgCl reference electrode, a platinum wire counter electrode and indium-

doped tin oxide (ITO)-coated glass slides (15 Ω/sq, Xin Yan Tech. LTD) covered with a thin 

film of the polymer was used as working electrode (WE) at a scan rate of 50 mV/s. 

Experiments were set up in a glove box and recorded with a Jaissle Potentiostat-Galvanostat 

IMP 83 PC - 10. The potentials were measured at the position of the current onset. Prior to 

measurements, substrates were cleaned using the standard procedure for substrate cleaning as 

detailed below 
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Standard procedure for substrate cleaning: 

 Wipe with kimwipe with isopropanol 

 Clean in piranha solution 

Recipe for cleaning subatrates with piranha solution 

 300 mL H2O + 5 mL NH4OH solution (ultrasonicate at 80°C for 15 

min)  

 Add 2 mL H2O2 solution 

 Untrasonicate at 80°C (bubbling) for 15 min 

Substrate used: ITO glass substrate 

Size: 61.5 x 8.5 mm 

Spin coating program 

 16 rps 2 s 25 s 

 33 rps 2 s 30 s 

150 L of each polymer sample was spin-coated from solution (10 mg/mL) in chlorobenzene 

and dried in air.  

 

5.1.4 Infrared Spectroscopy, Stability, and Thickness Measurements 

 

Fourier transform infrared spectroscopy (FTIR) was performed with Perkin Elmer ATR 

TWO FTIR Spectrometer at room temperature. Thermal gravimetric analysis (TGA) was 

analysed using Perkin Elmer TGA 7 from 20-600 at 10°C/min in nitrogen. The thickness of 

the films was characterized with Bruker DektakXT profilometer.  
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5.1.5 Photovoltaic Measurement 

 

Indium-doped tin oxide (ITO)-coated glass slides (15 Ω/sq, Xin Yan Tech. LTD) (substrates) 

were pre-cut and cleaned before spin-coating, evaporation of top electrode and subsequent 

measurement. Below is the step-by-step procedure 

Procedure for cutting and cleaning of substrates: 

Cutting of substrates (1.5 x 6.4 mm) 

Etching in HCl 

Cutting into smaller sizes (1.5 x1.5 mm) 

Substrates were cleaned using the standard procedure for substrate cleaning  

Standard procedure for substrate cleaning (1.5 x 1.5 mm): 

1. Acetone + 20 min ultrasonic bath [room temperature] 

2. Isopropanol + 20 min ultrasonic bath [room temperature] 

3. Dried with compressed N2 gun 

The above process is followed by plasma treatment and device fabrication as illustrated 

below: 

ITO substrate  plasma oven treatment (plasma ETCH PE-50) 5 min, 50W O2 

Spin-coating of PEI (80 L spincoated for each substrate) 

Substrate/PEI treatment for 10 mins @ 105°C 

Spin-coating of active layer (donor:acceptor) on substrate/PEI 

Spin coating program 

 20 rps 2 s 25 s 

 33 rps 2 s 30 s 

80 L of each active layer spin-coated 
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Evaporation of top electrode (MoOx (0.1 KA) and Ag (1.0 KA)). Evaporation was achieved 

using Univex 350 Leybold instrument. 

Measurement of current-voltage (I-V) curves and equivalent quantum efficiency (EQE): 

Current voltage (I-V) curves of the devices were recorded in the dark and under illumination 

using a solar simulator. A "Gold sun" Sun simulator was used to record the current-voltage 

characteristics with LS02821 LOT Quantum Design at 100 mW/cm
2
 Keithley output reader. 

All I-V characteristics measurements were carried out in nitrogen filled glovebox. External 

quantum efficiency (EQE) were measured with EG & G Instruments lock-in-amplifier, 

optical chopper – SEITEC Instruments LTD Muller Electronics Optics LXH100.  

 

5.2 Results and Discussion 

 

The chemical structure and purity of M1, M2 and M3 were confirmed by 
1
H NMR, 

13
C NMR 

and 
31

P NMR (Figure 5.3 – 5.11). Ma and Mb were also confirmed using 
1
H NMR and 

13
C 

NMR (Figure 5.12 - 5.15), while Mc could only be confirmed using 
1
H NMR (Figure 5.16) 

due to solubility issues. For the polymers P1, P2 and P3, 
1
H NMR and FTIR spectroscopy 

were conducted (Figure 5.17 – 5.19, 5.21 - 5.23), while the small molecule SM was 

confirmed by 
1
H NMR only (Figure 5.20).  

 

5.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

The NMR investigation of M1 – M3 confirms all the protons, carbon and phosphorous 

present in the compounds. The 
1
H NMR (Figure 5.3, 5.6, and 5.9) reveal the protons in the 

two CH groups in the benzene ring of M1 – M3 in the region 6.92 – 6.85 ppm. In the region 

4.04 – 6.85 ppm, the –CH2 protons in the phosphonate end of the compounds was observed. 
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The -CH2 protons directly linked to the oxygen in the alkyloxy side chain are seen in the 

region 3.91 – 3.73 ppm, the -CH2 protons linking the benzene ring to the phosphonate are 

seen around 3.20 – 3.14 ppm; and the -CH next to the CH2 attached to the oxygen ring (in the 

case of M1 and M3), all CH3 and other CH2 protons present in the compound appear in the 

region 1.86 – 0.63 ppm. The 
13

C NMR (Figure 5.4, 5.7, and 5.10) reveal the carbons present 

in the compound while the 
31

P NMR (Figure 5.5, 5.8, and 5.11) reveal just a signal 

confirming the presence of just one type of phosphorous present in the compound as 

expected. 

 

 

Figure 5.3: 
1
H NMR signal of M1. 
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Figure 5.4: 
13

C NMR signal of M1. 

 

 

Figure 5.5: 
31

P signal of M1. 
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Figure 5.6: 
1
H NMR signal of M2. 

 

 

Figure 5.7: 
13

C NMR signal of M2. 
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Figure 5.8: 
31

P signal of M2. 

 

 

Figure 5.9: 
1
H NMR signal of M3. 
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Figure 5.10: 
13

C NMR signal of M3. 

 

 

Figure 5.11: 
31

P signal of M3. 
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For Ma – Mc, the 
1
H signals (Figure 5.12, 5.14, and 5.16) in the range 10.49 – 10.44 ppm 

are attributed to the CHO aldehyde protons while the CH protons in the 

anthanthrone/anthanthrene unit appear in the range 8.94 – 7.09 ppm. The CH protons in the 

phenyl group attached to both ends of the anthanthrone/anthanthrene unit via the triple bond 

are seen in the 7.38 – 7.09 ppm region, while the CH2 protons directly linked to the oxygen in 

the alkoxy side chain both in the phenyl group and in the anthanthrene unit are visible in the 

4.92 – 3.49 ppm region; the CH (ethylhexyloxy side chain) and CH2 (decyloxy side chain) 

protons next to the CH2 protons directly linked to the oxygen of the alkoxy side chains are 

assigned to the signals in the range 2.36 – 1.68 ppm. All other CH2 protons present in the 

compounds show signals in the range 1.68 – 1.03 ppm while the signals of all CH3 protons 

are clearly visible in the 1.03 – 0.87 ppm range. The 
13

C spectra of Ma and Mb has been 

schematically illustrated and explained as shown in Figure 5.13 and 5.15 respectively.  

 

 

Figure 5.12: 
1
H NMR signal of Ma. 
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Figure 5.13: 
13

C NMR signal of Ma. 

 

 

Figure 5.14: 
1
H NMR signal of Mb. 
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Figure 5.15: 
13

C NMR signal of Mb. 

 

 

Figure 5.16: 
1
H NMR signal of Mc. 
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While the 1H-NMR spectra of the polycondensation comonomers, bisphosphonates and 

dialdehydes, are well-resolved and show defined signals, the spectra of the HWE 

polycondensation products are characterized by distinct signal broadening and loss in 

resolution. As the depletion or absence of the characteristic signals for the reactive 

functionalities of the comonomers, CHO (~ 10.5 ppm) and CH2-P (3.5 ppm), this indicates 

the successful formation of polymeric species. The signals between 9.25 – 8.41 ppm in P1 are 

assigned to the protons of the anthanthrone core. Between 8.07 and 6.67 ppm  arylene 

vinylene proton signals can be found. The signals in the region 4.37 – 3.20 ppm and 2.49 – 

0.37 ppm are the protons of the alkyloxy side chains (Figure 5.17). The presence of a 

residual aldehyde signal in the 
1
H-NMR spectrum of P1 (~ 10.5 ppm) suggests that the 

soluble fraction of P1 consists of low-molecular species with aldehyde end groups. Figure 

5.18 and 5.19 shows the 
1
H NMR signals of P2 and P3 respectively. The broad NMR peaks 

between 9.05 - 8.22 ppm are ascribed to the anthanthrenylene protons, signals from 7.65 - 

6.92 ppm are ascribed to the arylene vinylene protons, while the peaks in the region 4.61- 

3.28 ppm and 2.41 – 0.42 originates from the protons of the alkoxy side chains. In contrast to 

P1 the 
1
H-NMR spectra of P2 and P3 do not show any sign of a residual aldehyde signal. The 

1
H NMR of SM is shown in Figure 5.20. 

 

Mc was applied in HWE polycondensation reactions with the bisphosphonate M1 and M3 to 

obtain the polymers P4 and P5, respectively. However, the materials obtained from this 

reaction showed no reasonable solubility in common solvents, which prevented further 

characterization. Despite P1, P4 and P5 possessing identical backbones based on 

anthanthrone units the presence of only branched 2-ethylhexyloxy side chains apparently 

granted partly solubility for P1 in common organic solvent. The linear decyloxy side chains 

in P4 and P5 appear much less efficient in promoting solubility. The significantly better 
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solubility of the polymers P2 and P3 can be apparently attributed to the presence of 

anthanthrene instead of anthanthrone building blocks in the polymer backbones. The 

repeating units of P2 and P3 are isomeric. Their structures only differ in the side chains, 

linear dodecyloxy and branched 3,7-dimethyloctyl)oxy, introduced by the different 

bisphosphonates, which were used in the respective polycondensation reaction. This was 

done in order to study the effect of various side chains on the polymer properties.  

 

 

Figure 5.17: 
1
H NMR signal of P1. 
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Figure 5.18: 
1
H NMR signal of P2. 

 

 

Figure 5.19: 
1
H NMR signal of P3. 
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Figure 5.20: 1H NMR signal of SM. 

 

5.2.2 Fourier Transform Infra Red (FTIR) Spectroscopy 

 

The characteristic FTIR signals associated with molecule vibrations of P1, P2 and P3 appear 

around 3073-3064, 2962-2850, 2198-2180, 1659, 1603-1575, 1500, 1464, 1380 and 1203 cm
-

1
 (Figure 5.21 – 5.23). The peaks between 3073-3064 cm

-1
 are attributed to the stretching 

vibrations of aromatic =C-H and unsaturated hydrocarbon (vinylene). Characteristic aliphatic 

-C-H stretching vibrations of all three polymers show high intensity signals around 2962-

2850 cm
-1 

while the vibrational stretching of the ethynylene linker bond (-C≡C-) shows a 

weak signal situated around 2198-2180 cm
-1

 for all three polymers. These values confirm a 

di-substituted ethynylene linker bond. The characteristic stretching vibration associated to the 

ketone group (-C=O) of P1 is observed at 1659 cm
-1

, and, as expected, this peak is 

completely absent in the spectra of P2 and P3. The signals around 1603-1575 cm
-1

 are 
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ascribed to vinylene linker bond stretching while the signals at 1500 cm
-1

 and 1203 – 1031 

cm
-1

 stem from the stretching vibrations of aromatic -C=C- and aromatic-aliphatic -C=C-O-

C- bonds, respectively. The band at 969 cm
-1

 and between 861 – 869 cm
-1

 stem from the 

vinylene double bonds. 

 

 

Figure 5.21: FTIR spectra of P1 with arrows marking the absorptions of functional group 

including olefinic C–H out-of-plane deformation (trans-CH=CH at 969 cm
-1

 and cis-CH=CH 

at 869 cm
-1

). 
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Figure 5.22: FTIR spectra of P2 with arrows marking the absorptions of functional group 

including olefinic C–H out-of-plane deformation (trans-CH=CH at 969 cm
-1

 and cis-CH=CH 

at 869 cm
-1

). 
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Figure 5.23: FTIR spectra of P3 with arrows marking the absorptions of functional group 

including olefinic C–H out-of-plane deformation (trans-CH=CH at 969 cm
-1

 and cis-CH=CH 

at 861 cm
-1

). 

 

5.2.3 Molecular Mass and Thermal Studies 

 

Results obtained from SEC (THF as eluent, polystyrene standards) and thermogravimetric 

analysis (TGA) are provided in Table 5.1. The molecular mass of the polymers P1, P2 and 

P3 were relatively low. The difficulties to prepare polymers of elevated molecular mass, that 

contain anthanthrone or anthanthrene building blocks, are apparent. The relatively low Mn 

value obtained for P1 can be attributed to the rapid precipitation from the reaction mixture 

during the polycondensation owing to their relatively poor solubility. Thermo-gravimetric 

analysis (TGA) gives indications of good thermal stability for all three polymers (P1, P2 and 

P3). A 5% weight loss is observed between 314 and 331°C (Table 5.1 and Figure. 5.24).  
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Table 5.1: Molecular mass and thermal studies of P1, P2 and P3 

Code Oil Bath 

Temp.(°C) 

Yield (%) Mn (g/mol) Mw 

(g/mol) 

PDI Td (°C) @ 

5% weight 

loss 

P1 118 95 1,830 3,570 2 325 

P2 118 
*
95 3,200 11,730 3.7 314 

P3 118 
*
33 2,880 7,820 2.7 331 

P3 111 
*
73 3,650 11,800 3.2 - 

*
 Determined for the soluble fraction 

 

 

Figure 5.24: Thermo-gravimetric analysis curve of P1, P2 and P3. 
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5.2.4 Absorption and Emission Characterization 

 

The optical characteristics of the polymers were investigated by UV–Vis absorption and 

photoluminescence spectroscopy both, in the solid state (thin films) and in solution at low 

concentration (~10
-5

 M). The absorption spectra of P1 are structured, exhibiting two well-

defined peaks in solution (374, 567 nm) as well as in thin film (403, 586 nm) (Figure 5.25). 

The peak at higher energy can be ascribed to the π-π* transition of the polymer backbone and 

the lower energy band is ascribed to the carbonyl of the anthanthrone moiety. 

 

 

Figure 5.25: UV-Vis spectra of P1 in solution and film. 

 

In the case of P2 and P3, the UV-Vis spectra showed vibronic peaks with absorptions around 

481 nm and at 453 nm in both solution and thin film with a shoulder for the thin film samples 

at 519 nm for both polymers (Figure 5.26) as a result of an efficient internal charge transfer 

between the monomeric units. These vibronic peaks can also be attributed to the presence of 
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H- and J-aggregates in P2 and P3 in both, solution and thin film. The peaks at higher energy 

(453 nm) are attributed to H-aggregates while the peaks, which are further in the red (481 

nm), are attributed to J-aggregates. The presence of both aggregates in the polymer reveals 

that some of the polymer units stack on each other (H-aggregates) while others lay side by 

side (J-aggregates). In both, solution and thin film, J-aggregates dominate and contribute 

more to the optical properties observed for the systems. The presence of these two peaks in 

the absorption spectrum also suggests structural ordering/semi-crystallinity in the polymer 

[30]. 

 

The onset of absorption allows the evaluation of the optical energy gaps of these organic 

semiconductors. In film (Figure 5.26), the absorption maxima and profiles resemble those 

recorded in solution. The optical band gaps of all three polymers reveal the same band gaps 

both in film and solution.  

 

 

Figure 5.26: UV-Vis spectra of P2 and P3 in solution and film. 
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Anthanthrene small molecule (SM) was also synthesized, investigated and compared with its 

polymer ―analogue‖ P2. SM exhibited both, in solution and in the solid state, fine vibronic 

bands, which are typical of fused conjugated systems. The spectra show three bands each 

with two sharp maxima at about 448 and 479 nm in solution, and, slightly shifted to red, at 

around 457 and 488 nm in thin film (Figure 5.27). The polymer (P2) exhibit red-shifted and 

broad optical response compared to the small molecule (SM) both, in solution and in film, 

confirming the extension of conjugation length via polymerization. 

 

 

Figure 5.27: UV-Vis spectra of SM and its analogues polymer P2. 

 

The photoluminescence (PL) of all three polymers was investigated. In solution, the emission 

spectrum of P1 gave a maximum at 611 nm (Figure 5.28). P1 displayed rather poor emitting 

characteristics and the recording of a PL spectrum in solid state was not possible. P2 and P3 

were both excited at 450 nm. Both polymers exhibited highly similar fluorescence behaviour 

in solution showing a close to mirror-image-like impression of the absorption with a 
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maximum at 530 nm (Figure 5.29). This mirror-image-like appearance indicates planarity 

which further supports the structural ordering or semi-crystalline nature of both polymers as 

already indicated by the absorption study in film and solution. The fluorescence of P2-3 in 

thin film appeared red-shifted with a maximum at 587 and 597 nm, respectively (Figure 

5.30). Both polymers seem moderately emissive with Stokes‘ shifts of 116 and 106 nm, 

respectively, in thin film, and 49 nm in solution. The maximum wavelength values in the 

solid state of the polymers P1, P2 and P3 is rather high and with relatively low band gap 

considering no strong donor–acceptor interactions occurs within the polymer backbone.  

 

 

Figure 5.28: UV-Vis and photoluminescence spectra of P1 in solution. 
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Figure 5.29: UV-Vis and photoluminescence spectra of P2 and P3 in solution. 

 

 

Figure 5.30: UV-Vis and photoluminescence spectra of P2 and P3 in film. 
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In the solution the photoluminescence of SM possesses rather high resemblance to the 

features observed for P2, however, hypsochromically shifted with a maximum at 496 nm and 

a pronounced shoulder at 532 nm (Figure 5.31). In film, the PL characteristics of SM are 

quite different from P2. Tow emission maxima at 496 and 549 nm (most intense) as well as 

two shoulders at 595 and 699 nm were observed (Figure 5.32). The emission shoulder of SM 

at 595 nm seems to correlate with the emission maximum of P2 (587 nm). This suggests that 

the optical properties of these materials are dominated by the anthanthrene unit and not the 

substituent; and this confirms why P2 and P3 show virtually the same absorption and 

emission response. Table 5.2 summarizes the UV-Vis and photoluminescence properties of 

P1, P2, P3 and SM in solution and thin film. 

 

 

Figure 5.31: UV-Vis and photoluminescence spectra of SM and P2 in solution. 
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Figure 5.32: UV-Vis and photoluminescence spectra of SM and P2 in film. 
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Table 5.2: UV-Vis and photoluminescence properties of P1, P2, P3 and SM in solution and 

film (all experiments were conducted at ambient temperature) 

 Solution   Film  

Code 
max  

(nm) 

PL  

(nm) 

onset  

(nm) 

opt

gE  

(eV) 

Stokes 

Shift 

(nm) 

 

 

 

max  

(nm) 

PL  

(nm) 

onset  

(nm) 

opt

gE  

(eV) 

Stokes 

Shift 

(nm) 

P1 374, 

567 

611 

 

752 1.6 44 403, 

586 

- 766 1.6 - 

P2 453, 

481,  

530 572 2.2 49 453, 

481 

587 558 2.2 106 

P3 453, 

481 

530 570 2.2 49 454, 

481 

597 575 2.2 116 

SM 404, 

449, 

479 

496, 

532 

536 2.3 - 423, 

456, 

488 

549, 

595, 

699 

507 2.5 - 

onset

opt

g
1240E  

 

5.2.5 Electrochemical Characterization 

 

Figure 5.33 shows the voltammogram of P1 having five visible reduction peaks (-800, -1046, 

-1786, -1890 and -2200 mV (vs. Ag/AgCl))), the first two being reversible and well-defined, 

which is a typical characteristic for anthanthrone compounds [46-47]. The first and second 

reversed reduction (re-oxidation) peaks are similar in intensity and are located at -956 mV 

and -606 mV respectively versus Ag/AgCl. Four non-reversible oxidation peaks were 
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observed at 1079, 1183, 1649 and 2039 mV. Oxidation peaks recorded for the few 

anthanthrone based polymers that have been reported are largely influenced by the attached 

co-monomer [27]. The oxidative peaks in this study are likely to originate from structural 

elements besides the anthanthrone units - phenylene, ethynylene, vinylene. 

 

 

Figure 5.33: Cyclic voltammogram of P1 in TBAPF6/acetonitrile vs Ag/AgCl at scan rate 50 

mV/s. 

 

For P2 and P3, the major difference in the voltammograms is in the reduction scan (Figure 

5.34). Substitution of the decyloxy side chain by 3,7-dimethyloctyloxy side chains resulted in 

two and more negative reduction potentials (-2220 and -2427 mV) in P3. P2 showed a single 

and more positive reduction potential at -1977 mV. The kinetics probably involing difference 

in solubility and the side chain substitution negatively shifted the reduction potential by 243 

mV in P2 to -2220 mV in P3. This response is indicative of good electronic communication 
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between the core and the side chains. Two reversed reduction (re-oxidation) signals are seen 

at -1714 and -1142 mV in P3 while only one is seen in P2 peaking at -1510 mV. 

 

Similarly, the oxidation of P2 and P3 were studied. The existence of three distinct oxidation 

step was observed at 1096, 1359 and 1822 mV for P2; 1040, 1378 and 1732 mV for P3. A 

reversible peak at 1542 mV corresponding to the oxidation peak at 1822 mV was observed 

for P2 while no reversible oxidation peak is observed in P3. This observation can be 

attributed to the nature of the interaction of the different side chains of the phenyl group 

attached by a vinylene linker to the anthanthrene core in P2 and P3. Nevertheless, the small 

potential differences and variations had no distinct effect on the frontier orbitals of the 

polymers. The frontier orbitals of P2 and P3 appear to be strongly dominated by the 

anthanthrene core with HOMO (-5.3 eV) and LUMO (-3.0 eV) energy level of both polymers 

peaking at same value. 
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Figure 5.34: Cyclic voltammogram of P2 and P3 in TBAPF6/acetonitrile vs Ag/AgCl at scan 

rate 50 mV/s. 

 

The low band gap value, Eg
opt

 = 1.6 eV and Eg
el
 = 1.4 eV, obtained for P1 compared to P2 

and P3, Eg
opt

 = 2.2 eV and Eg
el
 = 2.3 eV, can be attributed to the presence of the ketone group 

in the polymer backbone of P1. The HOMO (-5.3 eV) and LUMO (-3.0 eV) energy values of 

P2 and P3 are identical while that of P1 differ significantly (HOMO level at -5.5 eV and 

LUMO level at -4.1 eV). This suggests that the frontier orbitals are dominated by 

anthanthrone and anthanthrene, respectively. The deep LUMO level of P1 is attributed to the 

two electron-withdrawing keto groups present at the 6- and 12-positions of the anthanthrone 

unit. 

 

The redox properties of SM are similar to the characteristics of the corresponding polymer 

P2, but with some potential shifts (Figure 5.35). The reduction peak of P2 at -1977 mV 

correlates with -1767 mV in SM, which shows another reduction peak at -2081 mV. The 
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reversed reduction peak of P2 observed at -1510 mV is seen around -1067 mV in SM. 

Oxidation peaks of P2 at 1096, 1359 and 1822 mV find their counterparts at 1041, 1216 and 

1361 mV in the voltammogram of SM. The reverse oxidation peak observed at 1542 mV in 

P2 is absent in SM. This further confirms the initial statement that the reverse oxidation peak 

at 1542 mV in P2 emanates from the interaction of the decyloxy side chain of the phenyl 

group attached by a vinylene linker to the anthanthrene core in P2. Aside the shift in signal 

response of the SM in relation to its corresponding polymer P2, differences in signal intensity 

for the reduction, oxidation and re-oxidation signals, respectively, was also observed. All 

electrochemical experiments were conducted in a glove box at a scan rate of 50 mV/s. Table 

5.3 summarizes the electrochemical properties. 

 

 

Figure 5.35: Cyclic voltammogram of SM and its corresponding polymer P2 in 

TBAPF6/acetonitrile vs Ag/AgCl at scan rate 50 mV/s. 
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Table 5.3: Electrochemical properties of P1, P2 and P3 with onset absorption and optical 

band gap 

Code ox

onsetE

(V) 

red

onsetE

(V) 

HOMO 

(eV) 

LUMO 

(eV) 

el

gE (eV) onset  

(nm) 

opt

gE  

(eV) 

P1 0.8 0.6 -5.5 -4.1 1.4 766 1.6 

P2 0.6 1.7 -5.3 -3.0 2.3 558 2.2 

P3 0.6 1.7 -5.3 -3.0 2.3 575 2.2 

SM 0.8 1.6 -5.4 -3.1 2.4 507 2.5 

 

5.2.6 Photovoltaic Investigation 

 

To investigate the performance of the new polymers P1 - P3 as absorbers in bulk 

heterojunction solar cell applications, devices with non-optimized configurations were 

fabricated. The I-V curves of organic photovoltaic (OPV) devices applying P1 – P3 

with the architecture ITO/PEI/Polymer:PCBM(1:2)/MoOx(10 nm)/Ag(100 nm) are 

shown in Figure 5.36 – 5.37. All three polymers show low efficiency with P2 having 

the highest efficiency of 1.17% among the three. The portion of energy in the form of 

sunlight that is converted into electricity via photovoltaics is termed the efficiency of 

an OPV device and can be estimated from I-V characteristics using the following 

mathematical expression: 

 

i

ocsc..

P

VJFF
          equation (5.1) 

where   is the efficiency, FF is the fill factor, Jsc is the short-circuit current density, Voc is 

the open-circuit voltage and Pin the incident light power. The higher efficiency realized with 
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P2 can be attributed to relatively high Jsc and FF (Table 5.4). The Voc ideally correlates with 

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

P2 and P3 showed high resemblance in their Voc values, 0.76 V for P2 and 0.78 V for P3. The 

value which was found for P1 is significantly higher, Voc = 0.93 V. This approximately equal 

Voc value for P2 and P3 can be traced back to their equal HOMO of -5.3 eV as observed from 

the electrochemical measurement since the same acceptor (PCBM) was employed for the 

photovoltaic investigation. P1 and P3 show low FF which is likely to be attributed to poor 

film morphologies and non-suitable layer thicknesses. The solubility of conducting polymers 

plays a major role in the film morphology. Poor solubility leads to poor film morphology and 

poor morphology leads to low FF which invariably lowers the efficiency. The solubility of 

conducting polymers plays a major role in the film morphology. Poor solubility leads to 

visually rather poor films apparently inducing low FFs which invariably lower the OPV 

device efficiency. Besides other characteristics, solubility, molecular mass, intermolecular 

interactions and charge carrier mobilities of conjugated semiconducting polymers can largely 

impact their photovoltaic properties [48-51] All three polymers showed rather poor solubility 

during device fabrications. The poor solubility seemed also to cause a poor miscibility with 

the electron acceptor PCBM which might partly explain the limited performance of the 

devices. For molecular mass, with the same reaction temperature of 118°C, P2 has the highest 

molecular weight (11, 730 g/mol), followed by P3 (7, 820 g/mol) and then P1 (3, 570 g/mol). 

The efficiency can also be seen to follow the trend P2>P3>P1. The rather poor photovoltaic 

response of the non-optimized devices using the investigated polymers might be a result of 

different parameters e.g. poor mobility of the generated charges, poor interface layers, poor 

film morphologies and too thin active layers due to low molecular masses and/or unfit spin 

coating recipe.  
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Figure 5.36: Current-voltage (I-V) curve of P1. 

 

 

Figure 5.37: Current-voltage (I-V) curve of P2 and P3. 
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The external quantum efficiency (EQE) which is the measure of the efficiency of a cell to 

convert incident photons into free charge carriers was also investigated. It is mathematically 

defined as 

P
J

EQE

ii

sc1240


          equation (5.2) 

 

where Jsc is the short-circuit current, λi is the incident light wavelength and Pin is the incident 

photon flux. Considering the linear correlation between EQE and Jsc (equation 5.2), the EQE 

value at each wavelength scales with the number of photo-generated free charge carriers. As 

a result, high EQE values can be achieved by the combined effect of efficient exciton 

generation in the bulk of the active blend layer, the dissociation into free charge carriers, and 

the charge transport to the respective electrode. The linear correlation between Jsc and EQE 

can be seen in P1 – P3 (Figure 5.38, Table 5.4). P2 having the highest Jsc shows the highest 

EQE, while P1, with the lowest Jsc, shows the lowest EQE value. 
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Figure 5.38: External quantum efficiency of P1, P2 and P3 with PCBM (1:2). 
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Table 5.4: Current Voltage (I-V) characteristics of devices based on P1, P2 and P3 

Code Bulk 

Thickness 

(nm) 

Jsc  

[mA/cm
2
] 

Voc 

[V] 

FF Eff 

% 

Eff  

[%]EQE 

corrected 

@ -2 V 

[mA/cm
2
] 

@ +2 V 

[mA/cm
2
] 

P1 92 0.58 0.93 0.33 0.18 0.12 -0.94 0.05 

P2 104 2.90 0.76 0.53 1.17 0.89 -3.19 22.74 

P3 134 2.02 0.78 0.39 0.61 0.46 -2.53 0.95 
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5.3 Conclusion 

 

Polycyclic aromatic building blocks based on anthanthrone and anthanthrene, were 

incorporated for the first time into the backbone of poly(arylene ethynylene)-alt- poly(arylene 

vinylene)s (PAE-PAVs). The implementation of PACs such as anthanthrone into conjugated 

polymeric backbones with reasonable solubility and molecular masses is challenging. Using 

only branched 2-ethylhexyloxy side chains yielded a partly soluble PAE-PAV (P1) material. 

This was not possible with P4 and P5 with linear decyloxy side chains and this was already 

indicated by the good solubility of Ma and the rather poor solubility of Mc. The 

polycondensation reactions for P4 and P5 were based on a comonomer with linear decyloxy 

side chains (Mc), which apparently promoted the formation of only insoluble materials. 

Substitution of anthanthrone with anthanthrene units appears to be an efficient strategy to 

prepare polymers with reasonable solubility (P2 and P3). In P1 however, we were able to 

show the preparation of a polymer with soluble fractions with 4,10-linked anthanthrone 

building blocks and with an all-branched 2-ethylhexyloxy side chain configuration. 

 

The synthesis of P1, P2 and P3 were confirmed by spectroscopic methods including NMR 

and FTIR. These polymers were studied in detail for their photo-physical properties and 

probed for organic photovoltaic applications. All three polymers show interesting photo-

physical properties with P1 having the most intriguing absorption properties. The optical 

properties of P2 and P3 are highly similar. The frontier orbital energy levels were basically 

unaffected by using different side chains. However, the replacement of decyloxy side chains 

in P2 with 3,7-dimethyloctyloxy in P3 resulted in lower yield and decline of photovoltaic 

performance. The ―transformation‖ of the anthanthrone‘s carbonyl groups into anthanthrene‘s 

alkyloxy substituents in the preparation of P2 and P3 impacted the photo-physical properties 
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significantly. In all cases (P1, P2 and P3), the properties of the polymers appear dominated by 

the polycyclic chromophore. Although these new polymers showed only low photovoltaic 

response in first tests, improvements in solubility and optimization of the device composition 

and architecture might yield significant enhancements of the photovoltaic performance. 
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CHAPTER SIX 

 

RESULTS AND DISCUSSION - Side Chain Engineering of 

Anthracene-Based Polymers: Applications in Photovoltaics 

 

Abstract 

 

The research on organic photovoltaic cells has attracted much attention in recent years as a 

result of the need and desire for renewable energy to replace dwindling non-renewable 

energy and expensive inorganic silicon based photovoltaic cells. Photovoltaic cells based on 

organic conjugated materials pose potential low-cost and light weight advantages over 

mainstream silicon based inorganic photovoltaic cells. In this contribution, the synthesis and 

characterization of ten anthracene-containing polymers based on poly(arylene ethynylene)-

alt-(arylene vinylene) (PAE-PAV) backbone with different alkyloxy substituents is reported. 

Mixed linear and branched chain (SV1-SV6, and P7), solely branched (SV7-SV8) and solely 

linear (P6) alkyloxy side chains were grafted to the backbone in order to engineer their 

properties for photovoltaic applications. Their thermal, photo-physical, electroluminescent as 

well as their photovoltaic properties were investigated. Two types of device configuration 

based on bulk heterojunction architecture (normal and inverted) were made from these 

polymers. The efficiencies of the normal or regular configuration based on poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) ranged from 1.2 - 2.3% while 

efficiency up to 2.62% was obtained for inverted cells based on polyethylene imine (PEI). 

Open circuit voltage > 0.9 V (almost 1V) was obtained for SV1 - SV8 irrespective of the 

attached side chain and the device configuration (inverted or normal); while a remarkable 
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high fill factor (FF) of 0.67 was obtained for P7. The photovoltaic parameter was revealed to 

depend on the side chain as insulating or volume fraction ratio effect was observed in the 

photovoltaic response of polymers with longer alkyloxy side chain. The established 

correlation between the side chain engineering and photovoltaic response is a practical 

starting point for such polymers with potential for large-scale device fabrication. 

 

6 Introduction 

 

π-Conjugated semiconducting polymers have attracted significant interest since the 

pioneering works of A. G. McDiarmid, A. J. Heeger and H. Shirakawa [1-4]. Intensive 

development of electro-active and photo-active semiconducting conjugated polymers has 

been triggered due to their wide range of applications. Enormous progress has been made in 

the synthesis of π -conjugated polymers and in the fabrication and characterization of organic 

electronics like electroluminescent diodes based on polymers [5], organic field effect 

transistors (OFETs) [6] and organic photovoltaic (OPV) cells [7]. The necessity and crave to 

develop low-cost renewable energy sources has stimulated extensive research for efficient, 

flexible, cheap and lightweight photovoltaic devices based on organic semiconducting 

materials globally [8-14]. 

 

The morphology of photovoltaic device active layer (formed from semiconducting materials) 

plays a key role in the overall performance of the device. A number of methods such as 

annealing, solvent variation, use of additives [15] and incorporation of various alkyl and 

alkyloxy solubilizing side chains to tune the morphology of the active layer so as to improve 

device performance have been reported. Annealing of P3HT-PC61BM based device for 

example significantly enhances the device performance compared to the un-annealed form 

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



 

 

 

 

Chapter Six: Result and Discussion 

193 

 

[16-19]. The use of chlorobenzene in place of toluene as the spin coating solvent has been 

reported to improve device performance [20]. In poly[2,6-(4,4-bis(2-ethylhexyl)-4H-

cyclopenta[2,1-b;3,4-b0]-alt-4,7-(2,1,3-benzothiadiazole)](PCPDTBT)-PC71BM(6,6-phenyl-

C71butyric acid methyl ester) bulk heterojunction solar cells, the use of octane-dithiol as 

processing additive for morphology control reportedly improved the efficiency from 2.8% to 

5.5% [21]. The use of solubilizing alkyloxy side chains to tune the morphology of devices 

based on poly(arylene-ethynylene)-alt-poly(arylenevinylene)s (PAE-PAVs) have also been 

reported and proposed as a significant aspect to be considered for improvement in the 

performance of such devices [22-25].  

 

Functionalization of conjugated materials by attachment of alkyl or alkyloxy side chains 

enhances the solubility of the resulting polymers and subsequent process-ability of the 

materials into thin/transparent films for various applications [22, 26]. This improves their 

quality as advanced materials in applications such as light-emitting diodes [27-28], field 

effect transistors [29-33], and photovoltaic cells [8, 12-13]. In addition to aiding solubility 

and subsequent process-ability of the polymers into thin films for various applications, the 

position and choice of side chain (linear, branched, chain length, alkyl, alkyloxy, etc.) can 

also significantly influence the molecular self assembly, packing motifs, optoelectronic and 

transport properties of the polymer [23, 34-46]. For instance, compared to their alkyloxy 

analogue, the absorption spectra of alkyl-substituted polymers are blue-shifted as a result of 

less electron-donating nature of alkyl groups and strong steric hindrance [47]. The attachment 

of alkyloxy side chains to the backbone of some phenylene-ethynylene-alt-phenylene-

vinylene hybrid polymers lowered the optical band gap of the polymers, resulting in color 

tuning of the polymeric materials [48-54]. The influence of the position of side chains 

(alkyloxy and alkyl) on polymer backbone was extensively studied and evaluated for solar 
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cells by Livi et al [55]. The best characteristics were found for the polymer with alkyloxy 

side chains on the benzene ring with efficiency of 3.6% achieved. It is therefore important 

that for optimization of a polymer with a potential for large-scale device fabrication, 

determination of the best anchoring position for the side chains, type of side chains and 

length of side chains is the most rational starting point. 

 

In this report a series of ten anthracene-containing PAE-PAV polymers of general 

constitutional unit: (-Ph-C≡C-Anthrc-C≡C-Ph-CH=CH-Ph-CH=CH-)n with varying side 

chains (Figure 6.1b) were synthesized through side chain engineering and investigated. 

Solely linear (P6) and solely branched (SV7 and SV8) as well as mixed linear and branched 

(SV1-SV6 and P7) alkyloxy side chains were grafted to the backbone. The nature and length 

of the side chains were varied in a systematic manner in order to tune the photo-physical 

properties and, thus, the photovoltaic performance. The thermal stability, photo-physical 

properties and subsequent photovoltaic behavior were investigated and discussed. In addition, 

the electroluminescence of a selected few of these polymers was investigated. The main aim 

of this study is to draw conclusions about the correlation between side chain substitution, the 

photo-physical properties and the photovoltaic performance.  

 

We investigated two types of bulk heterojunction organic photovoltaic cell configurations. 

One based on normal cell with PEDOT:PSS layer (SV1-SV8, P6 and P7) and the other based 

on inverted cell with PEI layer (SV3, SV8, P6 and P7). For both types, (6,6)-phenyl-C61-

butyric acid methyl ester (PCBM) was employed as the n-type or acceptor material. The 

structure of this report therefore, will be, discussion on the side chain engineering and the 

effect on the photo-physical properties and organic electronics (photovoltaics and light 

emitting diodes); and then the effect of different photovoltaic cells (normal and inverted) on 
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the photovoltaic properties of selected polymers (P6, P7, SV3 and SV8) under comparative 

studies.  
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Figure 6.1: a) Monomers (M1 – M8, Md and Me), b) Polymers (SV1 – SV8, P6 and P7). 
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Figure 6.2: Classification of the polymers SV1 – SV8, P6 and P7. 
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6.1 Experimental 

 

6.1.1 Materials 

 

All starting materials and solvents were purchased from commercial suppliers (Sigma 

Aldrich, Merck, Alfa Aesar and VWR). 

 

6.1.2 Instrumentation 

 

All NMR spectra were measured in deuterated chloroform using a Gemini 300 MHz 

spectrometer and Bruker Avance IIIHD 400 MHz Nanobay NMR spectrometer equipped 

with a 5 mm BBO. For P6 and P7, Fourier transform infrared spectroscopy (FTIR) was 

performed with Perkin Elmer ATR TWO FTIR Spectrometer at room temperature. For SV1 – 

SV8, Thermo Scientific, Nicolet iS10 FTIR spectrometer equipped with a diamond crystal 

was used. Analyses were done between 650 and 4000 cm
-1

 wavenumbers and 64 scans were 

taken per sample at a resolution of 4 cm
-1

. Data processing was done using the OMNIC 

software. Gel-permeation chromatography (GPC) measurements in form of size exclusion 

chromatography (SEC) were performed using a Pump Deltachrom (Watrex Comp.) with a 

Midas autosampler and two columns of MIXED-B LS PL gel, particle size 10 μm. An 

evaporative light scattering detector (PL-ELS-1000 from Polymer Laboratories) was used; 

THF was the mobile phase and polystyrene standards were used for calibration. The 

absorption measurements were carried out using a Perkin Elmer UV/Vis/NIR Lambda 1050 

spectrometer. A PTi Photon Technology Intl. fluorometer and a Coherent GaN-based violet 

diode laser (Vioflame series) emitting at 405 nm were employed for photoluminescence 

measurements in solution and film respectively. The laser power on the sample was about 50 
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µW (spot diameter ca 1mm). Polymer was dissolved in chlorobenzene (~1.0 * 10
-5

 M) for the 

solution measurements while films were cast from a 10 mg/mL solution of chlorobenzene on 

pre-cleaned glass slides for film measurements. Cyclic voltammetry in acetonitrile with 

tetrabutylammonium hexafluorophosphates (TBAPF6) as supporting electrolyte, a Ag/AgCl 

reference electrode, a platinum wire counter electrode and indium-doped tin oxide (ITO)-

coated glass slides (15 Ω/sq, Xin Yan Tech. LTD) covered with a thin film of the polymer 

was used as working electrode (WE) at a scan rate of 50 mV/s. Experiments were set up in a 

glove box and recorded with a Jaissle Potentiostat-Galvanostat IMP 83 PC - 10. 150 L of 

each polymer sample was spin-coated from solution (10 mg/mL) in chlorobenzene. For P6, 

P7 SV3 (batch1) and SV8 (batch1), thermal behavior was analysed using Perkin Elmer TGA 

7 from 20-600 at 10°C/min in nitrogen. For SV1 – SV8, TGA Q500 at ramp 20°C/min to 

600°C in nitrogen at a flow rate of 50 mL/min was employed. Atomic force microscopy 

images were recorded in tapping mode (Dimension V SPM, Veeco). 

 

6.1.3 Organic bulk heterojunction solar cells fabrication 

 

6.1.3.1 Solution preparation 

 

The investigated photovoltaic devices were fabricated using two different forms of bulk-

heterojunction architecture (normal and inverted). For all donor:acceptor devices, 1:2 blend 

solution was in 1 ml chlorobenzene. Solutions were stirred at 70°C overnight. 
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6.1.3.2 Substrate preparation 

 

Indium tin oxide (ITO) glass slides were cut into 1.5 cm width using diamond cutter. Part of 

the cut ITO were covered with an adhesive tape and the uncovered part etched (ITO etched 

away) by immersion in hydrochloric acid to prevent short circuits. The adhesive tape protects 

the ITO in the covered region while the uncovered part is etched away. After etching, the 

substrates were rinsed with deionised water to remove the acid residue. The glass-ITO slides 

were then cut into 1.5 cm x 1.5 cm squares. The obtained squares were labelled in the top left 

corner in the non-conductive side (the side without ITO). The final cleaning process was 

done in an ultrasonic bath in acetone and iso-propanol each for 15 mins. 

 

6.1.3.3 Device fabrication 

 

Cleaned substrates were plasma treated by (plasma ETCH PE-50) for 5 min at 50 W O2. 

Filtered poly (3,4-ethylenedioxythiophene)-poly(styrenesulphonate) (PEDOT-PSS) (a 

transparent, conductive polymer with high ductility) was then spun on each plasma treated 

substrate. The PEDOT-PSS was used to improve the extraction properties between the ITO 

and the active layer and to reduce the roughness of the ITO.  PEDOT-PSS was gently wiped 

away from the etched part of the ITO using deionized water with a cotton bud to enhance 

contact with the electrode. The prepared donor:acceptor solution was spin coated on the 

PEDOT-PSS substrate and partly wiped away from the sample borders with toluene soaked 

cotton bud and de-ionized water. The samples were then transferred to a nitrogen-filled 

glovebox to dry. Finally, LiF and Al (top electrode) were thermally evaporated on the 

glass/ITO/PEDOT-PSS/polymer:PCBM substrate to complete the device fabrication. The 

device configuration in this case is represented as glass/ITO/PEDOT-
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PSS/polymer:PCBM/LiF/Al. For the inverted cells, polyethylene imine (PEI) was used in 

place of PEDOT-PSS and the top electrode was MoOx/Ag. The device configuration is 

represented as glass/ITO/PEI/polymer:PCBM/MoOx/Ag. 

 

6.1.3.4 Device characterisation 

 

Current voltage (I-V) curves of the devices were recorded in the dark and under illumination 

using a solar simulator. A "Gold sun" Sun simulator was used to record the current-voltage 

characteristics with LS02821 LOT Quantum Design at 100 mW/cm
2
 Keithley output reader. 

All I-V characteristics measurements were carried out in nitrogen filled glovebox. External 

quantum efficiency (EQE) were measured with EG & G Instruments lock-in-amplifier, 

optical chopper – SEITEC Instruments LTD Muller Electronics Optics LXH100. The 

thickness of the films was characterized with a Bruker DektakXT profilometer. The detailed 

step by step device fabrication and characterization for the top cells is given below 

 

Normal Device 

 

SV1 – SV8 

 

Recipe: 

Standard cutting & etching of Merck glass 

Tap protecting, HCl conc. for 10 min 

Standard cleaning of the samples: 

1.) Acetone+ 15 min ultra sonic bath [RT],   

2.) IPA+ 15 min ultra sonic bath [RT]  
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=> Compressed N2 gun  

Plasma treatment of the ITO substrate (Plasma ETCH PE50): 50 Watt, O2, 5 min. 

Spin coating of Clevios [pure, filtered 0.45 µm] (P VP AI 4083) on ITO glass  

40 rps in 2 sec. for 2 sec. => 67 rps in 2 sec. for 30 sec. => END 

Spin coating of polymer solution on PEDOT-PSS substrate  

Solution at ~70 °C 

Chlorobenzene p.a. [Aldrich] 

Spin coating parameter for top cells of each sample 

SV1 30 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV2 30 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV3 40 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV4 25 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV5 30 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV6 20 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV7 40 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV8 30 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

Contact cleaning with toluene and H2O for all samples 

=> Top electrode: 0.7 nm LiF / 111 nm Al evaporation 

=> Measurement "Gold sun" Sun simulator ~ 100 mW/cm
2
 [no mismatch factor for eff. data] 
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P6 and P7 

 

Recipe: 

Standard cutting & etching of Merck glass 

Tap protecting, HCl conc. for 10 min 

Standard cleaning of the samples: 

1.) Acetone+ 15 min ultra sonic bath [RT],   

2.) IPA+ 15 min ultra sonic bath [RT]  

=> Compressed N2 gun  

Plasma treatment of the ITO substrate (Plasma ETCH PE50): 50 Watt, O2, 5 min. 

Spin coating of Clevios [pure, filtered 0.45 µm] (P VP AI 4083) on ITO glass  

33 rps in 2 sec. for 2 sec. => 67 rps in 2 sec. for 30 sec. => END 

Spin coating of polymer:PCBM on PEDOT  

Solution: CB 1 % [Polymer] : 2 % (PCBM [Solenne, Lot#16-10-13]) 

Chlorobenzene p.a. [Aldrich] 

25 rps in 2 sec. for 20 sec. => 33 rps in 2 sec. for 30 sec. => END 

Contact cleaning with toluene & H2O 

=> Top electrode: 0.7 nm LiF / 100 nm Al  

=> Measurement "Gold sun" Sun simulator ~ 100 mW/cm
2
 [no mismatch factor for eff. data] 
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Inverted Device 

 

P6 and P7; SV3 and SV8 

 

Recipe: 

Standard cutting & etching of Merck glass 

Tap protecting, HCl conc. for 10 min 

Standard cleaning of the samples: 

1.) Acetone+ 15 min ultra sonic bath [RT],   

2.) IPA+ 15 min ultra sonic bath [RT]  

=> Compressed N2 gun  

Plasma treatment of the ITO substrate (Plasma ETCH PE50): 50 Watt, O2, 5 min. 

Spin coating of poly(ethyleneimine) (PEI) solution on ITO glass  

33 rps in 2 sec. for 2 sec. => 67 rps in 2 sec. for 30 sec. => END 

Spin coating of polymer:PCBM on PEI  

Solution: CB 1 % [Polymer] : 2 % (PCBM [Solenne, Lot#16-10-13]) 

Chlorobenzene p.a. [Aldrich] 

20 rps in 2 sec. for 25 sec. => 33 rps in 2 sec. for 30 sec. => END 

Contact cleaning with toluene & H2O 

=> Top electrode: 0.1 KA MoOx / 1.0 KA Ag  

=> Measurement "Gold sun" Sun simulator ~ 100 mW/cm
2
 [no mismatch factor for 

efficiency data] 

EQE measurement 

Picture on the microscope 

Thickness measurement with profilometer  
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6.1.4 Organic Light Emitting Diodes (OLEDs) Preparation and Characterization: 

 

6.1.4.1 Fabrication 

 

The OLEDs were fabricated with a device configuration of 

glass/ITO/PEI/polymer/MoOx/Ag. Pre-patterned indium tin oxide (ITO) coated glass 

substrates were sequentially cleaned with Hellmanex®, de-ionized water, acetone and iso-

propanol in an ultrasonic bath. The cleaned substrates were plasma treated in oxygen plasma 

for five minutes prior to layer deposition. Polyethylene imine (PEI) and the polymer layers 

were sequentially deposited by blade-coating at 70°C substrate temperature (PEI: 0.27 mg/ml 

in n-butanol, polymer: 10 mg/ml in chlorobenzene). MoOx (10 nm) and the silver (100 nm) 

were deposited by vacuum evaporation. The area of one cell is about 0.24 cm². 

 

6.1.4.2 Characterization 

 

Electroluminescence spectra of the OLEDs were measured using a Shamrock SR-303i 

monochromator and an Andor iDus Si-CCD detector. Different potentials were applied with a 

Keithley 2401 source meter. The applied voltages and the corresponding currents are listed in 

the graphs. 
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6.1.5 Synthesis 

 

6.1.5.1 Monomer Synthesis 

 

Synthesis of M1 

 

A mixture of 1,4-bis(bromomethyl)-2,5-(2-ethylhexyloxy)benzene (15.2 g, 18.97 mmol) and 

excess triethylphosphite (9.47 g, 57 mmol) was stirred and heated slowly to 150±160°C; 

simultaneously. The evolving ethyl bromide was distilled off and after 4 h; vacuum was 

applied for 30 mins at 180°C to distil off excess triethylphosphite. The resulting oil was 

allowed to cool to room temperature to form pure oily substance (14.4 g, 83% yield). 
1
H 

NMR (300 MHz, CDCl3) δ/ppm: 6.92 (d, J = 1.6 Hz, 2H), 4.08 – 3.89 (m, 8H), 3.79 (d, J = 

5.6 Hz, 4H), 3.15 (d, J = 20.1 Hz, 4H), 1.76 – 1.59 (m, 2H), 1.55 – 1.34 (m, 10H), 1.34 – 

1.11 (m, 18H), 0.99 – 0.63 (m, 12H); 
13

C NMR (75 MHz, CDCl3) δ 150.43, 119.30, 114.50, 

71.17, 61.8, 39.65, 30.58, 29.09, 27.06, 25.21, 23.89, 23.00, 16.30, 14.01, 11.12. 

 

M2 – M8 were prepared under similar reaction conditions as described for M1 

 

Synthesis of M2 

 

A mixture of 1,4-bis(bromomethyl)-2,5-decyloxybenzene (3.37 g, 5.85 mmol) and an excess 

of triethylphosphite (3.0 g, 17.6 mmol) was stirred and heated slowly to 150-160°C, and the 

evolving ethyl bromide was distilled off simultaneously. The reaction went on for 4 h, after 

which vacuum was applied for 1 h at 180°C to distil off any excess of triethylphosphite left in 

the mixture. The resulting oil was allowed to cool to room temperature to form a white solid, 
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which was recrystallized from diethyl ether (30 ml) yielding a white powder (3.9 g, 97%). 
1
H 

NMR (400 MHz, CDCl3) δ 6.89 (s, 2H), 4.00 (m, 8H), 3.90 (t, J = 6.5 Hz, 4H), 3.20 (d, J = 

20.3 Hz, 4H), 1.82 – 1.65 (m, 4H), 1.41 – 1.15 (m, 40H), 0.86 (t, J = 6.6 Hz, 6H); 
13

C NMR 

(100 MHz, CDCl3) δ 150.31, 119.28, 114.70, 68.89, 61.69, 31.89, 29.61, 29.56, 29.47, 29.44, 

29.32, 26.92, 26.13, 25.54, 22.67, 16.38, 16.34, 16.31, 14.10. 

 

Synthesis of M3 

 

A mixture of 1,4-bis(bromomethyl)-2,5-(3,7-dimethyloctyloxy)benzene (5.1 g, 8.7 mmol) 

and excess triethylphosphite (4.4 g, 26.1 mmol) was stirred and heated slowly to 150±160°C, 

and the evolving ethyl bromide was concurrently distilled off. After 4 h, vacuum was applied 

for 30 min at 180°C to distil off any excess triethylphosphite still present in the mixture. The 

resulting oil was allowed to cool to room temperature to form a pure yellowish oil (5.73 g, 

96% yield). 
1
H NMR (400 MHz, CDCl3) δ 6.85 (s, 2H), 4.07 – 3.79 (m, 12H), 3.14 (d, J = 

20.4 Hz, 4H), 1.86 – 1.37 (m, 8H), 1.32 – 1.01 (m, 24H), 0.86 (d, J = Hz, 6H), 0.79 (d, J = 

6.6 Hz, 12H); 
13

C NMR (100 MHz, CDCl3) δ 150.15, 119.18, 114.60, 67.01, 61.61, 38.99, 

37.09, 36.23, 29.63, 27.72, 26.71, 25.32, 24.45, 22.45, 22.34, 19.44, 16.09. 

 

Synthesis of M4 

 

A mixture of 1,4-bis(bromomethyl)-2,5-octyloxybenzene (4.35 g, 8.36 mmol) and 

triethylphosphite (4.3 g, 25.9 mmol) were heated at 150°C for 4.25 h. Afterward the 

temperature was enhanced up to 170°C and the pressure reduced by using a membrane pump. 

After re-crystallization from diethyl ether a white material (4.25 g, 6.7 mmol) was obtained 

.Yield: 80.1%. 
1
H NMR (300 MHz, CDCl3) δ 6.90 (d, J = 1.4 Hz, 2H), 4.13 – 3.80 (m, 12H), 
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3.22 (d, J = 12.4 Hz, 4H), 1.85 – 1.61 (m, 4H), 1.52 – 1.09 (m, 32H), 0.87 (t, J = 6.6 Hz, 6H). 

13
C NMR (75 MHz, CDCl3) δ 150.84, 120.09, 115.11, 69.80, 63.2, 31.77, 29.60, 27.15, 

26.06, 25.30, 22.61, 16.63, 14.04. 

 

Synthesis of M5 

 

A mixture of 1,4-bis(bromomethyl)-2,5-nonyloxybenzene (3.0 g, 5.47 mmol) and 

triethylphosphite (2.82g, 24.24 mmol) were stirred at 150°C for 4 h. Afterward the mixture 

was heated to 180°C and vacuum was applied to remove the excess of triethylphospite. The 

residue was worked up to give 2.86 g (4.31 mmol) of a white substance. Yield: 79%. 
1
H 

NMR (300 MHz, CDCl3) δ 6.90 (d, J = 1.3 Hz, 2H), 4.14 – 3.80 (m, 12H), 3.21 (d, J = 20.2 

Hz, 4H), 1.83 – 1.62 (m, 4H), 1.33 (ddd, J = 19.9, 14.2, 6.9 Hz, 36H), 0.87 (t, J = 6.7 Hz, 

6H). 
13

C NMR (75 MHz, CDCl3) δ 151.36, 120.60, 114.88, 68.95, 62.86, 31.84, 29.39, 27.12, 

26.09, 25.27, 22.62, 16.58, 14.05. 

 

Synthesis of M6 

 

A mixture of 1,4-bis(bromomethyl)-2,5-undecyloxybenzene (4.20 g, 6.95 mmol) and excess 

triethylphosphite (3.5 g, 20.9 mmol) was stirred and heated slowly to 150±160°C, and the 

evolving ethyl bromide was distilled off simultaneously. The reaction went on for 4 h, after 

which vacuum was applied for 1 h at 180°C to distil off any excess triethylphosphite left in 

the mixture. The resulting oil was allowed to cool to room temperature to form a white solid, 

which was re-crystallized from diethyl ether (30 ml) yielding (4.36 g, 87%) of pure 

substance. 
1
H NMR (300 MHz, CDCl3) δ 6.90 (d, J = 4.6 Hz, 2H), 4.12 – 3.81 (m, 12H), 3.21 

(d, J = 20.2 Hz, 4H), 1.84 – 1.60 (m, 4H), 1.47 – 1.11 (m, 44H), 0.87 (t, J = 6.7 Hz, 6H). 
13

C 
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NMR (75 MHz, CDCl3) δ 150.37, 119.45, 114.90, 68.99, 61.82, 31.90, 29.94, 27.17, 26.12, 

25.33, 22.66, 16.34, 14.08. 

 

Synthesis of M7 

 

A mixture of 1,4-bis(bromomethyl)-2,5-dodecyloxybenzene (5.60 g, 8.85 mmol) and excess 

triethylphosphite (4.5 g, 26.6 mmol) was stirred and heated slowly to 150±160°C, and the 

evolving ethyl bromide was distilled off simultaneously. The reaction went on for 4 h, after 

which vacuum was applied for 1 h at 180°C to distil off any excess triethylphosphite left in 

the mixture. The resulting oil was allowed to cool to room temperature to form a yellowish 

solid, which was re-crystallized from diethyl ether (30 ml) yielding (5.9 g, 89%) of white 

substance. 
1
H NMR (300 MHz, CDCl3) δ 6.90 (d, J = 1.4 Hz, 2H), 4.10 – 3.81 (m, 12H), 3.21 

(d, J = 20.2 Hz, 4H), 1.83 – 1.63 (m, 4H), 1.32 (ddd, J = 16.8, 14.0, 6.4 Hz, 48H), 0.87 (t, J = 

6.7 Hz, 6H). 
13

C NMR (75 MHz, CDCl3) δ 151.61,, 120.59, 114.81, 68.96, 63.40, 31.88, 

29.90, 27.13, 26.10, 25.30, 22.65, 16.60, 14.07. 

 

Synthesis of M8 

 

A mixture of 1,4-bis(bromomethyl)-2,5-tridecyloxybenzene (2.42 g, 3.66 mmol) and excess 

triethylphosphite (1.9 g, 11.0 mmol) was stirred and heated slowly to 150±160°C, and the 

evolving ethyl bromide was distilled off simultaneously. The reaction went on for 4 h, after 

which vacuum was applied for 1 h at 180°C to distil off any excess triethylphosphite left in 

the mixture. The resulting oil was allowed to cool to room temperature to form a yellowish 

solid, which was re-crystallized from diethyl ether (30 ml) yielding (2.4 g, 85%) of white 

substance. 
1
H NMR (300 MHz, CDCl3) δ 6.88 (dd, J = 9.6, 2.0 Hz, 2H), 4.10 – 3.81 (m, 
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12H), 3.19 (t, J = 12.5 Hz, 4H), 1.85 – 1.63 (m, 4H), 1.32 (ddd, J = 17.6, 13.6, 6.1 Hz, 52H), 

0.87 (t, J = 6.7 Hz, 6H). 
13

C NMR (75 MHz, CDCl3) δ 150.32, 120.45, 114.90, 68.98, 63.02, 

31.88, 29.44, 27.16, 26.11, 25.31, 22.65, 16.62, 14.07. 

 

Synthesis of Md 

 

9,10-Dibromoanthracene (5.77 g, 0.0172 mols) was given to a degassed solution of 211 mL 

of diisopropylamine and 529 mL of toluene. Pd(PPh3)4 (0.81 g, 0.70 mmol), and CuI (0.13 g, 

0.70 mmol) were added after 30 mins of stirring and degassing and the reaction was allowed 

to run under same condition for 1 h. 2,5-bis((2-ethylhexyl)oxy)-4-ethynylbenzaldehyde 

(13.55 g, 0.0350 mols) was dissolved in 50 mL of toluene and degassed for 30 mins. The 

degassed solution of 2,5-bis((2-ethylhexyl)oxy)-4-ethynylbenzaldehyde was added to the 

reaction mixture drop-wisely by means of a controlled dropping funnel. The reaction mixture 

was heated at 75°C for 24 h in a nitrogen atmosphere and monitored with TLC. 80 mL of 

toluene was added and heat removed while still stirring. After cooling to room temperature, 

the precipitated diisopropylammonium bromide was filtered off and the solvent was 

evaporated under vacuum. The residue was chromatographed on a silica gel column with 

hexane:dichloromethane (1:1) as eluent to yield a dark orange powder which was re-

crystallized several times in methanol and 1% H2O to yield (14.2 g, 87%) bright orange 

powder. 
1
H NMR (300 MHz, CDCl3) δ 10.52 (s, 2H), 8.93 – 8.67 (m, 4H), 7.78 – 7.56 (m, 

4H), 7.44 (s, 2H), 7.33 (s, 2H), 4.21 – 3.90 (m, 8H), 2.08 – 1.75 (m, 4H), 1.75 – 1.14 (m, 

32H), 0.92 (ddt, J = 39.4, 36.8, 7.3 Hz, 24H). 
13

C NMR (75 MHz, CDCl3) δ 189.09, 155.72, 

154.07, 132.25, 127.48, 126.99, 125.18, 120.23, 118.89, 117.20, 109.39, 99.06, 94.37, 71.65, 

39.55, 30.70, 30.31, 29.09, 24.07, 23.74, 23.05, 14.07, 11.28, 10.95. 
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Synthesis of Me 

 

9,10-Dibromoanthracene (311 mg, 0.92 mmol) was given to a degassed solution of 15 mL of 

diisopropylamine and 35 mL of toluene. 30 mins later, Pd(PPh3)4 (43.6 mg, 0.0378 mmol), 

and CuI (7.2 mg, 0.0378 mmol) were added. Mixture was allowed to stir and degas for 

another 30 mins and thereafter, 2,5-bis((decyl)oxy)-4-ethynylbenzaldehyde (840 mg, 1.89 

mmol) (in a solution of degassed toluene) was added drop-wisely. The reaction mixture was 

heated at 75°C for 24 h in a nitrogen atmosphere and monitored with TLC. After cooling to 

room temperature, the precipitated diisopropylammonium bromide was filtered off and the 

solvent was evaporated under vacuum. The residue was chromatographed on a silica gel 

column with toluene:hexane (1:1) as eluent to yield an orange solid which was re-crystallized 

in methanol to yield (550 mg g, 56%) shiny bright orange powder. 
1
H NMR (300 MHz, 

CDCl3) δ 10.50 (s, 2H), 8.82 (dd, J = 6.7, 3.2 Hz, 4H), 7.65 (dt, J = 13.8, 6.9 Hz, 4H), 7.40 

(s, 2H), 7.29 (s, 2H), 4.16 (t, J = 6.5 Hz, 8H), 2.15 – 1.74 (m, 8H), 1.68 – 1.06 (m, 56H), 0.87 

(dt, J = 13.6, 6.7 Hz, 12H). 
13

C NMR (101 MHz, CDCl3) δ 189.17, 155.61, 154.01, 132.27, 

127.47, 126.95, 125.11, 120.21, 118.90, 117.00, 109.31, 99.08, 94.66, 69.39, 31.90, 29.45, 

26.10, 22.69, 14.13. 

 

6.1.5.2 Polymer Synthesis 

 

Synthesis of SV1 

 

Dialdehyde Md (1000 mg, 1.06 mmol) and bisphosphonate M4 (671 mg, 1.06 mmol) were 

dissolved in dried toluene (100 ml) to give a greenish light orange color while stirring 

vigorously under nitrogen and heating under reflux. The polycondensation was initiated by 
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addition of potassium-tert-butoxide (474 mg, 4.23 mmol) when a stable temperature was 

achieved and an instant color change to blackish deep orange was observed. After 80 mins 

benzaldehyde was added and the reaction allowed running for 10 mins. Toluene (80 ml) was 

added and the heating turned off. Reaction mixture was allowed to continue to stir for 10 

mins and 10% HCl was added. Stirring continued until the entire mixture was completely 

dissolved. The organic layer was separated and extracted several times with distilled water 

until the water phase became neutral (pH = 6 – 7). A Dean-Stark apparatus was used to dry 

the organic layer. The hot (50-60°C) toluene solution was filtered; the filtrate was 

concentrated to the minimum by using a rotary evaporator and then precipitated in vigorously 

stirred cold methanol (250 ml). The polymer was extracted by Soxhlet extraction with 

methanol until a clear solution was observed around the thimble. The polymer was again 

dissolved in a small amount of toluene, re-precipitated in cold methanol and kept for 24 h 

under 4-8°C. It was thereafter filtered and allowed to dry under air. 790 mg (0.6058 mmol, 

with respect to the repeating unit) of dark red polymer was obtained. Yield: 56%. GPC (THF, 

polystyrene): Mw= 13,030 g/mol, Mn = 5,280 g/mol, PDI = 2.5. 
1
H NMR (300 MHz, CDCl3) 

δ 8.86, 7.60 and 7.05 – 6.68 (arylene and vinylene H´s); 4.31 – 3.45 (-CH2O-); 2.16 – 0.51 

(CH3(CH2)3CH(CH2CH3)- and CH3(CH2)6-).  

 

SV2 – SV8 were prepared under similar reaction conditions as described for SV1 

 

Synthesis of SV2 

 

Dialdehyde Md (1000 mg, 1.06 mmol) and bisphosphonate M5 (701 mg, 1.06 mmol) were 

dissolved in dried toluene (100 ml) to give a greenish light orange color while stirring 

vigorously under nitrogen and heating under reflux. Potassium-tert-butoxide (474 mg, 4.23 
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mmol) was added (instant color change to greenish deep orange was observed); and the 

reaction mixture was heated at reflux for 80 mins. The polycondensations was quenched by 

addition of benzaldehyde, toluene and dilute HCl (10%). The organic layer was separated, 

extracted with distilled water until the water phase became neutral (pH = 6-7), dried by 

means of a Dean stark apparatus, filtered, concentrated and precipitated in cold methanol 

(250 ml). The polymer was extracted with methanol for 24 h, dissolved in 10 mL toluene and 

re-precipitated in methanol. The resulting brownish red fibrous polymer was filtered and 

dried in air to give 1320 mg (0.9910 mmol with respect to the repeating unit). Yield: 94%. 

GPC (THF, polystyrene): Mw= 27,500 g/mol, Mn = 6,900 g/mol, PDI = 4.0. 
1
H NMR (300 

MHz, CDCl3) δ 8.84, 7.58 and 7.01 – 6.71 (arylene and vinylene H´s); 3.89 (-CH2O-); 2.11 – 

0.63 (CH3(CH2)3CH(CH2CH3)- and CH3(CH2)7-).  

 

Synthesis of SV3 

 

Dialdehyde Md (1000 mg, 1.06 mmol) and bisphosphonate M2 (730 mg, 1.06 mmol) were 

dissolved in dried toluene (90 ml) to give a greenish brown color while stirring vigorously 

under nitrogen and heating under reflux. The polycondensation was initiated by addition of 

potassium-tert-butoxide (474 mg, 4.23 mmol) when a stable temperature was achieved and an 

instant color change to brownish orange which became darker as the reaction progressed was 

observed. After reacting for 80 mins, benzaldehyde was added and mixture stirred for 10 

mins; the heating was stopped and the mixture was diluted with toluene (80 ml), and aqueous 

HCl (10 wt.%, 20 ml) was added to quench the reaction. The organic phase was separated 

and washed several times with distilled water until the water phase became neutral. The 

organic layer was dried in a Dean-Stark apparatus. The solution was filtered, concentrated 

under vacuum, dissolved in 10 mL toluene and precipitated in methanol. The polymer was 
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filtered off and extracted for 24 h with methanol (Soxhlet extraction). After re-dissolving in 

toluene the polymer was once more precipitated in methanol and kept at 4-8°C for 24 h, 

filtered off and dried in air to yield brownish red fibers 1290 mg (0.9485 mmol with respect 

to the repeating unit). Yield: 90%. GPC (THF, polystyrene): Mw= 20,480 g/mol, Mn = 4,220 

g/mol, PDI = 4.9. 
1
H NMR (300 MHz, CDCl3) δ 8.96 – 8.69, 7.80 – 7.42, and 7.02 – 6.71 (m, 

(arylene and vinylene H´s); 4.28 – 3.46 (CH2O-); 2.20 – 0.55 (CH3(CH2)3CH(CH2CH3)- and 

CH3(CH2)8-).  

 

Synthesis of SV4 

 

Dialdehyde Md (1000 mg, 1.06 mmol) and bisphosphonate M6 (760 mg, 1.06 mmol) were 

dissolved in dried toluene (80 ml) to give a greenish brown color while stirring vigorously 

under nitrogen and heating under reflux. Potassium-tert-butoxide (474 mg, 4.23 mmol) was 

added (instant color change to brownish orange was observed); and the reaction mixture was 

heated at reflux for 80 mins. After this time benzaldehyde was added and mixture allowed 

stirring for 10 mins. Toluene (80 mL) was added and the reaction was quenched with aqueous 

HCl (10 wt.%). The organic phase was separated and extracted several times with distilled 

water until the water phase became neutral (pH = 6-7). The organic phase was dried in Dean-

Stark apparatus. The resulting toluene solution was filtered, concentrated under vacuum to 

the minimum and precipitated in cold methanol. The polymer was extracted for 24 h with 

methanol, dissolved once more in toluene, and re-precipitated in methanol. The precipitate in 

methanol was kept at 4-8°C for 24 h, filtered and dried under air. A brownish red fiber of 

1330 mg (0.9581 mmol with respect to the repeating unit) was obtained. Yield = 91%.  GPC 

(THF, polystyrene): Mw= 26,430 g/mol, Mn = 10,050 g/mol, PDI = 2.6. 
1
H NMR (300 MHz, 

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



 

 

 

 

Chapter Six: Result and Discussion 

215 

 

CDCl3) δ 8.83, 7.76 – 7.44, and 7.02 – 6.68 (arylene and vinylene H´s); 4.23 – 3.49 (-CH2O-

); 2.10 – 0.57 (CH3(CH2)3CH(CH2CH3)- and CH3(CH2)9-).  

 

Synthesis of SV5 

 

The dialdehyde Md (1000 mg, 1.06 mmol) and bisphosphonate M7 (790 mg, 1.06 mmol) 

were dissolved in dried toluene (80 ml) to give a greenish brown color while stirring 

vigorously under nitrogen and heating under reflux. Potassium-tert-butoxide (474 mg, 4.23 

mmol) was added (instant color change to brownish orange was observed); and the reaction 

mixture was heated at reflux for 80 mins. Benzaldehyde was added and 10 min later, toluene 

(80 mL) and aqueous HCl (10 wt %, 10 mL) were added to quench the reaction. The organic 

phase was separated and extracted several times with distilled water until the water phase 

became neutral (pH = 6−7). The organic layer was dried in a Dean−Stark apparatus. After 

filtration the toluene solution was concentrated under vacuum and precipitated in cold 

methanol. The precipitate was filtered and the polymer was extracted for 24 h with methanol 

(Soxhlet extraction), dissolved once more in toluene, and re-precipitated in cold methanol. 

Filtration and drying yielded a brownish red fibrous polymer (1390 mg (0.9815 mmol with 

respect to the repeating unit), 93 %). GPC (THF, polystyrene): Mw= 29,850 g/mol, Mn = 

7,930 g/mol, PDI = 3.8. 
1
H NMR (300 MHz, CDCl3) δ 8.83, 7.79 – 7.41, and 6.84 (arylene 

and vinylene H´s); 4.30 – 3.46 (-CH2O-); 2.13 – 0.57 (CH3(CH2)3CH(CH2CH3)- and 

CH3(CH2)10-).  
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Synthesis of SV6 

 

Dialdehyde Md (1000 mg, 1.06 mmol) and bisphosphonate M8 (819 mg, 1.06 mmol) were 

dissolved in dried toluene (80 ml) to give a greenish brown color while stirring vigorously 

under nitrogen and heating under reflux. Potassium-tert-butoxide (474 mg, 4.23 mmol) was 

added (instant color change to deep brown orange was observed); and the reaction mixture 

was heated at reflux for 80 min. After 80 mins benzaldehyde was added. 10 mins later the 

heating was stopped and toluene (80 ml) and aqueous HCl (10 wt.%, 20 ml) were added. The 

work up yielded a brownish red fibrous polymer (1340 mg (0.9278 mmol with respect to the 

repeating unit), 89 %). GPC (THF, polystyrene): Mw= 21,720 g/mol, Mn = 9,770 g/mol, PDI 

= 2.2. 
1
H NMR (300 MHz, CDCl3) δ 8.83, 7.81 – 7.41, and 6.84 (arylene and vinylene H´s); 

4.25 – 3.44 (-CH2O-); 2.11 – 0.58 (CH3(CH2)3CH(CH2CH3)- and CH3(CH2)11-).  

 

Synthesis of SV7 

 

Dialdehyde Md (1000 mg, 1.06 mmol) and bisphosphonate M1 (671 mg, 1.06 mmol) were 

dissolved in dried toluene (80 ml) to give a greenish brown color while stirring vigorously 

under nitrogen and heating under reflux. Potassium-tert-butoxide (474 mg, 4.23 mmol) was 

added (instant color change to dark brown orange was observed); and the reaction mixture 

was heated at reflux for 80 mins. After 80 mins benzaldehyde was added and the mixture 

allowed stirring for 10 mins. Toluene was added, heat removed and aqueous HCl (10 wt.%) 

was added. The purification process yielded a brownish red polymer (1100 mg (0.8436 mmol 

with respect to the repeating unit), 80 %). GPC (THF, polystyrene): Mw= 15,870 g/mol, Mn = 

6,720 g/mol, PDI = 2.4. 
1
H NMR (300 MHz, CDCl3) δ 8.83, 7.59 and 7.05 – 6.66 (arylene 

and vinylene H´s); 4.30 – 3.37 (-CH2O-); 2.19 – 0.49 (CH3(CH2)3CH(CH2CH3)-).  
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Synthesis of SV8 

 

For SV8, Md (1000 mg, 1.06 mmol) and bisphosphonate M3 (730 mg, 1.06 mmol) were 

dissolved in dried toluene (80 ml) to give a greenish brown color while stirring vigorously 

under nitrogen and heating under reflux. Potassium-tert-butoxide (474 mg, 4.23 mmol) was 

added (instant color change to dark brown orange was observed); and the reaction mixture 

was heated at reflux for 80 mins. After 80 mins benzaldehyde was added and the mixture 

allowed stirring for 10 mins. Toluene was added, heat removed and aqueous HCl (10 wt.%) 

was added. The purification process yielded a brownish red fibrous polymer (1300 mg 

(0.9558 mmol with respect to the repeating unit), 90 %). GPC (THF, polystyrene): Mw= 

26,720 g/mol, Mn = 11,820 g/mol, PDI = 2.3. 
1
H NMR (300 MHz, CDCl3) δ 8.83, 7.78 – 

7.42, and 6.88 (arylene and vinylene H´s); 4.25 – 3.48 (-CH2O-); 2.12 – 0.50 

(CH3(CH2)3CH(CH2CH3)- and CH3CH(CH3)(CH2)3CH(CH3)(CH2)-).  

 

The polymer P6 and P7 were prepared using dialdehyde Me 

 

Synthesis of P6 

 

Dialdehyde Me (260 mg, 0.25 mmol), M2 (170 mg, 0.25 mmol) and dried toluene (25 ml) 

were mixed under nitrogen and heating under reflux. Potassium-tert-butoxide (110 mg, 0.98 

mmol) was thereafter added. After 60 mins, benzaldehyde was added. 10 mins later, toluene 

(30 ml) and dilute hydrochloric acid were added. The organic layer was washed with water, 

dried, filtered, concentrated and precipitated. The polymer was extracted for 24 h(Soxhlet 

extraction), dissolved, re-precipitated and dried to give 320 mg (0.2173 mmol with respect to 

the repeating unit) of dark red polymer. Yield: 85%. GPC (THF, polystyrene): Mw= 13,430 
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g/mol, Mn = 6,070 g/mol, PDI = 2.2. 
1
H NMR (300 MHz, CDCl3) δ 8.86, 7.58 and 7.02 – 

6.72 (arylene and vinylene H´s); 4.37 – 3.56 (-CH2O-); 2.22 – 0.65 (CH3(CH2)8-).  

 

Synthesis of P7 

 

Dialdehyde Me (110 mg, 0.10 mmol), M3 (72 mg, 0.10 mmol), dried toluene (20 ml) and 

potassium-tert-butoxide (47 mg, 0.42 mmol) were mixed under nitrogen and heating under 

reflux. After 60 mins, benzaldehyde was added. 10 mins later, toluene (30 ml) and dilute 

hydrochloric acid were added. The organic layer was washed with water, dried, filtered, 

concentrated and precipitated. The polymer was extracted for 24 h (Soxhlet extraction), 

dissolved, re-precipitated and dried to give 130 mg (0.0883 mmol with respect to the 

repeating unit) of dark red polymer. Yield: 89%. GPC (THF, polystyrene): Mw= 28,430 

g/mol, Mn = 11,720 g/mol, PDI = 2.4. 
1
H NMR (300 MHz, CDCl3) δ 8.86, 7.77 – 7.43, and 

6.89 (arylene and vinylene H´s); 4.42 – 3.57 (-CH2O-); 2.23 – 0.59 (CH3(CH2)8- and 

CH3CH(CH3)(CH2)3CH(CH3)(CH2)-).  

 

6.2 Results and Discussion 

 

6.2.1 Synthesis and Material Verification/Confirmation  

 

The polymers were synthesized through the Horner-Wadsworth-Emmons (HWE) olefination 

reaction of dialdehydes with bisphosphonate esters. The choice of HWE reaction over other 

cross coupling reactions like Suzuki, Sonogashira, Heck or Stille for polycondensation stems 

from its high rate of reaction, low structural defects and high yields [48]. For instance, the 

high possibility of side reactions such as the oxidative Glaser coupling (diyne formation) in 
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Sonogashira reaction can result in structural defect. Furthermore, these cross-coupling 

reactions require long reaction times and the indispensable application of metal catalyst in 

these reactions makes their purification steps more demanding. All polycondensation 

reactions in this report were performed within 80 mins reaction time with good yields.  

In order to employ this reaction for the polymer synthesis, their respective bisphosphonates 

(M1 - M8) and dialdehydes (Md - Me) (Figure 6.1a) were preliminarily synthesized 

according to the multi-step reaction steps described in the experimental section of Chapter 5, 

Figure 5.2. In brief, the synthesis of the bisphosphonates (M1 - M8) involved a sequence of 

Williamson etherification or dialkylation of hydroquinone, dibromomethylation and 

Michealis−Arbuzov reaction. The dialdehydes (Md and Me) were also synthesized in several 

steps. Starting with dialkylation of hydroquinone (Williamson synthesis), followed by 

dibromination of the dialkylated hydroquinone to give 2,5-dialkyloxy-1,4-dibromobenzene. 

This product then undergoes a four step reaction of formylation, palladium catalyzed 

Sonogashira cross-coupling reaction with trimethylsilylacetylene, the deprotection of the 

acetylene units, and finally, another Sonogashira reaction of the deprotected acetylene unit 

with a dibromoanthracene to give bright orange colored dialdehyes alongside some diyne 

dialdehyde [56]. The materials were purified by column chromatography and/or re-

crystallization and purity confirmed by NMR spectroscopy. The synthetic steps of the 

monomers (M1 - M8, Md and Me) and NMR confirmation are detailed in experimental 

section under synthesis. All ten polymers were synthesized by reacting dialdehyde with 

corresponding bisphosphonate. The chemical structures of the monomers (M1 – M8, Md and 

Me) and polymers (SV1 – SV8, P6 and P7) were confirmed by NMR (in CDCl3) and FTIR 

spectroscopy.  
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6.2.1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

The NMR spectra of the synthesized intermediates and polycondensation monomers are 

characterized by well resolved and defined signals. The NMR investigation of M1 – M8 

confirmed all the protons (Figure 6.3), carbon (Figure 6.4 – 6.6) and phosphorous (Figure 

6.7) present in the compounds. The 
1
H NMR of M1 – M8 reveal the protons in the two -CH 

groups in the benzene ring in the region 6.92 – 6.85 ppm, the -CH2 protons in the 

phosphonate end of the compounds and those directly linked to the oxygen in the alkyloxy 

side chains in the region 4.14 – 3.74 ppm, the -CH2 protons linking the benzene ring to the 

phosphonate are seen around 3.22 – 3.14 ppm; and the -CH next to the -CH2 attached to the 

oxygen ring (in the case of M1 and M3), all -CH3 and other -CH2 protons present in the 

compound appear in the region 1.86 – 0.63 ppm. The 
13

C NMR reveal the carbons present in 

the compound while the 
31

P NMR reveal just a signal confirming the presence of just one 

type of phosphorous present in the compound as expected. 
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Figure 6.3: 
1
H NMR of M1 – M8. 

 

 

Figure 6.4: 
13

C NMR of M1 – M3. 
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Figure 6.5: 
13

C NMR of M4 – M6. 

 

Figure 6.6: 
13

C NMR of M7 – M8. 
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Figure 6.7: 
31

P NMR of M1 – M8. 

 

For Md and Me, the 
1
H NMR signals (Figure 6.8) in the range 10.52 – 10.50 ppm are 

attributed to the -CHO protons while the -CH protons in the anthracene unit and those in the 

phenyl group attached to both ends of the anthracene unit via the triple bond appear in the 

range 8.93 – 7.29 ppm. The -CH2 protons directly linked to the oxygen in the alkyloxy side 

chain in the phenyl group are visible in the 4.21 – 3.90 ppm region; the -CH (from 2-

ethylhexyloxy side chain in the case of Md) and -CH2 (decyloxy side chain in the case of 

Me) protons next to the -CH2 protons directly linked to the oxygen of the alkyloxy side 

chains are assigned to the signals in the range 2.15 – 1.74 ppm. All other -CH2 protons 

present in the compounds show signals in the range 1.75 – 1.06 ppm while the signals of all -

CH3 protons are obvious in the 0.92 – 0.87 ppm range.  
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Figure 6.8: 
1
H NMR of Md and Me. 

 

The 
13

C NMR spectra of Md and Me are, according to their structure, nearly the same and 

the spectra is schematically interpreted as shown in Figure 6.9 and 6.10 respectively. The 

signal around 189 ppm denoted as e in the spectra is attributed to the –CHO carbon while the 

signals in the region 155.72 – 109.31 ppm are assigned to the aromatic and vinylenic carbons; 

the peaks from those of the triple bond carbons denoted a, b in the spectrum appeared 

between 99.08 and 94.37 ppm. The signals of the alkyloxy side chains are seen to arise 

between 71.65 and 10.95 ppm. As expected, a –CH bond carbon signal was detected for Md 

but absent in Me.  
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Figure 6.9: 
13

C NMR of Md. 

 

 

Figure 6.10: 
13

C NMR of Me. 
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1
H NMR confirmed the structure and purity of the synthesized polymers (SV1 – SV8, P6 and 

P7) and their signals were compared with those of their dialdehyde monomers (Figure 6.11 

and 6.12). The broad NMR signals in the down-field region 8.96 – 6.66 ppm are ascribed to 

the arylene and vinylene protons, while the signals in the region 4.42 - 0.49 ppm originate 

from the protons of the alkyloxy side chains. Although the 
1
H NMR signals of the polymers 

SV1-SV8 and P6-P7 are broad and non-specific, they show a similarity to the signals of the 

corresponding monomer dialdehyde with regards to the region where the signals are 

observed; except that characteristic signals of the polycondensation monomers (dialdehyde, 

~10.5 ppm (−CHO); bisphosphonate, ~3.2 ppm (-H2CP)) are completely absent. These are 

clear indications of the formation of polymer material from the corresponding monomers. 

The presence of the signals marked x and y in Figure 6.11 and 6.12 suggests the presence of 

a cis configuration [57]. The spectrum therefore suggests a trans (E) and cis (Z) configuration 

in all polymers due to the presence of signals or peaks indicating the presence of vinylenic 

double bonds with a cis (Z) configuration. 
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Figure 6.11: 
1
H NMR of SV1 – SV8 with their corresponding dialdehyde Md. 

 

 

Figure 6.12: 
1
H NMR of P6 and P7 with their corresponding dialdehyde Me. 
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6.2.1.2 Fourier Transform Infra Red (FTIR) Spectroscopy 

 

For further investigation and verification of the polymer structure, infrared spectroscopic 

measurements were performed. Figure 6.13 and 6.14 depicts the IR spectra of SV1 - SV8 

and P6 - P7 respectively. The characteristic FTIR signals associated with molecule vibrations 

of SV1 – SV8, P6 and P7 investigated appear around 3067 - 3056, 2972-2857, 2187 - 2183, 

1604 - 1603, 1509 - 1508, 1466, 1204 - 1202, 1035 - 1032, 971 - 961, and 869 - 867 cm
-1

. 

The very weak band in the range of 3067 – 3056 cm
-1

 are attributed to the stretching 

vibrations of aromatic =C-H and of arylene and vinylene vibrations. Very strong 

characteristic aliphatic -C-H stretching vibrations signals emerge in the region 2972 - 2857 

cm
-1

. Weak signal situated in the range 2187 - 2183 cm
-1 

are observed for the vibrational 

stretching of the disubstituted ethynylene linker bond (-C≡C-). The signals around 1604 – 

1603 cm
-1

 originate from vinylenic vibrations while the signals at 1509 - 1508 cm
-1

 stem 

from the stretching vibrations of aromatic -C=C- bonds. Strong signals at 1204 - 1202 cm
-1

 

and medium signals at 1035 - 1032 cm
-1

 are ascribed to alkyloxy functionalities or aromatic-

aliphatic -C=C-O-C- bonds. The band at 971 - 961 cm
-1

 and 869 - 867 cm
-1

 stem from the 

vinylene double bonds with trans (E) and cis (Z) configuration respectively [57-58]. 
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Figure 6.13: Stacked FTIR spectra of SV1 – SV8 with arrows marking the absorptions of 

functional group signals including olefinic -C–H out-of-plane deformation (trans-CH=CH at 

971 cm
_1

 and cis-CH=CH at 869 cm
_1

). 
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Figure 6.14: Stacked FTIR spectra of P6 and P7 with arrows marking the absorptions of 

functional group signals including olefinic -C–H out-of-plane deformation (trans-CH=CH at 

961 cm
_1

 and cis-CH=CH at 867 cm
_1

). 

 

6.3 Thermal Studies and Molecular Weight Investigation 

 

The thermal stability of the polymers was investigated by thermo-gravimetric analysis (TGA) 

and the results are depicted in Figure 6.15 and 6.16. All the polymers reveal excellent and 

reliable thermal stability for photovoltaic cells and other organic electronic applications with 

their thermal decomposition temperatures at 5% weight loss in the range 344 – 392°C. Gel 

permeation chromatography (GPC) analysis revealed the polymers to have polydispersity 

indices (PDI), Mw/Mn, between 2.2 and 4.9 except for SV8 (batch1). A reasonably low 

polydispersity index is required for defined properties in polymers for photovoltaic 

applications [9]. Data from GPC (polystyrene standards, THF as eluent), reaction times, 
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yields and thermal responses (temperatures at 5% weight loss (T5%), 10% weight loss, (T10%)) 

are given in Table 6.1. 

 

 

Figure 6.15: Thermo-gravimetric analysis plot of SV1 – SV8. 
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Figure 6.16: Thermo-gravimetric analysis plot of P6 and P7. 
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Table 6.1: Data from GPC (polystyrene standards, THF as eluent), reaction times, yields and 

thermal responses of SV1 – SV8, P6 and P7 

Code Reaction 

Temp.(°C) 

Yield 

(%) 

Mn 

(g/mol) 

Mw 

(g/mol) 

PDI DP Td (°C) 

5% 

weight 

loss 

Td (°C) 

10% 

weight 

loss 

SV1 118 56 5,280 13,030 2.5 4 344 377 

SV2 118 94 6,900 27,500 4.0 5 367 389 

SV3 118 90 4,220 20,480 4.9 3 367 388 

SV4 118 91 10,050 26,430 2.6 7 374 391 

SV5 118 93 7,930 29,850 3.8 6 358 384 

SV6 118 89 9,770 21,670 2.2 7 372 384 

SV7 118 80 6,720 15,870 2.4 5 375 391 

SV8 118 90 11,820 26,720 2.3 9 368 388 

SV3 

(batch 1) 

115 99 14,660 36,060 2.5 11 392 411 

SV8 

(batch 1) 

115 67 3,500 26,170 7.5 3 367 393 

P6 115 85 6,070 13,430 2.2 4 389 413 

P7 115 89 11,720 28,430 2.4 8 385 410 

PDI = polydispersity index, DP = degree of polymerization, T5%, 10% = decomposition 

temperatures at 5% and 10% weight loss, respectively. PDI = Mw/Mn, and degree of 

polymerization (DP) = Mn/Mrp. Mw = weight average molecular weight, Mn = number average 

molecular weight and Mrp = molecular weight of polymer repeat unit. 
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6.4 Photo-physical Properties 

 

The photo-physical properties of the polymers were investigated in chlorobenzene solution as 

well as in thin films spin-coated from chlorobenzene solution. Results include the wavelength 

at the absorption maximum ( abs ), the onset absorption ( onset ), the optical band gap energy 

(
opt

gE ) calculated using
onset

1240 , the wavelength at the emission maximum ( PL ) as well as 

the Stokes‘ shift both in solution and in film. 

 

In dilute chlorobenzene solution (Figure 6.17), the absorption bands of all the polymers are 

broad and less structured with a shoulder around 520 – 524 nm and main peak in the range 

542 – 547 nm corresponding to the absorption of the π – π
*
 transition of the conjugated 

backbone. The polymer shoulders vary from polymer to polymer; possibly influenced by the 

attached side chain but with no defined trend. SV2 and SV3 show more pronounced shoulder 

(Figure 6.18 (expanded region of solution spectra)) compared to other Group 1 polymers 

as described in Figure 6.2. The photoluminescence (PL) emission spectra in chlorobenzene 

solution (Figure 6.17) show an improved structure with sharp peaks compared to the 

absorption with emission maxima located around 586 nm for all the polymers and shoulder 

peaked around 634 – 639 nm reflecting the vibronic structure of the polymers. The absorption 

behavior in solution can be attributed to the flexibility of the molecules in the ground while 

the emission behavior can be ascribed to enhanced conjugation and the reduced flexibility in 

the emitting excited state. The vibronic structure can also be associated with their chain 

planarity. Although the PL emission is better structured compared to the absorption, there is 

no clear trend in the PL emission and absorption with variation in side chain. Similar 

absorption and emission behavior irrespective of the side chains were observed. 
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Figure 6.17: UV-Vis and photoluminescence spectra of SV1 – SV8 in solution. 

 

 

Figure 6.18: Expanded region of UV-Vis spectra of SV1 – SV8 in solution. 

 

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



 

 

 

 

Chapter Six: Result and Discussion 

236 

 

Transparent thin films of the polymers were doctor bladed from a chlorobenzene solution. 

Compared with the spectra of the solutions, the absorption spectra of the thin films are 

slightly broader possessing vibronic peaks toward longer wavelengths (Figure 6.19). This 

can be attributed to intermolecular interaction and enhanced planarization of the conjugated 

backbone in the ground state in thin film. The optical band gap of the polymers was evaluated 

from both solution and thin-film absorption edge. The band gap in solution for SV1 – SV8 

was 2.1 eV while this value reduced to 1.9 eV for SV2, SV4 and SV8; and 2.0 eV for others 

in thin film. Contrary to the less-structured form of the solution absorption of the polymers, 

the solid state absorption in the form of thin film are well structured with two well resolved 

peaks of varying degree except for SV3 and SV7 which have second peaks that are not well 

resolved.  

 

 

Figure 6.19: UV-Vis spectra of SV1 – SV8 in solution and film. 
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Figure 6.20 shows the thin film absorption and emission spectra of polymers SV1 – SV8. 

Two absorption peaks located around 527 – 537 nm and 559 – 571 nm respectively are 

observed. In principle, the absorption at higher wavelength can be attributed to J-aggregate 

and the absorption at lower wavelength ascribed to H-aggregate. The amount of both 

aggregate varies from polymer to polymer as the degree of resolution of the second peak 

varies from polymer to polymer but with no straightforward dependence on the attached side 

chain. Figure 6.21 shows the expanded absorption spectra of measurement in film which 

reveals clearly the varying degree of resolution or intensity of the second absorption peak of 

all Group 1 polymers with SV3, SV7 and SV8 having the least resolution and 

hypsochromically shifted compared to SV1, SV2 and SV5 with the best degrees of 

resolution. This observation can be related to a number of possibilities like the influence of 

side chain on the intermolecular interactions on the conjugated backbone, molecular weight, 

the ratio of cis-trans configuration present in the polymer, slight variation in reaction 

temperature or film thickness. To completely probe into this behaviour, an X-ray 

investigation and thickness study of all polymers will be worthwhile. 
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Figure 6.20: UV-Vis and photoluminescence spectra of SV1 – SV8 in film. 

 

 

Figure 6.21: Expanded region of UV-Vis spectra of SV1 – SV8 in film. 
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Well structured emission spectra consisting of two sharp peaks in the range of 608 - 615nm 

(first peak) and 653 - 667 nm (second peak) were observed in thin films. The PL emission 

spectra are similar in shape compared to that in solution but with a bathochromic shift and 

enhancement in the shoulder observed in solution. In film, the shoulder observed around 586 

nm became more intense and transformed to a peak at around 653 – 667 nm. All the polymers 

show two well resolved and intense emission peaks compared to their solution emission as a 

result of enhanced planarization in the singlet excited state, S1 [59]. This also explains the red 

shift of the absorption spectra in thin films relative to the solutions. The most pronounced or 

intense emission spectra are observed for SV3 and SV7 (Figure 6.20 and Figure 6.22 

(expanded region)). All other polymers exhibit a hypsochromic (blue-shift) emission 

compared to SV3 and SV7. An orange color emission was detected from the polymer films, 

and the solutions exhibited a lighter orange color emission. The photo-physical data of the 

polymers in dilute chlorobenzene solution and in thin film doctor bladed from chlorobenzene 

are summarized in Table 6.2. Emission spectra were recorded at 500 nm excitation 

wavelength in solution while spectra in film were recorded at 550 nm for polymers SV1 – 

SV8. 
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Figure 6.22: Expanded region of photoluminescence spectra of SV1 – SV8 in film. 
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Table 6.2: Photo-physical data of the polymers in dilute chlorobenzene solution and in thin film casted from chlorobenzene 

 Solution Film 

Code 
abs  

(nm) 

PL  

(nm) 

onset

(nm) 

opt

gE  

(eV) 

Stokes 

Shift (nm) 

abs  

(nm) 

PL  

(nm) 

onset  

(nm) 

opt

gE  

(eV) 

Stokes 

Shift (nm) 

SV1 
*
524, 542 586, 

*
635 598 2.1 44 535, 569 613, 667 628 2.0 44 

SV2 
*
521, 547 586, 

*
635 600 2.1 39 537, 568 613, 665 642 1.9 45 

SV3 
*
520, 543 585, 

*
634 598 2.1 42 529, 565 611, 662 623 2.0 46 

SV4 
*
521, 543 585, 

*
634 598 2.1 42 533, 566 615, 667 643 1.9 49 

SV5 
*
524, 548 586, 

*
635 600 2.1 38 537, 571 613, 667 634 2.0 42 

SV6 
*
520, 545 585, 

*
634 597 2.1 40 534, 568 613, 665 634 2.0 45 

SV7 
*
520, 543 586, 

*
635 598 2.1 43 527, 559 608, 653 621 2.0 49 

SV8 
*
523, 548 586, 

*
639 600 2.1 38 534, 561 611, 660 621 2.0 50 

P6 
*
494, 540, 

*
600 588, 

*
639 644 1.9 48 

*
506, 545, 582 619, 665 648 1.9 37 

P7 526, 555 589, 
*
640 621 2.0 34 548, 581 624, 671 637 1.9 43 

 
*
Shoulder, 

onset

opt

g
1240E  
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6.5 Photovoltaic Investigation 

 

Photovoltaic devices based on glass/ITO/PEDOT:PSS/polymer:PCBM/LiF/Al with 

polymer:PCBM weight ratio 1:2 were prepared and investigated for polymers SV1 – SV8 and 

the observed energy conversion efficiencies ranged from η = 1.2% to 2.3%. The current-

voltage (I-V) measurements are depicted in Figure 6.23 and Table 6.3 summarizes the 

photovoltaic parameters obtained from the current-voltage (I-V) measurements for all 

polymer:PCBM blends. In general, the devices can be grouped into two classes of mixed 

linear and branched side chain polymers (SV1 - SV6, class 1) and solely branched side chain 

polymers (SV7 - SV8, class 2). For the first class, the efficiency rose from 1.8 – 2.3% (SV1 – 

SV3) and then began to drop to 1.6 (SV4), and finally down to 1.2 (SV6). The lowest energy 

conversion efficiencies were obtained for SV6. This can be attributed to the effect of side 

chain volume ratio. As linear side chain length increases, the concentration of the absorbing 

conjugated species per volume unit is diluted thereby leading to reduction in the amount of 

photons absorbed, increased phase separation, increase in resistance against charge transfer 

between donor and acceptor and subsequently poor photovoltaic performance [60]. On the 

other hand, SV7 and SV8 with branched side chain all over the polymer backbone followed a 

different trend with almost similar efficiency (SV8, 1.9%; SV7, 1.8%). 
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Figure 6.23: The current-voltage (I–V) characteristics of polymer (SV1 – SV8):PCBM (1:2) 

blend devices on PEDOT:PSS configuration under 100 mW/cm
2
. 
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Table 6.3: Photovoltaic parameters obtained from current-voltage (I-V) measurements for all polymer:PCBM (1:2) blends 

Code Weight of 

Polymer 

(mg) 

Weight of 

PCBM 

(mg) 

Chlorobenzene 

(L) 

Bulk 

Thickness 

(nm) 

Optical 

Density 

of Bulk 

Jsc 

[mA/cm
2
] 

Voc 

[V] 

FF Eff 

% 

@ -0.1 V 

[mA/cm
2
] 

@ +1 V 

[mA/cm
2
] 

SV1 10.2 20.4 850 155 0.36 4.55 0.97 0.41 1.8 -4.73 0.69 

SV2 13.0 26.1 1,084 154 0.38 4.90 0.97 0.45 2.1 -5.03 0.83 

SV3 10.4 21.0 867 166 0.37 5.06 0.96 0.47 2.3 -5.08 1.1 

SV4 12.9 25.8 1,074 162 0.40 3.81 0.95 0.43 1.6 -3.94 1.39 

SV5 10.5 21.1 875 162 0.40 3.17 0.95 0.47 1.4 -3.27 1.07 

SV6 10.0 20.0 833 157 0.38 2.90 0.95 0.42 1.2 -2.99 0.23 

SV7 10.4 20.9 867 164 0.36 4.15 0.99 0.38 1.6 -4.27 0.21 

SV8 11.9 21.7 992 145 0.37 4.51 0.97 0.44 1.9 -4.61 0.55 
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Nevertheless, the devices of polymers SV1 – SV8 show similar morphology under the 

microscope (Figure 6.24) and no significant impact on the Voc with increase in chain length 

as all polymers reveal a Voc value above 0.9 V. It has been shown with poly(p-phenylene 

ethynylene)-alt-poly(p-phenylene vinylene)s (PPE-PPV) based polymers that the open circuit 

voltage, Voc, increases with decreasing side chain density [23]. In the report, polymers 

bearing longer dodecyloxy or decyloxy side groups lead to low Voc values around 0.65 V. 

Polymers decorated with octyloxy and/or 2-ethylhexyloxy-groups, yielded Voc values of 

approximately 0.80 V; whereas polymers having the lowest side chain density due to grafting 

of methyloxy groups demonstrated the highest Voc (~ 0.90 V) [60]. In this report however, 

regardless of the side chain, the Voc of the investigated polymer was almost 1 V. This 

suggests that the Voc is influenced by the backbone and not the side chains. All devices 

measured showed relatively low fill factor (FF). This can be attributed to poor film 

morphology and unbalanced charge transport between donor and acceptor.  

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



 

 

 

 

Chapter Six: Result and Discussion 

246 

 

 

Figure 6.24: Optical microscopy images of polymer (SV1 – SV8):PCBM (1:2) blend devices 

on PEDOT:PSS configuration. 
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Table 6.4 shows a comparison of the photo-physical and photovoltaic response of SV1 and 

SV7 with previous report of same polymers reported as AnE-PVba and AnE-PVbb 

respectively [60]. The previous report shows similar optical band gap with SV1 and SV7 

respectively but with higher molecular weights. However, SV1 and SV7 gave better 

photovoltaic response than those reported for AnE-PVba and AnE-PVbb. Improvement in 

photovoltaic response may be ascribed to the differences in molecular weights as well as in 

the experimental conditions and processes.  
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Table 6.4: Comparison of the optical, electrochemical and photovoltaic response of SV1 and SV7 with previous report of same polymers 

reported as AnE-PVba and AnE-PVbb respectively 

Code Yield 

(%) 

Mn 

(g/mol) 

Mw 

(g/mol) 

PDI DP 
abs  

(nm) 

PL  

(nm) 

opt

gE  

(eV) 

Jsc 

[mA/cm
2
] 

Voc 

[V] 

FF Eff 

% 

Ref 

SV1 56 5,280 13,030 2.5 4 535, 

569 

613, 

667 

2.1 4.55 0.97 0.41 1.8 This 

work 

SV7 80 6,900 27,500 4.0 5 527, 

559 

608, 

653 

2.0 4.15 0.99 0.38 1.6 This 

work 

AnE-PVba 

(SV1) 

53 25,500 77,800 3.05 20 504 605 1.95 3.44 0.93 0.35 1.11 [60] 

AnE-PVbb 

(SV7) 

94 15,800 47,200 2.98 13 527 600 2.02 4.22 0.83 0.35 1.22 [60] 
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The equivalent quantum efficiencies (EQE) of SV1 – SV8 (Figure 6.25) reveal a good 

correlation with the short circuit current as shown in Table 6.3. The EQE intensity increased 

with increasing short circuit current of the polymers. SV3 with the highest short circuit 

current (5.06 mA/cm
2
) has the highest quantum efficiency of almost 35% while SV6 with the 

lowest current of 2.90 mA/cm
2
 has the lowest quantum efficiency of less than 20%. 

 

 

Figure 6.25: Equivalent quantum efficiencies of (SV1 – SV8):PCBM (1:2) blend devices on 

PEDOT:PSS configuration. 

 

The device performance of the polymers SV1 – SV8 were evaluated and analyzed in more 

detail with Figure 6.26 – 6.28 comparing the Voc, the Jsc and the efficiency of the different 

polymers. All polymers show a high open circuit voltage over 0.9 V. 
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Figure 6.26: Comparative plot of short circuit current (Jsc) against polymers (SV1 – SV8): 

PCBM blend devices on PEDOT:PSS configuration. 

 

 

Figure 6.27: Comparative plot of open circuit voltage (Voc) against polymers (SV1 – SV8): 

PCBM blend devices on PEDOT:PSS configuration. 
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Figure 6.28: Comparative plot of obtained efficiency against polymers (SV1 – SV8): PCBM 

blend devices on PEDOT:PSS configuration. 

 

6.6 Comparative Studies of SV3, SV8, P6 and P7  

 

Polymer SV3 and SV8 reported in this section are polymers with same structure as SV3 and 

SV8 polymers described in previous section but were synthesized in a separate batch with 

reaction conditions as those of P6 and P7. They are regarded in this study as SV3 (batch 1) 

and SV8 (batch 1). 

 

6.6.1 Photo-physics 

 

Figure 6.29 depicts the absorption and emission spectra of SV3 (batch 1), SV8 (batch 1), P6 

and P7 in dilute chlorobenzene solution. In solution, polymers bearing solely linear decyloxy 

side chains (P6), branched 3,7-dimethyloctyloxy side chains with linear decyloxy side chains 
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(P7) and those incorporating 2-ethylhexyloxy side chains with linear decyloxy side chains 

SV3 (batch 1) and 3,7-dimethyloctyloxy side chains SV8 (batch 1) show distinct behavior. 

The absorption spectra of P6 exhibit shoulders around 494 and 600 nm. The shoulder at 600 

nm is ascribed to the formation of aggregates already in dilute medium and similar to the 

behavior of AnE-PVad (solely linear octyloxy and decyloxy side chain polymer) in previous 

report [60]. The aggregate formation in AnE-PVad was further confirmed by recording 

temperature dependent measurement in toluene and the shoulder gradually disappeared upon 

temperature increase from 20 - 80°C [60]. For polymer P7 which has a similar backbone and 

side chain with P6 except for the replacement of two of the six decyloxy side chains by 3,7-

dimethyloctyloxy, this shoulders were completely absent resulting in a hypsochromic shift of 

P7 relative to P6. The absorption spectrum of P7 is quite similar to those of SV3 (batch 1) 

and SV8 (batch 1) except for a slight bathochromic shift of P7. Polymer P7 and SV8 (batch 

1) shows structured solution absorption with two peaks. P6 on the other hand exhibit a 

structure- less behaviour with a peak and two shoulders. The onset absorption of SV3 (batch 

1) and SV8 (batch 1) (603 nm) bearing bulky 2-ethylhexyloxy side chains close to the 

anthracene unit is hypsochromically shifted relative to P6 (644 nm) and P7 (621 nm) bearing 

linear decyloxy side chains in same region. This hypsochromic shift is attributed to the high 

sensitivity of the anthracene moiety to steric hindrances in its neighborhood [60-63]. 
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Figure 6.29: UV-Vis and photoluminescence spectra of SV3 (batch1), SV8 (batch1), P6 and 

P7 in solution. 

 

In spite of the differences in the absorptive behaviour of the polymers in solution which 

resulted in band gap between 1.9 and 2.1 eV, the main emission peaks for all polymers in 

solution reveal no significant differences as shown in Figure 6.29 (SV3 (batch 1), 583 nm; 

SV8 (batch 1), 588 nm; P6, 588 nm; and P7, 589 nm).  

 

In thin film however, the absorption of P6 and P7 are quite similar with well defined peaks 

(Figure 6.30). Well resolved absorption spectra consisting of two peaks around 619, 665 nm 

and 624, 671 nm were recorded for P6 and P7 respectively. The emergence of these well 

resolved peaks especially for P6 which was almost amorphous in solution is evidence of 

improved ordering or semi-crystallinic nature in thin film [60]. This accounts for the 

bathochromic shift in absorption spectra both in solution and film of P6 and P7 polymers 

relative to that of SV3 (batch1) and SV8 (batch 1). The polymer P6 show the same optical 
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band gap (1.9 eV) both in solution and film; P7 show a band gap of 2.0 eV in solution and 

1.9 eV in film while 2.03 eV in solution and 2.0 eV in thin film was obtained for SV3 (batch 

1) and SV8 (batch 1). The lower band gaps values obtained for thin film absorptions as 

compared to the solution absorptions is due to enhanced planarization and intermolecular 

interactions in the films. The thin film emission of all four polymers shows similar shape 

comparable to their emission in solution. However, the thin film emission spectra of SV3 

(batch 1) and SV8 (batch 1) show a slight shift to shorter wavelength compared to P6 and 

P7. 

 

 

Figure 6.30: UV-Vis and photoluminescence spectra of SV3 (batch1), SV8 (batch1), P6 and 

P7 in film. 
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6.6.2 Electrochemical Studies of SV3, SV8, P6 and P7 (SV3 and SV8 data were 

recorded from batch 1) 

 

The electrochemical behavior of the polymers SV3, SV8, P6 and P7 were investigated by 

cyclic voltammetry (CV) and Figure 6.31 – 6.34 shows their electrochemical responses. 

Measurements were performed on thin polymer films spin-coated from chlorobenzene 

solutions at a scan rate of 50 mV/s. All polymers exhibited quasi reversibility in their 

reductive scan and exhibited an electrochromic change of color upon reduction and oxidation. 

SV3 and SV8 are anodically shifted in the oxidative voltammetric response, covers a wider 

potential window and with more re-oxidative peaks relative to P6 and P7 (Figure 6.31). 

 

 

Figure 6.31: Cyclic voltammetric responses of polymer SV3, SV8, P6 and P7 films coated 

on ITO in TBAPF6/acetonitrile supporting electrolyte/solvent system at 50 mV/s. SV3 and 

SV8 data were recorded from batch 1. 
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The shift in the reductive scan did not follow a particular order as SV3 is more anodically 

shifted followed by P7, SV8 and then P6. SV3 and SV8 (Figure 6.32) have similar oxidative 

peak at 1805 mV, reductive peak at -2500 mV and similar re-oxidative peaks at -2278 and -

1051 mV (vs. Ag/AgCl). For the dissimilar peaks, the SV3 oxidative peak at 1014 mV is 

cathodically shifted by 27 mV relative to the oxidative peak of SV8 at 1041 mV while the 

reductive peaks at -1748 and -1929 mV are anodically shifted compared to -1850 and -1976 

mV reductive peaks of SV8. There are five re-oxidative peaks (-2278 mV, -1994, -1723, -

1363 and -1051 mV (vs. Ag/AgCl)) of SV3 and six (-2278, -1984, -1747, -1491, -1358 and -

1051 mV (vs. Ag/AgCl)) for SV8 (Figure 6.33 (expanded region)). The re-oxidative peak of 

SV3 at-1994 mV is cathodically shifted relative to its counterpart -1984 mV of SV8 while all 

other re-oxidative peaks apart from the similar ones are anodically shifted. The major 

difference in these two polymers is obviously observed in the re-oxidative peak where SV3 

has five peaks and SV8 has six peaks. 

 

 

Figure 6.32: Cyclic voltammetric responses of polymer SV3 and SV8 films with peak labels. 
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Figure 6.33: Electrochemical responses of SV3 and SV8 (expanded re-oxidation region). 

 

Considering P6 and P7 (Figure 6.34), P6 is anodically shifted in the oxidative and re-

oxidative scan response except in the reductive response where it is cathodically shifted. In 

the oxidative scan, two non-reversible peaks at 809 and 1186 mV are observed for P6 while 

three non-reversible peaks at 809, 1092 and 1296 mV are observed for P7. Two quasi 

reductive peaks as well are recorded for P6 (-2006 and -1893 mV) and P7 (-2006 and -1830 

mV) with reverse or re-oxidative peaks observed for P6 (-1620 and -1422 mV) and P7 (-

1803, -1631 and -1432 mV (vs. Ag/AgCl)). They both have similar oxidative peak at 809 mV 

and reductive peak at -2006 mV. The P6 oxidative peak at 1186 mV corresponds to the P7 

oxidative peak at 1092 mV accounting for an oxidative anodic shift of 94 mV for P6. The 

major difference observed in the voltammetric response of P6 and P7 are observed in the 

oxidative and re-oxidative response where P7 have three peaks in both cases and P6 has just 

two. Therefore, the different alkyloxy side chains attached to the phenyl of Group 2 (Figure 

6.2) (decyloxy for P6 and 3,7-dimethyloctyloxyl for P7) has an influence on the oxidative 
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scan. However, this difference has no significant influence on the HOMO and the 

electrochemical band gap. The highest occupied molecular orbital is presumed to be influenced 

by the alkyloxy side chains in the neighborhood of the anthracene moiety as the onset 

oxidation of SV3 and SV8 is anodically shifted relative to P6 and P7. 

 

 

Figure 6.34: Electrochemical responses of P6 and P7 films with peak labels. 

 

The HOMO and LUMO energy levels were estimated from the onset of first oxidation and 

reduction potentials respectively. The electrochemical data including the onset oxidation and 

reduction, HOMO, LUMO and electrochemical band gap are summarized in Table 6.5. SV3 

and SV8 possess deeper HOMO of -5.47 eV compared to P6 (-5.39 eV) and P7 (-5.37 eV). 

Apart from SV3 with LUMO energy of -3.21 eV, the other polymers (SV8, P6 and P7) 

exhibit similar LUMO energy level in the range -3.06 to -3.10 eV. It can therefore be 

concluded that the main electrochemistry of SV3, SV8, P6 and P7 polymers investigated lies 

on both the anthracene moiety, the attached alkyloxy side chains in the anthracene 
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neighborhood and those attached to the phenyl group linked to the anthracene neighborhood 

by a vinylene bond. Table 6.5 also shows a comparison of the electrochemical and optical 

band gap. The electrochemical band gaps are quite higher than those recorded from the 

absorption studies (optical band gap). This difference can be attributed to the insulating 

nature of the highly dense alkyloxy shell around the conjugated backbone which impedes the 

transfer of charges [23, 42, 61, 64]. It can also be as a result of variations in the thickness of 

the films employed for optical and electrochemical investigation which may result in 

associated backbone planarity [24]. 

 

Table 6.5: Electrochemical data including the electrochemical and optical band gap 

of SV3, SV8, P6 and P7. SV3 and SV8 data were recorded from batch 1. 

Code ox

onsetE

(V) 

red

onsetE

(V) 

HOMO 

(eV) 

LUMO 

(eV) 

el

gE

(eV) 

opt

gE  

(eV) 

Eg


(eV) 

SV3 0.77 -1.49 -5.47 -3.21 2.3 2.0 0.3 

SV8 0.77 -1.64 -5.47 -3.06 2.4 2.0 0.4 

P6 0.69 -1.63 -5.39 -3.07 2.3 1.9 0.4 

P7 0.67 -1.60 -5.37 -3.10 2.3 1.9 0.4 
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6.6.3 Photovoltaic and Morphological Investigation of SV3, SV8, P6 and P7 (SV3 and 

SV8 data were recorded from batch 1) 

 

6.6.3.1 Photovoltaic Comparison 

 

Devices based on inverted configuration (ITO/PEI/polymer:PCBM/MoOx/Ag) and devices 

based on normal or regular configuration (ITO/PEDOT-PSS/polymer:PCBM/LiF/Al) were 

investigated for SV3, SV8, P6 and P7. The I-V curves from the measurement are depicted in 

Figure 6.35 – 6.36 and the photovoltaic parameters recorded in Table 6.6. For the inverted 

configuration, P6 showed the highest efficiency of 2.62%. For same polymer investigated in 

normal or regular configuration, the efficiency dropped to 1.46%. The next recorded high 

efficiency polymer for inverted device is SV3. Efficiency of 2.43% was recorded and this 

efficiency dropped to 1.29% for same polymer SV3 in a regular device configuration. 

However, for P7, the efficiency increased from 2.11% in inverted device to 2.49% in regular 

device due to the improved fill factor from 0.59 in inverted device to 0.67 in regular device; 

and current from 4.57 to 4.88 mA/cm
2
. The very low efficiency (0.55%) recorded for SV8 in 

inverted device configuration may most likely be due to the layer thickness (320 nm) which 

is the highest in the recorded set.  
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Figure 6.35: The current–voltage (I–V) characteristics of the inverted devices based on 

polymer (SV3, SV8, P6 and P7): PCBM (1:2) blend under 100 mW/cm
2
. SV3 and SV8 data 

were recorded from batch 1. 
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Figure 6.36: The current-voltage (I–V) characteristics of the normal or regular devices based 

on polymer (SV3, P6 and P7): PCBM (1:2) blend under 100 mW/cm
2
. SV3 data was 

recorded from batch 1. 
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Table 6.6: Photovoltaic parameters of SV3, SV8, P6 and P7 on inverted and normal device configurations. SV3  

and SV8 data were recorded from batch 1 

ITO/PEI/polymer:PCBM/MoOx/Ag 

Code Mw 

(g/mol) 

PDI Bulk Thickness 

(nm) 

Jsc  

[mA/cm
2
] 

Voc 

[V] 

FF Eff 

% 

@ -2 V 

[mA/cm
2
] 

@ +2 V 

[mA/cm
2
] 

SV3 (batch 1) 36,060 2.5 75 5.44 0.95 0.47 2.43 -6.82 1.95 

SV8 (batch 1) 26,170 7.5 320 1.94 0.93 0.30 0.55 -3.29 0.23 

P6 13,430 2.2 150 5.74 0.78 0.59 2.62 -6.19 15.41 

P7 28,430 2.4 143 4.57 0.78 0.59 2.11 -5.13 14.44 

ITO/PEDOT:PSS/polymer:PCBM/LiF/Al 

Code Mw 

(g/mol) 

PDI Bulk Thickness 

(nm) 

Jsc  

[mA/cm
2
] 

Voc 

[V] 

FF Eff 

% 

@ -2 V 

[mA/cm
2
] 

@ +2 V 

[mA/cm
2
] 

SV3 (batch 1) 36,060 2.5 120 2.89 0.96 0.47 1.29 -3.96 125 

P6 13,430 2.2 185 4.20 0.74 0.46 1.46 -4.52 380 

P7 28,430 2.4 185 4.88 0.76 0.67 2.49 -5.05 44 
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From the comparative study, considering SV3, P6 and P7, the inverted devices gave 

improved efficiency except for P7. The first conclusion that can be drawn from this 

comparative study is that the inverted devices are more efficient than the regular devices. In 

principle, inverted devices tend to be more efficient than normal or regular devices as they 

possess intrinsic active layer vertical phase separation [65-66] and minimal absorbance 

losses. Secondly, irrespective of the configuration type, the SV3 and SV8 type polymers have 

a high Voc of almost 1 V and SV3 has a fill factor (FF) of 0.47. However, P6 and P7 class of 

polymers have a better fill factor especially for P7 which has a remarkably high fill factor of 

almost 70%. This improvement is ascribed to the enhancement of the charge carrier mobility 

and live time product. The electrical performance of P7 made it possible to make devices 

with reasonable active layer thicknesses beyond 180 nm. An important observation in this 

study is the different film forming ability between SV3/SV8 and P6/P7. Using the same 

solvent and spin coating parameters, SV3 resulted in thinner layers compared to P6 and P7 

irrespective of the device configuration type. SV8 on the other hand showed a thicker layer 

compared to P6 and P7 under the same solvent and spin coating parameters. This can 

naturally be attributed to differences in molecular weights. However, considering the fact that 

the molecular weight of SV3 (36,060 g/mol) is higher than that of SV8 (26,170 g/mol), 

higher than that of P7 (28,430 g/mol) and P6 (13,430 g/mol) (Table 6.6), and no particular 

trend is observed for weight versus thicknesses, this attribution will be misleading. The only 

ideal explanation in this case will be that the chosen fabrication conditions are 

disadvantageous for SV3/SV8 polymers type. 

 

The external quantum efficiency (Figure 6.37) of the inverted configuration devices shows a 

linear correlation with Jsc (Table 6.6). P6 device with the highest Jsc (5.74 mA/cm
2
) has the 

highest external quantum efficiency intensity followed by SV3 (5.44 mA/cm2), P7 (4.57 
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mA/cm
2
) and SV8 (1.94 mA/cm

2
). The higher the Jsc, the higher the intensity of the external 

quantum efficiency as expected. Nonetheless, the absorbance range (450-640 nm) of the 

polymers is a limiting factor for better external quantum efficiency especially for the regular 

bulk heterojunction device architecture. 

 

 

Figure 6.37: External quantum efficiency of the inverted devices based on polymer (SV3, 

SV8, P6 and P7): PCBM (1:2) blend. SV3 and SV8 data were recorded from batch 1. 

 

6.6.3.2 Morphological Studies 

 

The morphological differences between the devices with ITO/PEI/polymer:PCBM/MoOx/Ag 

configuration were investigated by atomic force microscopy (AFM) measurements in order to 

probe into the photoactive layers. The AFM measurement reveals that the polymers have 

oval-grain structures (Figure 6.38). The film of SV3 with branched and bulky 2-

ethylhexyloxy side chains in the anthracene neighborhood and linear decyloxy side chain on 
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the vinylene linked phenyl group reveal bundles of small oval-like grain structures. SV8 with 

the same backbone as SV3 around the anthracene neighbourhood but with a 3,7-

dimethyloctyloxy replacing the decyloxy of SV3 has bigger oval-like grains compared to 

SV3. For polymers P6 and P7 with decyloxy side chain around the anthracene neighborhood, 

the image is in close resemblance with the class of SV3 and SV8 except that P7 has much 

bigger oval-like grain structure while that of P6 is not completely structured or defined. This 

might be responsible for the high Voc (above 0.9 V) of the SV3 and SV8 class of polymers 

compared to the Voc of P6 and P7 (less than 0.8 V).  

 

 

Figure 6.38: AFM images of SV3, SV8, P6 and P7 on ITO/PEI/polymer:PCBM/MoOx/Ag 

device configuration. A) SV3, B) SV8, C) P6, and D) P7. SV3 and SV8 devices were 

recorded from batch 1. 
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6.6.4 Electroluminescence Investigations of Selected Polymers 

 

Organic light-emitting devices (OLEDs) of the configuration ITO/PEI/polymer/MoOx/Ag 

with a hole-injecting electrode formed by ITO covered with a polyethylene imine (PEI) and 

an electron-injecting electrode of molybdenum oxide covered with silver (MoOx/Ag) were 

prepared for preliminary investigation of the electroluminescence properties of selected few 

of the polymers. The electroluminescent (EL) spectra of the OLEDs are shown in Figure 

6.39 and 6.40. The electroluminescence spectra are similar in shape to their corresponding 

thin film photoluminescence spectra. This similarity can be attributed to emission from 

identical singlet excited states S1 in both cases. From the spectra, we see the devices light up 

at very low voltages hinting a nicely low turn-on-voltage for the devices. The emissions are 

stable with EL spectra exhibiting the same shape over a broad voltage range; and the intensity 

of the emission is varied by the applied voltage. Irrespective of the attached side chains, an 

orange color emission was observed but with slight variation in shades. Comparing the 

selected polymers investigated for OLED application, all the polymers emit in the same 

wavelength region but with different shape (Figure 6.41). The investigated polymers can 

therefore be used as emitters and are useful for the design of OLEDs. 
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Figure 6.39: Electroluminescence of SV3, SV7 and SV8 measured on 

ITO/PEI/polymer/MoOx/Ag revealing voltage dependence intensity. 
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Figure 6.40: Electroluminescence of P6 and P7 measured on ITO/PEI/polymer/MoOx/Ag 

revealing voltage dependence intensity. 
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Figure 6.41: Electroluminescence of SV3, SV7, SV8, P6 and P7 measured on 

ITO/PEI/polymer/MoOx/Ag revealing the wavelength emission region of the investigated 

polymers. 

 

6.7 Conclusion 

 

Ten anthracene-containing polymers with varying side chain have been synthesized by 

Horner Wadsworth Emmons‘ polycondensationn reactions and were characterized by NMR, 

FTIR, UV-Vis and photoluminescence spectroscopy, electrochemistry and thermo-

gravimetric analysis. It was observed that the type, nature and number of attached side chain 

in the polymeric backbone have minimal influence on the photo-physical properties of the 

polymers. All SV based polymers exhibit identical absorptive and emissive behavior in dilute 

solution and film. However, the relative intensities of the emission spectra are polymer-

specific. The optical responses of these polymers suggest that to a large extent, the 
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conjugated system determines the optical properties both in dilute solution and in film 

regardless of the side chains. 

 

Photovoltaic investigation of these polymers reveal 2.49% efficiency recorded for 

photovoltaic devices based on regular configuration while efficiency of up to 2.62% was 

recorded for the inverted configuration. Very high open circuit voltage of almost 1 V was 

obtained for SV1 - SV8 irrespective of the attached side chain and the device configuration 

(inverted or normal); while a high fill factor (FF) was observed for P6 and P7 with P7 having 

a remarkable FF of almost 70%. The photovoltaic parameters reveal a dependence on side 

chain resulting from volume fraction ratio effect in the photovoltaic response of polymer with 

longer alkyloxy side chain. The efficiencies reported in this work do not represent the 

maximum attainable efficiencies of devices with these polymers. Optimization of device is 

necessary and important in this case. For instance, the low FF of the SV1 – SV8 polymers 

can be addressed by optimization of the donor:acceptor ratio and layer thickness. In addition 

to the recorded photovoltaic properties, the polymers can operate as emitters in organic light-

emitting diode (OLEDs) and are useful for the design of OLEDs. 
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CHAPTER SEVEN 

 

RESULTS AND DISCUSSION - Novel 5-(Benzo[b]thiophene-3-

yl)pyridinealdehyde (BTPA) Functionalization Framework For 

Modulating Fullerene Electronics 

 

Abstract 

 

Fullerenes are interesting n-type materials with phenyl-C61-butyric-acid-methyl-ester 

(PCBM) appearing to be the only soluble fullerene derivative that has found application 

especially in solar cell. The use of PCBM as acceptor for a variety of polymers with different 

optoelectronics property has limited the progress of organic solar cells. Study of suitable 

fullerene derivatives for different polymers is essential to enhance device performance. In 

this study, the properties of fullerene C60 was modulated with a synthesized novel organic 

compound, 5-(benzo[b]thiophene-3-yl)pyridinealdehyde, to form processable and stable 3-

(benzo[b]thiophene-3yl)-5-fulleropyrrolidinepyridine. The electrochemical and photo-

physical properties of this derivative and PCBM were studied. PCBM and BTFP exhibited 

about the same first reduction potential (-0.61 and -0.62 V, respectively), with a lowest 

occupied molecular orbital (LUMO) energy level of 0.47 eV in both cases. BTFP showed a 

broad and structured absorption with three major peaks and a shoulder covering a wider range 

of the spectrum compared to PCBM with two major peaks and a shoulder in chloroform. The 

absorption maximum of BTFP was observed at 290 nm while that of PCBM was seen at 260 

nm. Despite the similar LUMO (0.47 eV) observed for BTFP and PCBM, their luminescence 

quenching of poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] 
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(F8BT) and poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene](F8T2); and preliminary 

photovoltaic response with poly(3-hexylthiophene) (P3HT) differ. A relatively poor 

photovoltaic response was observed for cells with BTFP as acceptor. Although PCBM gave 

better photovoltaic response with P3HT, the structured strong absorption and bathochromic 

shift in the maximum wavelength of BTFP compared to that of PCBM in chloroform may 

contribute to light absorption of a suitable donor thereby improving device efficiency. The 

stability of BTPF allows for easy handling coupled with ambient temperature process-ability 

and long shelf life. 

 

7 Introduction 

 

The uniqueness of closed cage, nearly spherical C60 and related fullerene molecules has 

attracted considerable attention. The icosahedral symmetry
 
[1] and numerous possibilities of 

functionalization allow to modulate their optoelectronic properties [2-5], giving an idea of the 

unabated interest in these intriguing carbon allotropes. The chemistry of fullerenes is that of 

electron-poor olefins, with sp
2
 carbon atoms constrained into a pyramidalized geometry. 

Moreover, multiple double bonds are available on the carbon backbone, making multiple 

functionalization [6] an interesting route towards new functional materials. This has led to a 

wide variety of novel compounds with finely tuneable features that have found applications 

as catalysts [7-8], anti-oxidants [9], in sensors [10] and solar cells [2, 11]. The 

functionalization of fullerenes does not only modify their properties, but converts them into 

more processable forms, as pristine C60 is only sparsely soluble in most solvents making it 

intractable. Indeed, the quest for soluble fullerenes was (and still is) one of the main driving 

forces in the field of covalent modification of carbon nanostructures. Phenyl-C61-butyric-

acid-methyl-ester ([60]PCBM), a fullerene derivative, is an effective solution processable n-
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type organic semiconductor which is commonly blended with p-type conjugated polymers to 

make photovoltaic (PV) cells. However, due to the dependence of photovoltaic properties on 

frontier orbital energy levels of donor and acceptor materials, the application of PCBM to all 

donor polymers irrespective of their optoelectronic properties leads to untrue photovoltaic 

properties of such devices. For instance, the report by Susarova et al [12] compared the 

photovoltaic responses of two polymers with PCBM and other functionalized fullerenes and 

observed that PCBM gave just moderate efficiencies in combination with the polymers while 

the best photovoltaic performances were obtained with a blend of each polymer with specific 

fullerene derivatives possessing suitable molecular structures. The report by Kastner et al 

[13] has also shown PCBM not to be the most compatible fullerene derivative for AnE-PVstat 

polymers. The result of a series of fullerene derivatives investigated for AnE-PVstat showed 

the best efficiency for the polymer and a fullerene derivative bearing an ethyl ester residue, 

with efficiency of up to 4.8% and fill factor (FF) of up to 72%. Another report showed the 

photovoltaic investigation of an anthracene based co-polymer in combination with twelve 

different fullerene derivatives including PCBM. The best photovoltaic parameters were 

obtained for a fullerene derivative with an attached thiophene unit and an n-buthyl side chain. 

Short circuit current (Jsc (8.3 mA/cm
2
)), open circuit voltage (Voc (0.77 V)) and fill factor (FF 

(0.61)) was obtained for the polymer with the fullerene derivative while Jsc (2.3 mA/cm
2
), Voc 

(0.79 V) and FF (0.46) was obtained for PCBM in the same study [14]. 

 

Out of all the chemical routes for fullerene functionalization, cycloaddition reactions are the 

most popular [15-18]. Herein, we describe a fulleropyrrolidine [19], 3-(benzo[b]thiophene-

3yl)-5-fulleropyrrolidinepyridine (BTFP), that is obtained from C60 by 1,3-dipolar 

cycloaddition of the azomethine ylide that forms when 5-(benzo[b]thiophene-3-

yl)pyridinealdehyde (BTPA)is reacted with sarcosine. Besides the structural characterization 
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of BTFP, we report its electrochemical and spectroscopic properties, in order to assess its 

potential as an electron-acceptor material for solar energy harvesting. The solar energy 

harvesting performances of blends of BTFP with two electron-donating polymers, poly[(9,9-

di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) and poly[(9,9-

dioctylfluorenyl-2,7-diyl)-co-bithiophene](F8T2), were evaluated in comparison with 

benchmark acceptor material phenyl C61 butyric acid methyl ester (PCBM). 

 

7.1 Materials, Instruments and Methods 

 

All starting materials (benzo[b]thien-3-ylboronic acid, 5-Bromo-3-pyridinecarboxaldehyde, 

tetrakis(triphenylphosphine) palladium(0), triphenyl phosphine, potassium carbonate, 

sarcosine), tetrabutylammonium hexafluorophosphate (TBAPF6) and solvents were purchased 

from Sigma Aldrich and used as received. Fullerene C60 was purchased from Bulky USA and 

used as received. P3HT used for photovoltaic evaluation was supplied by Rieke, PCBM by 

Solenne and ITO substrate was provided by Xin Yan Technology LTD, 15 Ω/sq ITO coated 

glass (XY15S) surface finish-polish, thickness 1x1 mm. Tetrabutylammonium 

hexafluorophosphate (TBAPF6) was used in the electrochemical experiments as purchased 

from Sigma-Aldrich. Thin layer chromatography (TLC) and column chromatography were 

performed using a Polygram SilG/UV254 (TLC plates) and silica gel MN 60 (70–230 mesh) 

by Macherey-Nagel. FTIR spectra were recorded for 5-(benzo[b]thiophene-3-

yl)pyridinealdehyde (BTPA) using a NEXUS 870 FTIR (Thermo Nicolet) spectrophotometer 

at room temperature and humid free atmosphere by making KBr pellets while spectra was 

recorded for 3-(benzo[b]thiophene-3yl)-5-fulleropyrrolidinepyridine (BTFP) using FTIR 

Spectrometer (UATR TWO), Perkin Elmer. 
1
H (500 MHz) NMR spectra of a solution of 

BTPA and BTFP were recorded on a Bruker AMX-500 spectrometer. All other NMR data 
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were acquired on a Bruker Avance IIIHD 400 MHz Nanobay NMR spectrometer equipped 

with a 5 mm BBO. Data were acquired in dimethyl sulfoxide-d6 and 1,2-dichlorobenzene-d4. 

Mass spectroscopy analysis of BTPA was carried out using a Waters Synapt G2 QTOF mass 

spectrometer, by injecting the ESI probe into a stream of acetonitrile. BTFP MS fingerprint 

was recorded using a 4800 MALDI-TOF/TOFt Plus Analyzer (Applied Biosystems, Foster 

City, CA, USA) and 2′,4′,6′-Trihydroxyacetophenone monohydrate as the matrix. The mass 

spectrum was obtained in the reflectron/delayed extraction mode at an accelerating voltage of 

5 kV. Thermo-gravimetric analysis (TGA) was carried out with a Q5000IR TGA (TA 

Instruments) by heating at 10°C/min rate under nitrogen atmosphere. Morphology of the 

pristine fullerene C60 and the novel materials were obtained with Auriga high resolution-

scanning electron microscopy while the details about the internal composition were analyzed 

with Auriga high resolution-transmission electron microscopy. Atomic force microscopy 

images were recorded with Nanosurf Easyscan 2. The absorption spectra of BTPA and BTFP 

solutions were measured using a Nicolet Evolution 100 UV–visible spectrometer (Thermo 

Electron). Photoluminescence quenching was monitored by NanoLog iHR320 at ambient 

temperature. Cyclic voltammetric (CV) measurements were carried out using a BASi Epsilon 

potentiostat equipped with a standard three-electrode configuration. Typically, a three 

electrode cell equipped with a glassy carbon working electrode, an Ag/AgCl reference 

electrode, and a Pt wire counter electrode was employed. The measurements were carried out 

in a 4:1 1,2-dichlorobenzene:acetonitrile mixture, with 0.1 M tetrabutyl ammonium 

hexafluorophosphate (TBAF6P) as the supporting electrolyte under an argon atmosphere. The 

working electrode was 3 mm in diameter. Both the counter and the reference electrode were 

separated from the working electrode by ~0.5 cm. Formal potential values correspond to (Epc 

+ Epa)/2 from CV and the electrochemical onsets were determined at the position where the 

current starts to differ from the baseline. 
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Device for photovoltaic characterization were fabricated according to the procedure below 

Procedure for cutting and cleaning of substrates: 

Cutting of substrates (1.5 x 6.4 mm) 

Substrates etched in HCl 

Cut into small sizes (1.5 x1.5 mm) 

Substrates were cleaned using the standard procedure for substrate cleaning  

Standard procedure for substrate cleaning (1.5 x 1.5 mm): 

1. Acetone + 20 min ultrasonic bath [RT] 

2. Isopropanol + 20 min ultrasonic bath [RT] 

3. Dried with compressed N2 gun 

ITO substrate  plasma oven treatment (plasma ETCH PE-50) 5 min, 50 W O2 

Spin-coating of PEI (80 L spincoated for each substrate) 

Substrate/PEI treatment for 10 mins @ 105°C 

Spin-coating of active layer (Donor:Acceptor) on substrate/PEI 

Spin coating program 

 15 rps 2 s 25 s 

 33 rps 2 s 30 s 

80 L of each sample spincoated 

Annealing @ 110°C for 5 min 

Evaporation of top electrode (MoOx (10 nm) and Ag (100 nm)) 

Measurement of current-voltage (I-V) curves 

Device microscopic images were capture by Nikon ECLIPSE LV100ND, I-V curves were 

measured using LS0821 LOT Quantum design measured @ 100 mW/cm
2
 KEITHLEY output 

reader. External quantum efficiency (EQE) was measured using EG & G INSTRUMENTS 
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LOCK-IN AMPLIFIER; chopper: optical chopper – SEITEC INSTRUMENTS LTD 

MULLER ELECTRONICS OPTICS LXH100. 

 

7.2 Synthesis of Materials 

 

7.2.1 Synthesis of 5-(Benzo[b]thiophene-3-yl)pyridinealdehyde (BTPA) 

 

In a 50 ml round bottom flask, equipped with magnetic bar and a bubble condenser topped 

with a calcium chloride trap, 5-Bromo-3-pyridinecarboxaldehyde (0.20 g, 1.1 mmol) was 

dissolved in a 4:1 dimethoxyethane:water mixture (20 ml). Tetrakis(triphenylphosphine) 

palladium(0) (0.13 g, 0.11 mmol, 0.1 eq), potassium carbonate (0.53 g, 3.8 mmol) and 

triphenyl phosphine (0.14 g, 0.055 mmol, 0.05 eq) were added to the mixture rapidly under 

vigorous stirring. Subsequently, (benzo[b]thien-3-ylboronic acid (0.23 g, 1.3 mmol, 1.2 eq) 

was added after 20 mins to the activated reaction mixture. The mixture was heated at 65°C 

with an oil bath under stirring for 24 h and monitored by TLC. After refluxing for 24 h, the 

crude mixture (deep green color) was cooled down to room temperature and concentrated to 

remove dimethoxyethane. Thereafter, it was dissolved in 100 mL dichloromethane and 

transferred into a separation funnel. The organic phase was collected and washed with 

deionized water (5 x 50 ml) to a pH of ca 7. The combined organic phase was washed with 

celite to remove the palladium catalyst, dried over sodium sulphate and concentrated at 

reduced pressure. The crude obtained was assessed by TLC and purified by column 

chromatography (SiO2, petroleum ether/ethyl acetate 3:1, Rf 0.38) and gave the target BTPA 

(0.15 g, 57%) as a bright yellow solid. Using the same reaction condition, and chloro(2-

dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-biphenyl)[2-(2′-amino-1,1′-

biphenyl)]palladium(II) as catalyst, a yield of 86% was obtained. 
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1
H NMR (400 MHz, DMSO-d6): δ = 7.487 (m, 2H), 7.926 (m, 1H), 8.472 (t, J = 2.0 Hz, 1H), 

9.115 (m, 2H), 10.222 (s, 1H). 
13

C NMR (100 MHz, DMSOd6): δ = 122.0, 123.4, 124.9, 

125.1, 127.1, 131.2, 131.5, 132.3, 13.6, 136.7, 140.1, 149.7, 153.6, 192.5. 

ESI-MS: m/z calcd for C14H9NOS: 240 [M+H
+
]; found 240 [M+H

+
]. 

UV-Vis (dichloromethane): λ (nm) 238, 264, 282, 294, 303, 443. 

FTIR (KBr) ν cm
-1

: 1650, 1696, 2874, 3094. 

 

7.2.2 Synthesis of 3-(Benzo[b]thiophene-3yl)-5-fulleropyrrolidinepyridine (BTFP) 

 

In a 50 ml round bottom flask, fullerene (C60) (0.19 g, 0.00027 mol) was dissolved in 

chlorobenzene in nitrogen under dark (25 ml) and refluxed with vigorous stirring. 

Afterwards, a solution of the BTPA (0.13 g, 0.0005 mol, 1.9 eq) and a solution of finely 

ground N-methyl glycine (0.70 g, 0.0007 mol, 2.6 eq), each in 2 mL chlorobenzene was 

added to the refluxing solution under vigorous stirring. The reaction mixture was monitored 

under this condition every 5 mins by TLC and stopped after 25 mins. The crude mixture was 

cooled down to room temperature and concentrated under reduced pressure to give a dark 

brown substance. The obtained brownish crude was dissolved in toluene, assessed by TLC 

and purified by column chromatography on silica gel (elution gradient from toluene (Rf = 

0.9) to toluene:ethyl acetate 9.5: 0.5 (Rf = 0.39)). The product was washed with 

methanol:toluene 9:1 once and 100% methanol for six times and centrifuged after each wash 

to remove the non-fullerene by-products. The obtained product was dried under vacuum to 

give the target BTFP in a 35% yield. 

1
H NMR (500 MHz, CDCl3/CS2) δ 8.86 (t, J = 100.9 Hz, 3H), 7.92 (d, J = 8.0 Hz, 1H), 7.61 

– 7.50 (m, 2H), 7.50 – 7.28 (m, 2H), 5.14 (s, 1H), 5.05 (d, J = 9.5 Hz, 1H), 4.37 (d, J = 9.5 

Hz, 1H), 2.86 (s, 3H). 
13

C NMR (101 MHz, 1,2-DCB) δ 154.03, 151.48, 150.55, 147.83, 
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145.21, 145.15, 144.25, 144.13, 144.08, 143.99, 143.82, 143.49, 143.45, 143.17, 143.03, 

142.64, 142.37, 142.32, 142.21, 141.09, 140.91, 140.57, 140.49, 140.46, 140.37, 140.22, 

140.17, 140.08, 140.03, 139.97, 139.88, 139.71, 139.62, 139.47, 138.84, 138.19, 138.11, 

138.00, 137.63, 135.85, 135.46, 134.23, 133.74, 132.18, 130.92, 130.39, 128.29, 128.03, 

127.78, 125.44, 125.19, 124.95, 122.97, 122.82, 122.73, 121.06, 120.35, 74.93, 67.92, 66.95, 

37.73. 

MALDI TOF/TOFt m/z calcd for C66H14N2S: 986.337; found 986.917.  

UV-Vis (dichloromethane): λ (nm) 259, 306, 325, 430; (chloroform): 247, 289, 307, 328
*
, 

and 431. FTIR (KBr) ν cm
-1

: 527, 577, 1183, 1426, 2949. 

*
shoulder 
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7.3 Results and Discussion 

 

7.3.1 Spectroscopic Studies 

 

7.3.1.1 Nuclear Magnetic Resonance Spectroscopy of BTPA and BTFP 

 

The synthetic route leading to the preparation of BTPA and BTFP is shown in Figure 7.1 and 

7.2.  

 

 

Figure 7.1: Schematic of the synthesis of BTPA and BTFP. 
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Figure 7.2: Mechanism for the synthesis of BTFP. 

 

The products were characterized by NMR, UV-Vis, PL, TEM and SEM/EDS. For BTPA, 
1
H-

NMR in DMSO-d6 confirmed the presence of aldehyde at 10.2 ppm (Figure 7.3 and 7.4), 

while 
13

C-NMR showed 14 signals as expected in the proposed structure (Figure 7.5 and 

7.6). The coupling of BTPA as shown in Figure 7.6 is represented structurally in Figure 7.7 

and the data analysis is given in Table 7.1. The product is bright yellow, stable and soluble in 

common organic solvents. The 
13

C-NMR spectrum of BTFP show the loss of the aldehyde 

peak (at 188ppm) of BTPA, along with the splitting of the C60 signal (141 ppm), into 10 

signals in the 140 - 145 region due to the breaking of the spherical symmetry of starting 

material (Figure 7.8). The result shows a shift and slight distortion of the geometry of BTFP 

in relation to C60 and BTPA. DEPT data (Figure 7.9) shows the signals for the N-methyl 

glycine analogue. It shows that we have an N-CH3 (at 37.9 ppm), a -CH2 (at 68.3 ppm) and a 
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–CH signal (at 79.3 ppm) which is due to the linkage between the glycine and the BTPA 

(where the BTPA contributed the C).  

 

 

Figure 7.3: 
1
H NMR (500 MHz, DMSO-d6) of 5-(Benzo[b]thiophene-3-yl) pyridinealdehyde 

(BTPA). Inset show the expanded region. 
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Figure 7.4: 
1
H NMR (400 MHz, DMSO-d6) of 5-(Benzo[b]thiophene-3-yl) pyridinealdehyde 

(BTPA). 
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Figure 7.5: 
13

C NMR (100 MHz, DMSO-d6) of 5-(Benzo[b]thiophene-3-yl) 

pyridinealdehyde (BTPA). Top spectrum shows the expanded region. 
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Figure 7.6: DOSY spectra of 5-(Benzo[b]thiophene-3-yl) pyridinealdehyde (BTPA) (a) 

HSQC, (b) sel HMBC and (c) COSY. 

C 

B 

A 
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Figure 7.7: Schematic of BTPA structure showing NMR correlation of the pyridine part (A) 

and the Benzo[b]thiophene part (B). 
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Table 7.1: NMR spectra data analysis of 5-(Benzo[b]thiophene-3-yl)pyridinealdehyde 

(BTPA) 

S/N  
13

C (mult)  
1
H (mult, J, int)  COSY  HMBC (sel)  

1.  192.5 (d)  10.222 (s, 1H)   C-3, C-6, C-8  

2.  153.6 (d)  9.101 (m, 1H
*
)  H-6 (lr)

 
 C-8, C-3  

3.  149.7 (d)  9.114 (m, 1H
*
)  H-6 (lr)

 
 C-2, C-9, C-6  

4.  140.1 (s)  -    

5.  136.7 (s)  -    

6.  135.6 (d)  8.472 (t, J = 2.0 Hz, 1H)  H-2/H-3  C-1, C-7, C-3, C-2  

7.  132.3 (s)  -    

8.  131.5 (s)  -    

9.  131.2 (s)  -    

10.  127.1 (d)  8.134 (m, 1H
*
)    

11.  125.1 (d)  7.487 (m, 1H
*
)  H-14, H-11/H-12  C-4, C-5, C-12 (lr), 

C-13, C-14 (lr)  

12.  124.9 (d)  7.487 (m, 1H
*
)  H-14, H-11/H-12  C-4, C-5, C-11 (lr), 

C-13, C-14 (lr) 

13.  123.4 (d)  8.121 (m (br), 1H
*
) H-11/H-12  C-4, C-5, C-7, C-8  

14.  122.0 (d)  7.926 (m, 1H
*
) H-11/H-12 C-12, C-7, C-5 (lr), 

C-4  

*: Overlap 
1
H signals. In some cases we were able to differentiate the 2D correlations 

lr: long range correlation, br: broad range correlation 
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Figure 7.8: 
13

C NMR (100 MHz, 1, 2-DCB-d4) of BTPA, C60 and BTFP. 

 

 

Figure 7.9: DEPT signal of BTPA, C60 and BTFP. 
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The 
1
H NMR data also shows the loss of the aldehyde signal when forming the conjugate 

(Figure 7.10). 
1
H NMR spectra show the -CH2 protons of the pyrrolidine ring as two 

doublets (J= 9.6 Hz) at 4.37 and 5.05 ppm respectively and a -CH proton singlet at 5.14 ppm 

(Figure 7.11) and a slight shift in signal of BTFP in relation to C60 and BTPA (Figure 7.12). 

Protons of the methyl group (-CH3) attached to the nitrogen atom of the pyrrolidine ring, 

appear as a singlet around 2.86 ppm. 

 

 

Figure 7.10: 
1
H NMR (400 MHz, 1,2-DCB-d4) of BTPA, C60 and BTFP. 
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Figure 7.11: 
1
H NMR (500 MHz, CDCl3/CS2) showing -CH3, -CH2 and -CH signals of the 

pyrrolidine ring of BTPF. The region between 2.6 and 5.2 ppm of the spectrum highlights the 

presence of the protons of the pyrrolidine ring. The signals between 6.5 and 8.8 ppm are 

ascribed to the protons of the organic framework attached to the C60. 
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Figure 7.12: 
13

C NMR (100 MHz, 1,2-DCB) of BTPF. 

 

7.3.1.2 Fourier Transform Infra Red (FTIR) and Mass Spectroscopy (MS) of BTPA and 

BTFP 

 

FTIR of BTPA (Figure 7.13), confirms the presence of the pyridine ring and the carbonyl 

group with stretching frequencies at 1650 and 1696 cm
-1

, respectively. BTFP, on the 

contrary, did not yield any signal for the carbonyl group, while pyridine signals are still 

present, albeit weak (Figure 7.14), hinting at the success of the cycloaddition reaction. 

Prominent fullerene C60 IR-active peaks at 527 and 577 cm
-1

 modes associated with the 

primary radial motion of the carbon atoms; and 1,184, 1,426 cm
-1

modes associated with the 

tangential motion of the carbon atoms [7, 20] were also observed in BTFP. Mass 
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spectroscopy confirmed the product BTPA at m/z = 240.04 and m/z = 258.05, corresponding 

to the hydrated product [M+H2O] (Figure 7.15).  

 

 

Figure 7.13: FTIR of 5-(Benzo[b]thiophene-3-yl) pyridinealdehyde (BTPA). 
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Figure 7.14: FTIR Spectroscopy of 3-(Benzo[b]thiophene-3yl)-5-fulleropyrrolidinepyridine 

(BTFP). 

 

 

Figure 7.15: ESI-MS of 5-(Benzo[b]thiophene-3-yl) pyridinealdehyde (BTPA). Source: ESI 

positive, cone voltage 15 V, Lock mass: leucine encephalin. 
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Molecular weight of BTFP was confirmed using MALDI-TOF (Figure 7.16). A mass of 

986.917 g/mol was found and this is exactly similar to the calculated mass of 986.337 g/mol. 

The themogravimetric analysis of BTFP under nitrogen atmosphere (heating rate: 10°C/min 

shows a 1% weight loss at about 248°C and a first steep of 5% weight loss at 340°C (Figure 

7.17). This first steep can be attributed to the thermal decomposition of the attachment on 

C60. The second steep weight loss observed at about 470°C is attributed to the thermal 

decomposition of the fullerene cage [21]. The 1% weight loss at 248°C demonstrates an 

excellent thermal stability for BTFP. 

 

 

Figure 7.16: MALDI TOF mass spectra of 3-(Benzo[b]thiophene-3-yl)-5-fulleropyrrolidine 

pyridine (BTFP) using 2′,4′,6′-Trihydroxyacetophenone monohydrate as matrix. Inset show 

the expanded region. Calculated mass = 986.337 g/mol; Found mass = 986.917 g/mol.  
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Figure 7.17: Themogravimetric analysis of BTFP under nitrogen atmosphere (heating rate: 

10°C/min. 

 

7.3.1.3 UV-Vis and Photoluminescence Spectroscopy of Donor (F8BT and F8T2) and 

Acceptors (PCBM and BTFP) 

 

The UV-Vis spectrum of BTPA (Figure 7.18) is dominated by the   transition. The 

absorption spectra of BTFP in dichloromethane and chloroform are shown in Figure 7.19 a 

and b, respectively, and compared to PCBM. Similar to PCBM, the electronic spectra of 

BTFP is dominated by the π → π* transitions with strong absorption in the UV region which 

corresponds to the allowed electronic transition in the fullerene core [22]. In 

dichloromethane, the two spectra show analogous absorptions, except for the rise of a peak 

(―peak a‖) at ca 310 nm for BTFP. The situation changed in chloroform. BTFP showed a 

broad and structured absorption with three major peaks located at 290 and 307 nm, and a 

shoulder at 329 nm covering a wider range of the spectrum compared to PCBM with two major 
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peaks and a shoulder in chloroform. The absorption maximum of BTFP was observed at 290 

nm while that of PCBM was seen at 260 nm. This structure and bathochromic effect in the 

maximum wavelength of BTFP is believed to be influenced by the grafted 

benzo[b]thiophene-3-yl)pyridine. The absorptions of BTFP in dichloromethane located at 

256, 310 and 430 nm show typical features characteristic of a mono-fulleropyrrolidine 

derivative [23-24]. The extremely sharp peak around 432 nm for BTFP and PCBM in both 

dichloromethane and chloroform are typical for fullerene derivatives with [6,6]-bridged 

carbons [25-26].  

 

To investigate the electron accepting properties of BTFP, the photoluminescence (PL) spectra 

of different donor-acceptor blends was assayed. For donors, we employed poly[(9,9-di-n-

octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) and poly[(9,9-

dioctylfluorenyl-2,7-diyl)-co-bithiophene](F8T2). BTFP was used as acceptor and was 

compared to benchmark material, PCBM. The PL responses of the F8BT and F8T2 samples 

blended with PCBM and BTFP were measured at an excitation wavelength of 450 and 458 

nm for blends based on F8BT and F8T2 respectively. PL quenching is described by the ratio 

of the emission intensity of the polymer/fullerene blend normalized over the emission 

intensity of the pristine polymer. The PL quenching of both acceptors differs as can be seen 

in Figures 7.19 c-d (inset). Although PCBM showed a better quenching ability in the case of 

the investigated polymers, the structured strong absorption and bathochromic shift in the 

maximum wavelength of BTFP compared to that of PCBM in chloroform may contribute to 

light absorption of a suitable donor thereby enhancing efficiency. 
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Figure 7.18: UV-Vis spectrum of BTPA in dichloromethane. Inset is the visible region 

absorption. 
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Figure 7.19: UV-Vis of BTFP and PCBM in (a) Dichloromethane and (b) Chloroform. The 

PL quenching spectra of (c) F8BT and (d) F8T2 (the acceptors are PCBM and BTFP). 

 

7.3.2 Microscopic Studies 

 

Figure 7.20 shows the morphology of BTPA crystals observed by scanning electron 

microscopy (SEM). The product shows a needle-like morphology and its energy dispersive 

spectroscopy (EDS) spectrum analysis (Figure 7.21) is compatible with the structure of the 

compound. EDS analysis of BTFP (Figure 7.22) also corresponds with the structure with 

93.72% C, 5.18% N and 1.1% S. Furthermore, a comparison between the morphologies of 

molecular crystals of fullerene C60, BTPA and BTFP is made using SEM and transmission 

electron microscopy (TEM) in Figure 7.23 and 7.24 respectively. 

c 
d 

a b 
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Figure 7.20: High resolution SEM images of (a) BTPA thin film at 20000 magnification, (b) 

BTPA thin film at 1000 magnification and (c) BTPA solid/powder sample. 

 

 

Figure 7.21: EDS spectra of 5-(Benzo[b]thiophene-3-yl) pyridinealdehyde (BTPA).  

 

 

Figure 7.22: EDS spectra of 3-(Benzo[b]thiophene-3yl)-5-fulleropyrrolidinepyridine 

(BTFP). 
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Figure 7.23: High resolution SEM images of (a) fullerene C60, (b) BTPA and (c) BTFP at 

50000 magnification. 

 

 

Figure 7.24: High resolution TEM images of (a) fullerene C60, (b) BTPA and (c) BTFP. 

 

7.3.3 Electroanalysis of BTFP and PCBM 

 

The redox behavior of BTFP with that of the parent C60 and PCBM was determined by cyclic 

voltammetry (CV) under identical conditions. The CVs (Figure 7.25) showed 4 reversible 

reduction waves (a-d in the range -2.2 to 0 V vs Ag/AgCl) corresponding to the reduction of 

the fullerene cage. As shown in Table 7.2, the CVs of PCBM and BTFP showed a cathodic 

shift in all well defined reduction waves in comparison to C60. Both systems show identical 

cathodic shift for reduction potentials a and b while c showed a slight difference. The 

voltammogram showed a comparable first reduction wave for PCBM and BTFP with 
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distinctive difference in comparison to C60. The first reduction wave is indicative of the 

electron acceptor strength of the compounds. C60 (±0.50 V) appeared to be a better electron 

acceptor than PCBM (±0.61 V) and BTFP (±0.62 V), while there is the possibility of electron 

transfer with PCBM and BTFP due to the cathodic shifts.  

 

 

Figure 7.25: CV of C60, PCBM and BTFP in TBAPF6 with a GCE at 50 mV/s. Inset) Square 

wave voltammetry 

 

Table 7.2: Cathodic shifts of PCBM and BTFP in relation to reduction potentials of C60 

 Cathodic Shift   

 a b c Ered
on

 (V) LUMO (eV) 

C60    0.29 4.11 

PCBM 0.22 0.10 0.15 -0.47 3.93 

BTFP 0.22 0.10 0.22 -0.47 3.93 

Experimental conditions: V vs. Ag/AgCl; TBAPF6 (0.1 M) as supporting electrolyte; 1, 2-

DCB:MeCN (4:1) as solvent; 100 mV/s; GCE as working electrode.  
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The Square wave voltammetry (SWV) on the other hand revealed 5 peak potentials for C60, 

PCBM and BTFP (Figure 7.25 (inset)). These peak potentials and their relative cathodic 

shifts are well defined in the SWV using Pt as the working electrode (Figure 7.26). The 

SWV better resolved d and revealed a new peak i in C60, PCBM and BTFP. The onset 

reduction potentials Ered
on 

were estimated at the potential at which the current response begins 

to deviate from the baseline, recording -0.47 for both PCBM and BTFP. From the Ered
on

, the 

LUMO energy levels were calculated according to the equation -(Ered
on

 + 4.4) eV [27]. The 

result shows both PCBM and BTFP to be energetically identical. 

 

Several works on the electrochemical properties and behaviour of C60 with 3 to 6-electron 

reduction depending on the solvent, supporting electrolyte and temperature of reaction have 

been reported (Table 7.3). These studies show that the choice of solvent, supporting 

electrolyte, temperature and a host of other factors has a profound effect on the value of the 

reduction potential of fullerenes. Therefore, one should compare the relative differences in 

those potentials, rather than evaluate their absolute values. 
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Figure 7.26: Square wave voltammetry of PtE, C60, PCBM and BTFP. Conditions are as in 

Figure 7.25. 
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Table 7.3: Redox potentials of several reports on C60 

 

 

 

 

 

 

 

 

 

 

 

 

 

E1 (V) E2 

(V) 

E3 

(V) 

E4 

(V) 

E5 

(V) 

E6 

(V) 

Solvent Supporting 

Electrolyte 

Temp. 

°C 

Ref. 

Electrode 

Scan 

Rate 

(mV/s) 

Ref. 

-0.40 -0.76 -1.25 - - - ODCB TBNBF4 RT Ag/AgCl 100 [28] 

-0.21 -0.81 -1.39 - - - THF TBNBF4 RT Ag/AgCl 100 [28] 

-0.33 -0.73 -1.22 - - - CH2Cl2 TBNBF4 RT Ag/AgCl 100 [28] 

-0.33 -0.82 -1.25 - - - PhCN TBNBF4 RT Ag/AgCl 100 [28] 

-0.44 -0.82 -1.25 -1.72 - - CH2Cl2 TBNBF4  SCE 2000 [29] 

-0.98 -1.37 -1.87 -2.35 -2.85 -3.26 MeCN:Tol 

1:5.4 

TBAPF6 -10 100  [30-31] 

-0.34 -0.76 -1.28 - - - Pyridine (TBA)ClO4 RT SCE 100 [32] 

-0.49 -0.88 -1.33 - - - CH2Cl2 (TBA)ClO4 RT SCE 100 [32] 

-0.26 -0.72 -1.31 -1.85 - - DMF (TBA)ClO4 RT SCE 100 [32] 

-0.60 -1.01 -1.46 - - - ODCB:MeCN 

4:1 

TBNPF6 RT Ag/AgCl 100 [33] 

-0.50 -0.88 -1.34 -1.80 - - ODCB:MeCN 

4:1 

TBAPF6 RT Ag/AgCl 100 This work 
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7.3.4 Photovoltaic Application Response of BTFP 

 

The new material was processed as acceptor combined with poly(3-hexylthiophene) (P3HT) 

and investigated as a potential electron accepting material for organic solar cells. The bulk 

heterojunction photovoltaic device is constructed in a configuration of 

ITO/PEI/Donor:Acceptor/MoOx/Ag. P3HT in combination with BTFP and PCBM was 

selected as the active layer components where P3HT served as the donor and BTFP and 

PCBM individually served as the acceptors. The photovoltaic responses of the device from 

different solvents and conditions are given in Figure 7.27, 7.28 and 7.29 with the external 

quantum efficiency given in Figure 7.28 and 7.29. 

 

The photocurrent characteristics (I-V curve) measured under white light illumination of 

intensity 100 mW/cm
2
 and EQE of the device with the best response for P3HT:BTFP and 

P3HT:PCBM were compared as depicted in Figure 7.27 and Figure 7.29 respectively. The 

short-circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF) and power conversion 

efficiency (η) of each device were extracted from their respective current-voltage (I–V) 

curves and summarized in Table 7.4. A relatively poor photovoltaic response was observed 

for cells with BTFP as acceptor. This can be attributed to the poor solubility of BTFP which 

leads to inaccurate ratio of P3HT:BTFP and inability to form a proper bulk heterojunction 

layer. The inability to form a proper bulk heterojunction layer in principle will lead to 

inefficient exciton generation and thereby lowering the efficiency of the device. Microscopic 

images (Figure 7.30) also confirm immiscibility of the P3HT:BTFP in the active layer, 

thereby resulting in poor film forming ability and making bulk heterojunction layer 

impossible. However, the mobility of BTFP may be comparable to that of PCBM. The 

injection current measured in devices gives information about the mobility of the acceptor. 
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High injection current equals good mobility. Devices made from BTFP acceptor show good 

injection current. Therefore, improvement in the solubility of BTFP will most likely improve 

the photovoltaic properties. As can be seen from the microscopic images and Table 7.4, the 

efficiency of devices made from P3HT:BTFP improved with improvement in the active layer 

film. 

 

 

Figure 7.27: Current-voltage (I–V) curves of P3HT:PCBM and P3HT:BTFP. 
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Figure 7.28: External quantum efficiency (EQE) of P3HT:BTFP @ different solvents and 

conditions. 

 

 

Figure 7.29: External quantum efficiency (EQE) of P3HT:PCBM and P3HT:BTFP. 
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Figure 7.30: A) P3HT:PCBM in CB; B) P3HT:BTFP in CB, C) P3HT:BTFP in DCB, D) 

P3HT:BTFP in DCB (solution heated @ 110°C for 2 h), E) P3HT:BTFP in DCB (solution 

heated @ 110°C for 2 h and filtered. Filter made by Whatmann, membrane-PTFE, size-0.45 

m). 
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Table 7.4: Photovoltaic responses of P3HT:PCBM and P3HT:BTFP in different solvents and conditions 

Name Isc 

As meas 

Jsc  

[mA/c

m
2
] 

Voc 

[V] 

FF Eff 

[%] 

Eff [%] 

EQE corrected 

-2 

[mA/cm
2
] 

+2  

[mA/cm
2
] 

P3HT:BTFP in CB 0.09476 1.5794 0.30 0.37 0.17 0.10 -1.827415 5.57  

 

P3HT:BTFP in DCB 0.28439 2.9624 0.54 0.51 0.82 0.79 -3.408733 148.64  

 

P3HT:BTFP in DCB (soln. heated @ 

110°C 

0.21742  3.6236 0.58 0.52 1.10 1.17 -4.584863  186.00  

 

P3HT:BTFP in DCB (soln. heated @ 

110°C and filtered) 

0.27963 4.6605 0.57  0.59 1.57 1.42 -5.751600 231.16  

 

P3HT:PCBM in CB 0.71598 8.5236 0.62  0.71 3.76 3.48 -9.479476 1190.56  
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7.4 Conclusion 

 

In conclusion, a novel organic compound (BTPA), with nano-structured morphology was 

synthesized and applied for an extremely rapid functionalization of C60 to obtain process-able 

fullerene derivative (BTFP). BTPA was used to improve C60 to obtain properties comparable 

to those of PCBM. The study showed that PCBM and BTFP exhibit about the same first 

reduction potential in (0.1 M) TBABF6 supporting electrolyte (-0.61 and -0.62 V, 

respectively), with a LUMO of 0.47 eV in both cases. This makes BTFP energetically 

PCBM-like. However, they differ in their luminescence properties and this may have positive 

influence on suitable donor for photovoltaics. Although the solubility of this material needs to 

be improved, it shows a promise for electronic applications and may contribute to the 

development of new technologies. Works on improving the solubility is underway and 

achieving this will make BTFP compete with PCBM with an advantage of cost and ease of 

synthesis. 
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CHAPTER EIGHT 

 

RESULTS AND DISCUSSION - Photoluminescence quenching of 

poly(octylfluorenylbenzothiadiazole) luminophore by n-type cobalt (II) 

salicylaldimine metallodendrimer 

 

Abstract 

 

Cobalt (II) salicylaldimine metallodendrimer (Co-PPI) which combines a strong absorption 

over a broad range in the vis-NIR region with good electrical characteristics was explored as 

a potential novel electron-accepting material for organic solar cells. The non-fullerene 

acceptor exhibited efficient light absorption, exciton dissociation and charge transportation 

characteristics when blended with poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-

(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) as donor material for bulk heterojunction organic 

solar cell. Co-PPI was found to be an excellent quencher of F8BT with a photoluminescence 

quenching of almost 100% achieved. It (Co-PPI) exhibited more red-shifted absorption bands 

with a vis-NIR absorption in the region 600-750 nm, and better miscibility with the donor 

polymer, F8BT, when compared to the traditional fullerene-based acceptor, [6,6]-phenyl C61 

butyric acid methyl ester (PCBM), which is characterized by relatively poor absorption in the 

visible region. The morphology and size distribution of Co-PPI were confirmed by atomic 

force microscopy (AFM) and scanning electron microscopy (SEM) analysis with the SEM 

analysis further buttressing the photoluminescence quenching. These properties of Co-PPI 

make it a very promising ‗ideal‘ acceptor material for organic solar cell. The kinetics and 

potential of poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] 
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(F8BT) as a donor material for organic solar cell fabrication was also investigated in this 

study by electrochemical methods.  

 

8 Introduction  

 

Solution processed conjugated polymers have gained increased attraction and acceptance for 

application in optoelectronic devices like organic field effect transistors, organic light 

emitting diodes and organic solar cells. This is due to their low cost of manufacturing, ease of 

processing, room temperature fabrication, flexibility of chemical tailoring to obtain desired 

properties e.g. tuning of band gap, mechanical flexibility, light weight, semi-transparent and 

ultrathin characteristics [1-2]. The field of donor-acceptor organic solar cells has witnessed 

the development and interrogation of numerous new functional donor polymers with a few of 

them demonstrating promising power conversion efficiencies [3-6]. To further improve 

polymer-based device performance, researchers have improved on device fabrication, film 

morphology control and pursued novel donor polymers of lower band gaps tuned to capture 

as much of the solar spectrum as possible thereby potentially attaining higher efficiency [2, 

7]; but the same acceptor material (fullerene based acceptors) are being continuously used 

and this has continually resulted in getting almost the same result with different donor 

materials. For high performance organic solar cells (OSCs), electron acceptors are as 

important as electron donors. As important as they are, no much attention has been given to 

their development as have been done for donors. Fullerene based acceptors are the most 

widely used in bulk heterojunction organic solar cells (BHJ OSCs) with [6,6]-Phenyl C61 

butyric acid methyl ester (PCBM) being the conventional acceptor. Although, derivatives of 

fullerene have many advantages as acceptors in BHJ OSCs, their relatively poor absorption in 

the visible region [8-9], restricts further improvement of their device performance. The 
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potential lack of morphological stability and high cost of production of fullerene derivatives 

will likely hinder the future commercialization of OSCs based on functionalized fullerene 

acceptors [10]. It is therefore imperative to develop and study non-fullerene-based acceptors 

that will retain the attractive properties of fullerene as well as overcome their drawbacks. 

Organic solar cells based on non-fullerene acceptors (all polymer solar cells) have shown 

promising efficiencies rising from ca 0.1 to over 5% [10-16]. Although a few other materials 

like carbon nanotubes based materials have been applied as acceptors with suitable donors 

but their use is challenging. The review by Bruno and group [17] highlights the associated 

challenges with the synthesis, purification, functionalization and device integration of carbon 

nanotubes; making it difficult to rely on them as suitable acceptor for enhanced photovoltaic 

cell fabrication. In the quest for more suitable materials, we have investigated a unique class 

of compound - dendrimers. 

 

Dendrimers are an intriguing class of materials with a wide range of applications. 

Functionalization of the periphery of dendrimers can result in p- or n-type materials. p-Type 

conjugated dendrimers have been extensively studied while there is only a few report on the 

n-type dendrimers [18]. Their metal complexes - metallodendrimers, are metal-containing 

macromolecules having well-defined molecular architecture emanating from a central core 

with metals on the periphery or encapsulated within the architecture. These macromolecules 

proposed to produce lasting effects on many areas of chemistry due to their role in the 

development of useful molecular composites [19-20] have found specific applications in 

medicinal chemistry [21-25], host-guest chemistry, catalysis [26-29], and recently, biosensors 

[30-31] and optoelectronics [32-35].  
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The photo-physical and electrochemical properties of Cobalt (II) salicylaldimine 

metallodendrimer (Co-PPI) were investigated in this report and compared with those of 

traditional PCBM fullerene based acceptor. Both acceptors were individually applied in the 

photoluminescence quenching of donor polymer poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-

(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT). Co-PPI revealed a great impact on exciton 

dissociation, and charge transportation when blended with donor polymer (F8BT). The UV-

Visible absorption spectroscopy revealed more light absorption, a vis-NIR region absorption 

and better miscibility with the donor polymer F8BT when compared to the traditional 

fullerene-based PCBM acceptor. The nature of the functional groups and modes of vibrations 

present in both acceptors were studied by Fourier transform infrared (FTIR) spectroscopy and 

the morphology was studied by atomic force microscopy (AFM) and high resolution scanning 

electron microscopy (HR-SEM). The kinetics of polymer/solution and metal/polymer 

interfaces of the donor F8BT was electrochemically studied employing the Butler-Volmer 

formulation for electrode kinetics. 

 

8.1 Experimental 

 

Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) and 

[6,6]-phenyl C61 butyric acid methyl ester (PCBM) were purchased from Sigma Aldrich. 

Cobalt (II) salicylaldimine metallodendrimer (Co-PPI) was synthesized [36]. Spectroscopic 

measurements: A Nicolet Evolution 100 UV–Visible spectrometer (Thermo Electron) was 

used for UV–Visible absorption measurements of samples. Photoluminescence quenching 

was monitored by NanoLog iHR320 at ambient temperature. Fourier transform infrared 

spectroscopy (FTIR) was performed with Perkin Elmer ATR TWO FTIR Spectrometer. Thin 

films of the polymer and blend of donor-acceptor were prepared by drop-coating onto pre-
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cleaned glass slides from dichloromethane solutions and dried under argon prior to 

measurement. The morphology of the films was obtained with Auriga high resolution-

scanning electron microscopy. 

 

Electrochemical measurements: Cyclic and square wave voltammetric measurements were 

carried out using a BASi Epsilon potentiostat equipped with a standard three-electrode 

configuration. Typically, a three electrode cell equipped with a glassy carbon working 

electrode, an Ag/AgCl reference electrode, and a Pt wire counter electrode was employed. 

The measurements were done in anhydrous acetonitrile/dichloromethane with 0.1 M 

tetrabutyl ammonium hexafluorophosphate (TBAF6P) as the supporting electrolyte under an 

argon atmosphere. The electrochemical onsets were determined at the position where the 

current starts to differ from the baseline. Electrochemical impedance spectroscopy (EIS) 

measurements were performed on GC/F8BT electrode with an IM6ex electrochemical 

workstation (BAS-Zahner, Germany) and Thales software was used for experimental control 

and data collection in the frequency range of 100 kHz to 100 mHz at sinusoidal voltage 

perturbation of 10 mV amplitude. Spectra were obtained at several dc potentials (-1.016 to -

0.516 V) in solutions containing 0.1 M TBAF6P supporting electrolyte in acetonitrile/10% 

v/v dichloromethane and fitted to equivalent electrical circuits using the complex non-linear 

least square (CNLS) program. All experiments were performed under argon at room 

temperature. 
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8.2 Results and Discussion 

 

The chemical structures of Co-PPI, PCBM and F8BT studied in this report are shown in 

Figure 8.1 
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Figure 8.1: Chemical structures of (I) Co-PPI, (II) PCBM and (III) F8BT. 

 

8.2.1 Spectroscopic Studies 

 

8.2.1.1 Fourier Transform Infra Red (FTIR) Spectroscopy of Co-PPI and PCBM 

 

Information regarding the nature of the functional groups present in the Co-PPI and PCBM 

was obtained by FTIR spectroscopy (Figure 8.2). Infrared spectra of the coordinated 

salicylaldimine metallodendrimer and fullerene based molecule were obtained in the 

powdered form with distinct (C=N), (Co-O), (C-O), and (C=O) bands (Table 8.1). The 

band due to (C-O) was observed in the region 1350-1100 cm
-1

 in both materials (Co-PPI and 
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PCBM) studied; although Co-PPI shows (C-O) band at higher frequency ~ 1318 cm
-1

 

relative to PCBM. The ability of fullerenes to act as electron acceptor is intrinsic and not 

specifically due to the modification or functionalization. The ability of Co-PPI on the other 

hand may be due to the presence of (C-O) band believed to play a major role in the 

deactivating/electron withdrawing effect of the material. 

 

 

Figure 8.2: FTIR spectra of Co-PPI and PCBM. 
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Table 8.1: FTIR Spectra Analysis of Co-PPI and PCBM 

Origin Group  Frequency (cm
-
) 

Co-PPI                      PCBM                                   

Vibrational Mode  

C-H  2955  2940  C-H Stretch  

C-O  1318  1146  C-O Stretch  

C=N  1630  -  C=N Stretch  

C=O  -  1741  C=O Stretch 

 

8.2.1.2 UV-Vis Spectroscopy of the Donor and Acceptors Studied 

 

The UV-Vis spectra for the investigated materials were obtained in dichloromethane 

(solution and film) and the absorption peaks and transitions observed for the complexes are 

shown in Table 8.2. The spectra of the investigated Co-PPI metallodendrimer show two main 

broad bands (Figure 8.3) with maximum absorption at 235-239 nm associated with the intra-

ligand π → π* transitions and 359-361 nm associated with metal to ligand charge transfer 

(MLCT) transitions [36].  
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Figure 8.3: UV-Vis spectra of Co-PPI and PCBM in dichloromethane solution. 
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Table 8.2: UV-Vis spectra analysis of the donor and acceptors studied (solution and film) 

                       Solution Film 

Complex  max
  

(nm)  

onset
  

(nm)  

max
 

(nm)  

onset
 

(nm)  

Transition  

Co-PPI  237,359  457  - - π → π* 

MLCT  

PCBM  230, 260, 329  438  - - π → π* 

 

F8BT:Co-

PPI  

236, 310, 

339
a
, 449  

526  252, 315
a
, 

326, 339
a
, 

465  

543  ICT  

F8BT:PCBM  233, 258, 

327, 449  

515  263, 332, 463  538  ICT  

a
: Shoulder 

 

An important optical feature of Co-PPI is the third broad absorption (Figure 8.3 inset) 

present in the Vis-NIR region 600-750 nm. Traditional fullerene based acceptors are 

characterized with weak absorption in the low wavelength area of the visible region [8] and 

this limits their contribution to light harvesting in solar photovoltaic conversion. The 

presence of this broad and Vis-NIR region absorption in Co-PPI suggests it as an acceptor 

with the potential of contributing to light harvesting in organic solar cell. This third 

absorption reveals a good match of Co-PPI with the solar spectrum (an important property for 

solar photovoltaic materials) which will enhance a good interaction with a suitable donor. In 

essence, in addition to serving as an electron acceptor, it can also contribute to the harvest of 

light, leading to improvement of the absorption capability of the donor material involved and 
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thereby enhancing efficiency. This is evident in the spectra acquired for the mixture of the 

donor-acceptor material in the solid state in the form of thin film at room temperature 

(Figure 8.4). From the spectra, we observe an improved light harvesting in the F8BT:Co-PPI 

compared to the F8BT:PCBM as evident in the onset absorption wavelength. A bathochromic 

shift in the film absorption of F8BT:Co-PPI relative to F8BT:PCBM is presumed to be due to 

improved light absorption of the donor with the contribution of the metallodendrimer. 
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Figure 8.4: UV-Vis spectra of donor (F8BT) and acceptor (Co-PPI, PCBM) in a 1:1 ratio in 

dichloromethane solution and film. (A) 225 nm to 600 nm and (B) 500 nm to 600 nm. 

 

A 

B 
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The transitions observed correspond to those of charge transfer behaviour. The entire shift in 

film absorption of both donor-acceptor (F8BT:Co-PPI and F8BT:PCBM) materials compared 

to their solution response is attributed to symmetric molecular structure of the donor and the 

inter-molecular charge transfer (ICT) interaction between the donor and the acceptor which 

enhance inter-chain stacking in polymers [37-38], improves charge transport and light 

harvesting. 

 

8.2.1.3 Photoluminescence Spectroscopy of Materials Studied 

 

The photoluminescence spectra of pure F8BT and its blend with Co-PPI and PCBM 

respectively when excited at a wavelength of 450 nm are shown in Figure 8.5. 

Photoluminescence quenching studies were carried out to examine the exciton behaviour. At 

the excited wavelength of 450 nm, 96.6% of the donor F8BT was quenched in F8BT:Co-PPI 

blend and 97.29% was quenched in F8BT:PCBM blend; indicating excellent degree of 

exciton splitting and charge transfer in both systems. 
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Figure 8.5: Photoluminescence quenching of donor F8BT. 

 

Photoluminescence quenching amongst other uses is used as an indicator of how well 

excitons can diffuse to a donor-acceptor interface and split into free charges. It is governed by 

photo-induced charge transfer and resonance energy transfer between species in the excited 

and ground states respectively. Energy transfer depends on inter-molecular distance and the 

overlap of the absorption spectra of the acceptor and emission spectra of the donor [39-40]. 

The quenching in F8BT:Co-PPI is believed to be due to charge transfer and not resonance 

energy transfer since the optical absorption spectra of the Co-PPI do not overlap with the 

F8BT emission spectrum. The 1:1 blend of F8BT:Co-PPI shows an almost complete 

photoluminescence quenching which indicates that charge transfer is efficiently carried out in 

the system [41]. Co-PPI has good solubility in common organic solvents like 

dichloromethane and tetrahydrofuran. This aided intimate mixing of the Co-PPI with F8BT 
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resulting in generation of excitons within angstroms of the donor-acceptor interface and an 

almost complete photoluminescence quenching. 

 

8.2.2 Microscopic Studies 

 

The microstructure (Figure 8.6) of the blends of donor-acceptor films prepared from 

dichloromethane on glass substrates were captured using resolution scanning electron 

microscopy (HR-SEM). Figure 8.6a shows a sample with surface composed of holes. This 

was also confirmed by atomic force microscopy (AFM) analysis of the films prepared in 

different solvents (Figure 8.7). AFM images of the films prepared from same solvent 

(dichloromethane) were taken and they show no morphological differences in comparison to 

the SEM images. The response in dichloromethane and chloroform reveals the presence of 

intrinsic holes in F8BT with chloroform revealing more holes, confirming that the electron 

beam has no effect in the holes present in the SEM morphology. The histogram of 

morphologies shown in Figure 8.6 shows the size distribution and central location of the 

material. From the histogram we see that the sizes of the pure F8BT range majorly from 2100 

– 2800 nm, F8BT:Co-PPI films range majorly from 800 – 1600 while that of F8BT:PCBM 

falls within the range of 400 – 1200 nm. We observe from the histogram that the donor holes 

become smaller on introduction of the acceptor. The smaller the holes are, the easier the 

separation of the charges (exciton). In principle, the ease of charge separation results in 

enhanced quenching of the donor signal by the acceptor. This further explains the 96.6% and 

97.29% quenching of the donor F8BT observed in F8BT:Co-PPI and F8BT:PCBM 

respectively in the photoluminescence study. 
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Figure 8.6: High resolution scanning electron microscope images of (a) F8BT at 5000 

magnification, (b) F8BT:Co-PPI at 5000 magnification and (c) F8BT:PCBM at 5000 

magnification films prepared in dichloromethane. 
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Figure 8.7: (a) AFM (2D, 3D) images of F8BT films prepared at room temperature in (a, ai) 

dichloromethane, (b, bi) chloroform and (c, ci) tetrahydrofuran. 

a ai

xi 

bi

xi 

ci 

b 
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8.2.3 Electroanalysis of F8BT and Co-PPI films 

 

Using the linear correlation between the ionization potential and oxidation potential and also 

the electron affinity and reduction potential derived by Bredas and co-workers [42] on the 

basis of a comprehensive comparison between the valence effective Hamiltonian (VEH) 

theoretical results and experimental electrochemical data, the electrochemical band gap of the 

donor F8BTwas calculated using the following correlations (equation 8.1 – 8.3) given as 

 

 eV 4.4
ox

onsetp
 EI        equation (8.1) 

 eV 4.4
red

onseta
 EE        equation (8.2) 

And EIE ap

el

g
         equation (8.3) 

 

where E
ox

onset
 and E

red

onset
 are onset oxidation and reduction potentials (determined at the 

position where the current starts to differ from the baseline) versus the Ag/AgCl reference 

electrode. The cyclic voltammetric (CV) response of F8BT films obtained from the F8BT 

film modified glassy carbon electrode (GCE) is shown in Figure 8.8. F8BT film was cycled 

within the electrode potential range from -1850 to +1850 mV at scan rate 50 mV/s. The 

voltammogram shows the presence of three distinct peaks labelled a-c with a pair of well 

resolved peaks in the potential range -1850 to -500 mV with peak electrode potentials at -1.37 

V and -1.60 V (peaks a and b) and peak c at ca 1.15 V. It also shows two oxidation and one 

reduction peaks at -0.68 V, -0.43 V and -0.78 V (vs. Ag/AgCl) as shown in the 

voltammogram B. The response was used to estimate the ionization potential and electron 

affinity from the onset oxidative and onset reductive potentials of the polymer films 

respectively using equations 8.1 and 8.2. The electrochemical band gap was estimated to be 
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2.2 eV from the ionization potential and electron affinity. The result reveals a deep HOMO 

energy level of -5.4 eV and a relatively high band gap of 2.2 eV. The electrochemical 

response and calculated band gap is comparable to the electrochemical response and band 

gaps of other polyfluorene based donor copolymers [43-44]. 
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Figure 8.8: Cyclic voltammograms of F8BT films coated on a GCE in TBAPF6/AcN/DCM 

supporting electrolyte/solvent system at 50 mV/s, plotted for (A) from -2 V to +2 V and (B) 

from -1.1 V to +1.0 V. 
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The redox behaviour of Co-PPI in TBAPF6/AcN/DCM supporting electrolyte/solvent system 

at 50 mV/s were investigated and measured under inert conditions by cyclic and square wave 

voltammetry. Co-PPI exhibits reversible reduction and oxidation potentials in the potential 

range -0.7 to 1.3 V vs Ag/Ag+ (Figure 8.9). The LUMO energy level was estimated to be -

4.3 eV from the onset reduction potential which is indicative of the electron acceptor strength 

of the material. This value is comparable to the LUMO of an ‗ideal acceptor‘ pegged at -4.2 

eV for an ‗ideal donor‘ HOMO of -5.4 eV [38] for the required enhanced efficiency for 

organic photovoltaic cell. From energetic considerations therefore, Co-PPI (LUMO energy 

level estimated at -4.3 eV) is a good acceptor for F8BT donor (HOMO energy level estimated 

at -5.4 eV). 

 

 

Figure 8.9: Cyclic voltammograms of GCE and GCE/Co-PPI in TBAPF6/AcN/DCM vs. 

Ag/AgCl. (Inset) The corresponding square wave voltammogram for GCE/Co-PPI. 
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8.2.4 Capacitive Behaviour and Kinetics of F8BT 

 

Electrochemical impedance spectroscopy (EIS) finds applications in electrode kinetics, 

interface transfer mechanism investigation and the characterization of semiconductors and 

organic films. The kinetics and mechanisms of charge transfer and ion transport in polymer 

film/solution interface can be studied from the reliance of EIS parameters of the conducting 

polymer system on the applied potential. EIS was therefore performed to monitor the 

electrochemical behaviour of the donor F8BT. The Bode plot (Figure 8.10a) shows the 

electronics of the donor F8BT. The spectra was taken at the formal potential (-0.7 V) of the 

well defined redox peak of the voltammograms shown in Figure 8.8. The spectra presented 

in the form log |Z| and phase angle against log f enables equal representation of all 

experimental data over the entire frequency range. The plot recorded in the frequency range 

between 100 KHz and 100 mHz contains only one near capacitive behaviour denoted by a 

phase angle which closely approaches -60° and with an electrode impedance with two 

shoulders or bends indicating solution resistance and the presence of charge transfer 

resistance. Owing to the microscopic roughness of the electrode surface, slow adsorption of 

ions and surface inhomogeneity which makes it practically impossible for the barrier film 

(double layer) to exhibit the theoretically expected phase angle of -90°, the double layer 

capacitance was modelled/expressed using the distributive constant phase element (CPE) 

(Figure 8.10b). Thales software was used for experimental control, data collection and 

determination of the equivalent circuits. 

 

The impedance of CPE is defined by   jwTZ
p

1

CPE



 where T and p  are independent 

parameters and 10  p  [45]. Depending on the system behaviour (capacitive, resistive or 
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infinite Warburg), the value of p  relates to a non-uniform current distribution as a result of 

surface inhomogeneity. The studied system revealed a p  value 0.8; a close to an ideal 

capacitive system. 
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Figure 8.10: (A) Bode plots for the EIS of F8BT in 0.1 M TBAPF6/AcN/10% v/v DCM and 

(B) the corresponding quivalent circuit; where Rs, is the solution resistance, Rct, the charge 

transfer resistance, CPE is the constant phase element and Ws is the Warburg impedance. 

 

The kinetics of electron transfer was also studied from the data obtained for F8BT film at a.c 

frequency varying from 100 KHz to 100 mHz in the electrode potential regions 

corresponding to the electro-activity in 0.1 M TBAPF6/AcN/DCM solution according to the 

Butler-Volmer formulation for electrode kinetics (equations 8.4, 8.5 and 8.6) [46]. 
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    equation (8.6) 

where I o
is the exchange current, k o

is the standard rate constant, co
is concentration, Edc

is dc 

potential, E
o' is the formal redox potential,  is the transfer coefficient and other symbols 

having their usual standard electrochemical significance. 

 

Figure 8.11a shows a series of Nyquist plots for the impedance data obtained at a few 

selected potentials. They reveal three characteristic parts (a semicircle, a capacitive response 

and a Warburg region). Increase in the anodic electrode potential is accompanied by a 

significant decrease in the diameter of the semicircle in the studied range. The semicircle 

corresponds to a parallel resistance-capacitance circuit element as shown in the fitted circuit 

element (Figure 8.10b).  
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Figure 8.11: (A) Potential dependence Nyquist plots for (A) the EIS of F8BT film in 0.1 M 

TBAPF6/AcN/10% v/v DCM and (B) the corresponding Rct values.  

 

B 

A 
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The charge transfer resistance Rct indicating the kinetic resistance to charge transfer at the 

polymer/solution interface or electron transfer at the electrode/polymer interface were plotted 

as a function of the electrode potentials studied (Figure 8.11b). The plot reveals an 

exponential increase in Rct upon decreasing potential, indicating that the electron transfer 

follows the Butler-Volmer formulation for electrode kinetics [47-48]. ko and Io are very 

important parameters in kinetic studies and they are directly proportional. A large value i.e ko 

≥ 2.0 x 10
-4

 ms
-1

 indicates a reversible system [49]. These parameters were estimated to 

ascertain the conductive behaviour of F8BT on the kinetics of the supporting electrolyte. The 

investigation of the conductive behaviour of F8BT is important since bulk heterojunction 

organic solar cells require the use of organic semiconductors for solar energy conversion. The 

response revealed a large ko (2(±0.2) x 10
-2

 cms
-1

) and Io (8.9(±1.2) x 10
-6

 A) - (reversible 

system) for the first three responses from the more positive applied potential; while the less 

positive potential began to drift towards quasi-reversible behaviour. The response further 

shows the dependence of the heterogeneous electrochemical rate on the potential (Table 8.3) 

as described by the Butler-Volmer formulation.  
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Table 8.3: Kinetic parameters obtained with the Butler-Volmer equation 

E/V Rct/kΩ Io x 10
-6

/A ko x 10
-2

/cm s
-1

  

-0.516 3.649 10 2.0 

-0.716 4.274 9.0 2.0 

-0.916 5.111 7.7 1.5 

-1.116 6.963 5.6 1.1 

-1.316 21.490 1.8 0.4 

-1.516 68.150 0.6 0.1 

Average (first 3 

values) 

 8.9 1.8 

SDEV (first 3 values)  1.2  0.2 

 

8.3 Conclusion 

 

Co-PPI was explored for its potential as acceptor for OSCs. Blends of an electron donor 

F8BT, electron acceptor PCBM and potential acceptor Co-PPI respectively were studied by 

spectroscopic and microscopic methods. The optical response in the form of UV-Vis revealed 

a broad absorption band in the Co-PPI in the Vis-NIR region and a bathochromic shift in its 

blend with F8BT relative to PCBM blend. This response shows that Co-PPI better match the 

electromagnetic spectrum and better compliments the donor, leading to a good interaction 

between the Co-PPI as acceptor and the F8BT donor. A virtually 100% Photoluminescence 

quenching was achieved. Co-PPI has been demonstrated in this study as a promising acceptor 

material for the active layer of BHJ OSCs. It revealed a good exciton generation, dissociation 

and charge transfer properties in the photoluminescence study upon blending with F8BT as a 

donor. The blend of Co-PPI and donor F8BT provided ideal characteristics for BHJ OSC 
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acceptor materials, e.g. broad light absorption and good miscibility. Another interesting 

property of Co-PPI is its air stability. The stability of Co-PPI in air gives room for easy 

handling, room temperature processability and long shelf life. These properties are important 

for materials used for solar cell device fabrication. To the best of our knowledge, this 

material has not been studied/applied for organic solar cell fabrication. Its Vis-NIR region 

absorption is a property that is capable of enhancing the property of a suitable donor, thereby 

improving efficiency. The kinetic investigation of the donor F8BT reveals (i) a potential-

dependence of the kinetics of the electrode process that is in good agreement with the Butler-

Volmer formulation for electrode kinetics and (ii) an almost ideal capacitive system. 
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CHAPTER NINE 

 

RESULTS AND DISCUSSION - Enhancing the Properties of 

Poly(Arylene Ethynylene)-alt-Poly(Arylene Vinylene)s (PAE-PAV) 

Polymers Based on Anthanthrone And Its Derivatives by Backbone 

Modification 

 

Abstract 

 

 

The design of advanced new generation conjugated materials with improved properties for 

photovoltaic applications has been the focus of research in recent years. This work reports on 

novel anthanthrone/anthracene and anthanthrene/anthracene co-polymers as p-type 

conjugated semiconductors in organic photovoltaics. Polycondensation reactions of 

luminophoric dialdehydes and bisphosphonate esters gave a class of novel π-conjugated co-

polymers (SV9 – SV16) with well-defined structure confirmed by nuclear magnetic 

resonance and infrared spectroscopy. Polymers that are thermo-stable, with improved 

solubility and good film forming ability were obtained. The presence of anthracene 
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component together with the grafted alkyloxy side chains enhanced the solubility and 

process-ability of the co-polymers. The polymers are good photoconductors with interesting 

photo-physical properties in solution and films. The photo-physical and photovoltaic 

parameters greatly depend on the ratio of the components of the co-polymers and the nature 

of the grafted side chains. Photovoltaic devices with blends of SV15 and [6,6]-Phenyl C61 

butyric acid methyl ester (PCBM) in 1:2 ratio gave Jsc of 3.97 mA/cm
2
 and Voc of 0.92 V 

corresponding to power conversion efficiency of 1.7%. This study reveals the potential of co-

polymerization of anthanthrone or its derivative with anthracene as a useful method of 

improving the properties of anthanthrone based polymers for photovoltaic applications. 

 

9 Introduction 

 

At present, polythiophene derivatives such as poly(3-hexylthiophene) (P3HT) and poly (3-

octylthiophene) (P3OT) are the commonly used π-conjugated polymers for fabrication of 

organic photovoltaic (OPV) devices [1-3]. There is a demand for the design of advanced new 

generation conjugated materials in the form of homo or co-polymers with better absorption 

and transport properties for photovoltaic applications. A number of π-conjugated materials 

with promising photovoltaic properties have been reported [4-8]. Improvement in the 

photovoltaic responses of these materials or development of new polymers with improvement 

in the efficiency of laboratory-type solar cells is necessary to advance this field of research.  

 

A good understanding of the relationship between chemical structure and morphology of a 

polymer with its optical response is key to understanding how organic electronics 

(photovoltaic cells, light emitting diodes and field effect transistors) works [9-10]. Light 

emission, output yield in light emitting diodes and efficiency of photovoltaic cells [11-14] 
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can be tuned chemically through the linking of monomers in copolymerization or by physical 

mixing and subsequent co-precipitation [15]. In co-polymer synthesis, it is important to take 

into consideration intrinsic properties of each monomer in order to get a co-polymer with 

good properties for electronic devices. Properties like low band gap, good solubility in 

common organic solvents, inter and intra chain interactions are important for polymers for 

organic electronic applications. 

 

In this report, two types of polycyclic aromatic compounds (anthanthrone/anthracene or 

anthanthrene/anthracene) in an alternating poly(arylene ethynylene)-alt-(arylene vinylene) 

(PAE-PAV) backbone were employed for co-polymerization. Anthracenes have been shown 

as attractive soluble polymer building blocks with high thermal and device stability [16]. 

They possess high fluorescence quantum yield and their emission can be tuned during 

polymerization by the incorporation of other arylene-building blocks [17]. The good 

photoconductive behavior, high fluorescence quantum yields in thin films and high 

absorption coefficients around 100 000 M
-1

 cm
-1

 of anthracene based polymers make them 

ideal for design of organic electronic devices [18] and they have been investigated [19-21] 

and used in light emitting diodes [22] transistors [23] and photovoltaic cells [24]. 

Anthanthrones on the other hand are polycyclic aromatic compounds with extended 

conjugation and symmetric structures used as pigments and vat dyes. Their large conjugated 

planar structure facilitates intermolecular interactions with good optical response and their 

extended π-conjugation is believed to be an advantage in photovoltaics. However, they have 

been rarely studied as building blocks for organic semiconductors; except the recent report by 

Morin group [25-26]. To the best of my knowledge, anthanthrone and its derivative 

(anthanthrene) were incorporated for the first time into the backbone of poly(arylene 

ethynylene)-alt-poly(arylene vinylene)s (PAE-PAV) in the course of this work as reported in 
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Chapter 5 of this report. The polymers show interesting optoelectronic properties with the 

un-substituted anthanthrone polymer (P1) having the most intriguing absorption properties. 

However, the polymers show poor photovoltaic responses which is attributed to their poor 

solubility. To optimize device performance, the advantage offered by the solubility of 

anthracene coupled with the good optical response of anthanthrone and its derivative 

(anthanthrene) were exploited to make co-polymers (SV9 – SV16) with different ratios as 

shown in Figure 9.1 – 9.3 from monomers M1 – M3, Ma, Mb and Md (Figure 9.1). The 

photo-physical and photovoltaic performances of the co-polymers employed as donors with 

respect to i) the type of constituent (anthanthrone/anthracene or anthanthrene/anthracene), ii) 

the ratio of constituent and iii) the side chains were evaluated and compared to their 

corresponding homo-polymers P1 (an all anthanthrone polymer), P2 (an all anthanthrene 

polymer) and SV7 (an all anthracene polymer) (Figure 9.2 – 9.3). 

 

 

Figure 9.1: Synthesized monomers. 
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Figure 9.2: Synthesized homo-polymers P1, P2 and SV7; and co-polymers SV9 – SV11. 
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Figure 9.3: Synthesized co-polymers SV12 – SV16. 
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9.1 Experimental 

 

9.1.1 Materials 

 

All starting materials and solvents were purchased from commercial suppliers (Sigma 

Aldrich, Merck, Alfa Aesar and VWR). 

 

9.1.2 Instrumentation 

 

All NMR spectra were measured in deuterated chloroform using a Gemini 300 MHz 

spectrometer and Bruker Avance IIIHD 400 MHz Nanobay NMR spectrometer equipped 

with a 5 mm BBO using tetramethylsilane as internal standard. Gel permeation 

chromatography (GPC) measurements in the form of size exclusion chromatography (SEC) 

were performed using a Pump Deltachrom (Watrex Comp.) with a Midas autosampler and 

two columns of MIXED-B LS PL gel, particle size 10 μm. An evaporative light scattering 

detector (PL-ELS-1000 from Polymer Laboratories) was used; THF was the mobile phase 

and polystyrene standards were used for calibration. The solution and solid state absorption 

spectra were recorded using an ultra-violet-visible spectrophotometer (Perkin-Elmer Lambda 

1050), while a PTi Photon Technology Intl. fluorometer was employed for emission 

measurements in solution. For the photoluminescence measurements in thin film, a Coherent 

GaN-based violet diode laser (Vioflame series) emitting at 405 nm was employed. The laser 

power on the sample was about 50 µW (spot diameter ~ 1mm). Polymer was dissolved in 

chlorobenzene (̴ 1.0 * 10
-5

 M) for the solution measurements while films were cast from a 10 

mg/mL solution of chlorobenzene on pre-cleaned glass slides for film measurements. Fourier 

transform infrared spectroscopy (FTIR) was performed with Thermo Scientific, Nicolet iS10 
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FTIR spectrometer equipped with a diamond crystal. Analyses were done between 650 and 

4000 cm
-1

 wavenumbers and 64 scans were taken per sample at a resolution of 4 cm
-1

. Data 

processing was done using the OMNIC software. Thermal behavior was analysed using TGA 

Q500 at ramp 20°C/min to 600°C in nitrogen at a flow rate of 50 mL/min. 

 

9.1.3 Organic bulk heterojunction solar cells fabrication 

 

9.1.3.1 Solution preparation 

 

The investigated photovoltaic devices were fabricated using the regular or normal 

configuration of bulk-heterojunction architecture. For all donor:acceptor devices, 1:2 blend 

solution was in 1 ml chlorobenzene. Solutions were stirred at 70°C overnight. 

 

9.1.3.2 Substrate preparation 

 

Indium tin oxide (ITO) glass slides were cut into 1.5 cm width using diamond cutter. Part of 

the cut ITO were covered with tape and the uncovered part etched (ITO etched away) by 

immersion in hydrochloric acid to prevent short circuits. The tape used is an adhesive tape 

that covers only the parts of glass-ITO slides where the ITO coating should remain. After 

etching, the substrates were rinsed with deionised water to remove the acid residue. The 

glass-ITO slides were then cut into 1.5 cm x 1.5 cm squares. The obtained squares were 

labelled in the top left corner in the non-conductive side (the side without ITO). The final 

cleaning process was done in an ultrasonic bath for 15 minutes in acetone and iso-propanol 

respectively.  
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9.1.3.3 Device fabrication 

 

Cleaned substrates were plasma treated by (plasma ETCH PE-50) 5 min, 50 W O2. Filtered 

poly (3,4-ethylenedioxythiophene)-poly(styrenesulphonate) (PEDOT-PSS) (a transparent, 

conductive polymer with high ductility) was then spun on each plasma treated substrate. The 

PEDOT-PSS was used to improve the extraction properties between the ITO and the active 

layer and to reduce the roughness of the ITO.  PEDOT-PSS was gently wiped away from the 

etched part of the ITO using de-ionized water with a cotton bud to enhance contact with the 

electrode. The prepared donor:acceptor solution was spin coated on the PEDOT-PSS. The 

samples were then transferred to a nitrogen-filled glovebox to dry. Finally, LiF and Al (top 

electrode) were thermally evaporated on the glass/ITO/PEDOT-PSS/polymer:PCBM 

substrate to complete the device fabrication. The final device configuration is represented as 

glass/ITO/PEDOT-PSS/polymer:PCBM/LiF/Al. 

 

9.1.3.4 Device characterization 

 

Current voltage (I-V) curves of the devices were recorded in the dark and under illumination 

using a solar simulator. A "Gold sun" Sun simulator was used to record the current-voltage 

characteristics with LS02821 LOT Quantum Design at 100 mW/cm
2
 Keithley output reader. 

All I-V characteristics measurements were carried out in nitrogen filled glovebox. External 

quantum efficiency (EQE) were measured with EG & G Instruments lock-in-amplifier, 

optical chopper – SEITEC Instruments LTD Muller Electronics Optics LXH100. The 

thickness of the films was characterized with a Bruker DektakXT profilometer. The detailed 

step-by-step device fabrication and characterization method of the top cells is given below:  
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SV7 –SV16 

 

Recipe: 

Standard cutting & etching of Merck glass 

Tap protecting, HCl conc. for 10 min 

Standard cleaning of the samples: 

1.) Acetone+ 15 min ultra sonic bath [RT],   

2.) IPA+ 15 min ultra sonic bath [RT]  

=> Compressed N2 gun  

Plasma treatment of the ITO substrate (Plasma ETCH PE50): 50 Watt, O2, 5 min. 

Spin coating of Clevios [pure, filtered 0.45 µm] (P VP AI 4083) on ITO glass  

40 rps in 2 sec. for 2 sec. => 67 rps in 2 sec. for 30 sec. => END 

Spin coating of polymer solution on PEDOT  

Solution at ~70 °C 

Chlorobenzene p.a. [Aldrich] 

Spin coating parameter for top cells of each sample 

SV7 40 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV9 13 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV10 20 rps in 2 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV11 13 rps in 2 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV12 20 rps in 2 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV13 20 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV14 30 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV15 30 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 

SV16 20 rps in 1 sec. for 5 sec. => 70 rps in 4 sec. for 20 sec. => END 
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contact cleaning with toluene and H2O for all samples 

=> Top electrode: 0.7 nm LiF / 111 nm Al evaporation 

=> Measurement "Gold sun" Sun simulator ~ 100 mW/cm
2
 [no mismatch factor for eff. data] 

 

EQE measurement 

Picture on the microscope 

Thickness measurement with profilometer  

 

9.1.4 Organic Light Emitting Diodes (OLEDs) Preparation and Characterization 

 

9.1.4.1 Fabrication 

 

The OLEDs were fabricated with a device configuration of 

glass/ITO/PEI/polymer/MoOx/Ag. Pre-patterned indium tin oxide (ITO) coated glass 

substrates were sequentially cleaned with Hellmanex
®
, de-ionized water, acetone and iso-

propanol in an ultrasonic bath. The cleaned substrates were plasma treated in oxygen plasma 

for five minutes prior to layer deposition. Polyethylene imine (PEI) and the polymer layers 

were sequentially deposited by blade-coating at 70°C substrate temperature (PEI: 0.27 mg/ml 

in n-butanol, polymer: 10 mg/ml in chlorobenzene). MoOx (10 nm) and the silver (100 nm) 

were deposited by vacuum evaporation and the area of one cell is about 0.24 cm². 

 

9.1.4.2 Characterization 

 

Electroluminescence spectra of the OLEDs were measured using a Shamrock SR-303i 

monochromator and an Andor iDus Si-CCD detector. Different potentials were applied with a 
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Keithley 2401 source meter. The applied voltages and the corresponding currents are listed in 

the graphs. 

 

9.1.5 Synthesis 

 

9.1.5.1 Monomer Synthesis 

 

Synthesis of M1 

 

A mixture of 1,4-bis(bromomethyl)-2,5-(2-ethylhexyloxy)benzene (15.2 g, 18.97 mmol) and 

excess triethylphosphite (9.47 g, 57 mmol) was stirred and heated slowly to 150±160°C; 

simultaneously, the evolving ethyl bromide was distilled off. After 4 h, vacuum was applied 

for 30 mins at 180°C to distil off excess triethylphosphite. The resulting oil was allowed to 

cool to room temperature to form pure oily substance (14.4 g, 83% yield). 
1
H NMR (300 

MHz, CDCl3) δ/ppm: 6.92 (d, J = 1.6 Hz, 2H), 4.08 – 3.89 (m, 8H), 3.79 (d, J = 5.6 Hz, 4H), 

3.15 (d, J = 20.1 Hz, 4H), 1.76 – 1.59 (m, 2H), 1.55 – 1.34 (m, 10H), 1.34 – 1.11 (m, 18H), 

0.99 – 0.63 (m, 12H); 
13

C NMR (75 MHz, CDCl3) δ 150.43, 119.30, 114.50, 71.17, 61.8, 

39.65, 30.58, 29.09, 27.06, 25.21, 23.89, 23.00, 16.30, 14.01, 11.12. 

 

M2 and M3 were prepared under similar reaction conditions as described for M1 

 

Synthesis of M2 

 

A mixture of 1,4-bis(bromomethyl)-2,5-decyloxybenzene (3.37 g, 5.85 mmol) and excess 

triethylphosphite (3.0 g, 17.6 mmol) was stirred and heated slowly to 150±160°C, and the 
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evolving ethyl bromide was distilled off simultaneously. The reaction went on for 4 h, after 

which vacuum was applied for 1 h at 180°C to distil off any excess triethylphosphite left in 

the mixture. The resulting oil was allowed to cool to room temperature to form a white solid, 

which was recrystallized from diethyl ether (30 ml) yielding (3.9 g, 97%) of pure substance. 

1
H NMR (400 MHz, CDCl3) δ 6.89 (s, 2H), 4.00 (m, 8H), 3.90 (t, J = 6.5 Hz, 4H), 3.20 (d, J 

= 20.3 Hz, 4H), 1.82 – 1.65 (m, 4H), 1.41 – 1.15 (m, 40H), 0.86 (t, J = 6.6 Hz, 6H); 
13

C NMR 

(100 MHz, CDCl3) δ 150.31, 119.28, 114.70, 68.89, 61.69, 31.89, 29.61, 29.56, 29.47, 29.44, 

29.32, 26.92, 26.13, 25.54, 22.67, 16.38, 16.34, 16.31, 14.10. 

 

Synthesis of M3 

 

A mixture of 1,4-bis(bromomethyl)-2,5-(3,7-dimethyloctyloxy)benzene (5.1 g, 8.7 mmol) 

and excess triethylphosphite (4.4 g, 26.1 mmol) was stirred and heated slowly to 150±160°C, 

and the evolving ethyl bromide was concurrently distilled off. After 4 h, vacuum was applied 

for 30 min at 180°C to distil off any excess triethylphosphite still present in the mixture. The 

resulting oil was allowed to cool to room temperature to form a pure yellowish oil (5.73 g, 

96% yield). 
1
H NMR (400 MHz, CDCl3) δ 6.85 (s, 2H), 4.07 – 3.79 (m, 12H), 3.14 (d, J = 

20.4 Hz, 4H), 1.86 – 1.37 (m, 8H), 1.32 – 1.01 (m, 24H), 0.86 (d, J = Hz, 6H), 0.79 (d, J = 

6.6 Hz, 12H); 
13

C NMR (100 MHz, CDCl3) δ 150.15, 119.18, 114.60, 67.01, 61.61, 38.99, 

37.09, 36.23, 29.63, 27.72, 26.71, 25.32, 24.45, 22.45, 22.34, 19.44, 16.09. 

 

Synthesis of Ma 

 

4,10-Dibromoanthanthrone (2000 mg, 4.31 mmol) was given to a degassed solution of 67 mL 

of diisopropylamine and 167 mL of tetrahydrofuran. 30 mins later, Pd(PPh3)4 (221.4 mg, 
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0.192 mmol), and CuI (36.5 mg, 0.192 mmol) were added. Mixture was allowed to stir and 

degas for another 30 mins and thereafter, 2,5-bis((2-ethylhexyl)oxy)-4-ethynylbenzaldehyde 

(3700 mg, 9.60 mmol) (in a solution of degassed THF) was added drop-wisely. The reaction 

mixture was heated at 60°C for 72 h in a nitrogen atmosphere and monitored with TLC. 50 

mL of toluene was thereafter added and heat removed while still stirring. After cooling to 

room temperature, the mixture was re-precipitated in cold methanol and refrigerated for 4 h. 

The mixture was filtered, re-dissolved in toluene and concentrated under vacuum. The 

residue was chromatographed on a silica gel column with toluene as eluent to yield 1200 mg 

(26%) of a purplish black substance. 
1
H NMR (300 MHz, CDCl3) δ 10.47 (s, 2H), 8.87 – 8.66 

(m, 4H), 8.60 (s, 2H), 7.95 – 7.73 (m, 2H), 7.32 (s, 2H), 7,17 (s, 2H), 4.17 – 3.82 (m, 8H), 

2.03 – 1.73 (m, 4H), 1.73 – 1.16 (m, 32H), 1.1 – 0.8 (m,24H); 
13

C NMR (100 MHz, CDCl3) δ 

188.98, 182.12, 155.49, 154.07, 134.07, 133.74, 131.28, 129.53, 129.30, 128.63, 127.60, 

125.45, 124.11, 119.09, 117.49, 109.36, 94.20, 93.96, 71.72, 71.65, 39.57, 39.48, 30.65, 

30.34, 29.71, 29.14, 29.01, 24.04, 23.77, 23.11, 23.08, 14.13, 14.07, 11.26, 11.06. 

 

Mb and Md were prepared under similar reaction conditions as described for Ma 

 

Synthesis of Mb 

 

4,10-Dibromo-6,12-ethylhexyloxylanthanthrene (2100 mg, 3.00 mmol) was given to a 

degassed solution of 47 mL of diisopropylamine and 117 mL of toluene. Pd(PPh3)4 (140.6 

mg, 0.122 mmol), and CuI (23.2 mg, 0.122 mmol) were added after 30 mins of stirring and 

degassing and the reaction was allowed to run under same condition for 1 h. 2,5-

bis(decyloxy)-4-ethynylbenzaldehyde (2961 mg, 6.70 mmol) was dissolved in 30 mL of 

toluene and degassed for 30 mins. The degassed solution of 2,5-bis(decyloxy)-4-
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ethynylbenzaldehyde was added drop-wisely to the reaction mixture. The reaction mixture 

was heated at 70-80°C for 24 h in a nitrogen atmosphere and monitored with TLC. 50 mL of 

toluene was added and heat removed while still stirring. After cooling to room temperature, 

the precipitated diisopropylammonium bromide was filtered off and the solvent was 

evaporated under vacuum. The residue was chromatographed on a silica gel column with 

toluene:hexane (4:1) as eluent. 3200 mg (75% yield) of a greenish substance was obtained. 

1
H NMR (300 MHz, CDCl3) δ 10.49 (s, 2H), 8.94 (d, J = 7.4 Hz, 2H), 8.80 (d, J = 8.1 Hz, 

2H), 8.73 (s, 2H), 8.19 (m, 2H), 7.38 (s, 2H), 7.22 (s, 2H), 4.29 (d, J = 5.5 Hz, 4H), 4.21 – 

4.07 (m, 8H), 2.23 – 1.68 (m, 10H), 1.68 – 1.08 (m, 78H), 1.03 (t, J = 7.0 Hz, 6H), 0.90 (t, J 

= 6.6 Hz, 6H), 0.77 (t, J = 6.7 Hz, 6H); 
13

C NMR (100 MHz, CDCl3) δ 189.13, 155.51, 

153.95, 150.13, 130.72, 127.58, 125.98, 125.61, 124.88, 124.52, 123.95, 121.27, 120.54, 

120.22, 119.50, 117.12, 109.28, 96.16, 90.48, 69.26, 59.55, 41.30, 38.17, 31.94, 31.86, 31.26, 

30.48, 29.70, 29.62, 29.46, 29.32, 26.12, 24.03, 23.31, 22.72, 22.58, 14.32, 14.15, 14.05, 

11.56. 

 

Synthesis of Md 

 

9,10-Dibromoanthracene (5.77 g, 0.0172 mols) was given to a degassed solution of 211 mL 

of diisopropylamine and 529 mL of toluene. Pd(PPh3)4 (0.81 g, 0.70 mmol), and CuI (0.13 g, 

0.70 mmol) were added after 30 mins of stirring and degassing and the reaction was allowed 

to run under same condition for 1 h. 2,5-bis((2-ethylhexyl)oxy)-4-ethynylbenzaldehyde 

(13.55 g, 0.0350 mols) was dissolved in 50 mL of toluene and degassed for 30 mins. The 

degassed solution of 2,5-bis((2-ethylhexyl)oxy)-4-ethynylbenzaldehyde was added to the 

reaction mixture drop-wisely by means of a controlled dropping funnel. The reaction mixture 

was heated at 75°C for 24 h in a nitrogen atmosphere and monitored with TLC. 80 mL of 
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toluene was added and heat removed while still stirring. After cooling to room temperature, 

the precipitated diisopropylammonium bromide was filtered off and the solvent was 

evaporated under vacuum. The residue was chromatographed on a silica gel column with 

hexane:dichloromethane (1:1) as eluent to yield a dark orange powder which was re-

crystallized several times in methanol and 1% H20 to yield (14.2 g, 87%) bright orange 

powder. 
1
H NMR (300 MHz, CDCl3) δ 10.52 (s, 2H), 8.93 – 8.67 (m, 4H), 7.78 – 7.56 (m, 

4H), 7.44 (s, 2H), 7.33 (s, 2H), 4.21 – 3.90 (m, 8H), 2.08 – 1.75 (m, 4H), 1.75 – 1.14 (m, 

32H), 0.92 (ddt, J = 39.4, 36.8, 7.3 Hz, 24H). 
13

C NMR (75 MHz, CDCl3) δ 189.09, 155.72, 

154.07, 132.25, 127.48, 126.99, 125.18, 120.23, 118.89, 117.20, 109.39, 99.06, 94.37, 71.65, 

39.55, 30.70, 30.31, 29.09, 24.07, 23.74, 23.05, 14.07, 11.28, 10.95. 

 

9.1.5.2 Polymer Synthesis 

 

Synthesis of P1 

 

For the synthesis of P1, a solution of Ma (150 mg, 0.14 mmol) and M1 (89 mg, 0.14 mmol) 

in dry toluene (12 mL) was mechanically stirred and heated under nitrogen to reflux. The 

polymerization was initiated by the addition of potassium tert-butoxide (63 mg, 0.56 mmol) 

and an instant color change from deep pink to black was observed. Reaction mixture was 

stirred for 45 min and additional toluene (100 mL) was added. The reaction was quenched 

with aqueous HCl (10%, 10 mL). The organic phase was separated and washed with de-

ionized water until a pH of ~ 7 was obtained. Residual water was removed from the mixture 

by heating to reflux in a Dean Stark apparatus. The obtained solution was concentrated under 

reduced pressure using a rotary evaporator. The resulting concentrated solution was 

precipitated in cold methanol and kept in the refrigerator for 24 h. After 24 h the precipitate 
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was filtered off in a Soxhlet thimble and transferred into a Soxhlet extractor. Extraction was 

done using methanol to remove oligomers and any impurity. The extraction continued until 

the extract became colorless. The polymer was re-dissolved in toluene, re-precipitated in cold 

methanol and stored in the refrigerator. After 24 h, it was filtered and dried under air to 

obtain 190 mg (95% yield) of black partially soluble polymeric material. GPC (THF as 

eluent; polystyrene as standard): Mn 1,830 g/mol, Mw 3,570 g/mol, PDI 2. 
1
H NMR (300 

MHz, CDCl3) δ 10.48 (s), 9.25 – 8.41 (m, anthanthronylene H‘s), 8.07 – 6.67 (m, arylene 

vinylene H‘s), 4.37 – 3.20 (m, -CH2O-), 2.49 – 0.37 (m, alkyl H‘s). FTIR cm
-1

: 3064 (ν(=C-

H)), 2962, 2934 and 2878 (ν(C-H)), 2198 (ν(C≡C)), 1659 (ν(C=O)), 1575 (ν(C=C) vinylene 

linker), 1500 (ν(C=C) aromatic ring), 1464 (δ (CH2)), 1380 (δ (CH3)), 1203 (ν(C=C-O-C) 

aromatic-aliphatic). 

 

P2, SV7, SV9 – SV16 were prepared under similar reaction conditions as described for P1 

 

Synthesis of P2 

 

A solution of Mb (170 mg, 0.12 mmol) and M2 (83 mg, 0.12 mmol) in dry toluene (12 mL) 

was mechanically stirred and heated under nitrogen to reflux. Potassium tert-butoxide (54 

mg, 0.48 mmol) was added at a stable temperature to initiate the reaction. A color change 

from bright to dark green was observed. The reaction mixture was stirred for 80 min. 

Thereafter, toluene (100 mL) was added, and the reaction was quenched with aqueous HCl 

(10%, 10 mL) to neutralize the potassium tert-butoxide. Mixture was cooled to room 

temperature; the organic phase separated and washed with de-ionized water until a pH of ~ 7 

was obtained. Residual water was removed from the mixture by heating to reflux in a Dean 

Stark apparatus. The obtained solution was concentrated under reduced pressure using a 
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rotary evaporator. The resulting concentrated solution was precipitated in cold methanol and 

kept in the refrigerator for 24 h. After 24 h the precipitate was filtered off and transferred into 

a Soxhlet extractor, and extracted using methanol. The polymer was re-dissolved in 

chloroform and re-precipitated in cold methanol. It was filtered and dried after 24 h to obtain 

220 mg (95% yield) of brownish green polymeric material. GPC (THF as eluent; polystyrene 

as standard): Mn 3,200 g/mol, Mw 11,730 g/mol, PDI 3.7. 
1
H NMR (300 MHz, CDCl3) δ 

9.05 - 8.22 (anthanthrenylene H‘s), 7.58 - 6.92 (arylene vinylene H‘s), 4.28- 3.28 (m, -CH2O-

), 2.41 – 0.42 (m, alkyl H‘s). FTIR cm
-1

: 3064 (ν(=C-H)), 2962, 2924 and 2850 (ν(C-H)), 

2180 (ν(C≡C)), 1594 (ν(C=C) vinylene linker), 1500 (ν(C=C) aromatic ring), 1464 (δ (CH2)), 

1203 (ν(C=C-O-C) aromatic-aliphatic). 

 

Synthesis of SV7 

 

Dialdehyde Md (1000 mg, 1.06 mmol) and bisphosphonate M1 (671 mg, 1.06 mmol) were 

dissolved in dried toluene (80 ml) to give a greenish brown color while stirring vigorously 

under nitrogen and heating under reflux. Potassium-tert-butoxide (474 mg, 4.23 mmol) was 

added (instant color change to dark brown orange was observed); and the reaction mixture 

was heated at reflux for 80 mins. After 80 mins benzaldehyde was added and the mixture 

allowed stirring for 10 mins. Toluene was added, heat removed and aqueous HCl (10 wt.%) 

was added. The purification process yielded a brownish red polymer (1100 mg (0.8436 mmol 

with respect to the repeating unit), 80 %). GPC (THF, polystyrene): Mw= 15,870 g/mol, Mn = 

6,720 g/mol, PDI = 2.4. 
1
H NMR (300 MHz, CDCl3) δ 8.83, 7.59 and 7.05 – 6.66 (arylene 

and vinylene H´s); 4.30 – 3.37 (-CH2O-); 2.19 – 0.49 (CH3(CH2)3CH(CH2CH3)-).  
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Synthesis of SV9 

 

Dialdehydes Ma (313.4 mg, 0.26 mmol), Md (750 mg, 0.79 mmol) and bisphosphonate M1 

(670 mg, 1.06 mmol) were dissolved in dried toluene (120 mL) to give a reddish brown 

orange color while stirring vigorously under nitrogen and heating under reflux. The 

polycondensation was initiated by addition of potassium-tert-butoxide (473.8 mg, 4.22 

mmol) when a stable temperature was achieved and an instant color change to black was 

observed. After 60 mins benzaldehyde was added and the reaction allowed running for 10 

mins. Toluene (50 ml) was added and the heating turned off. Reaction mixture was allowed 

to continue to stir at room temperature for 10 mins and 10% HCl was added. Stirring 

continued for about 20 min to dissolve part of the reaction mixture. The organic layer was 

separated and extracted several times with distilled water until the water phase became 

neutral (pH = 6 - 7). A Dean-Stark apparatus was used to dry the organic layer. The hot (50-

60°C) toluene solution was filtered; the filtrate was concentrated to the minimum by using a 

rotary evaporator and then precipitated in vigorously stirred cold methanol (250 ml). The 

polymer was extracted by Soxhlet extraction with hot methanol until a clear solution was 

observed around the thimble. The polymer was again dissolved in a small amount of toluene, 

re-precipitated in cold methanol and kept for 24 h under 4 - 8°C. It was thereafter filtered and 

allowed to dry under air to obtain 1.1 g (47%) of soluble black fibrous polymer.  GPC (THF): 

Mw 13,550 g/mol, Mn 3,590 g/mol, PDI 3.8. 
1
H NMR (300 MHz, CDCl3) δ 8.98 (d, J = 8.5 

Hz, 1H), 8.78 (d, J = 25.3 Hz, 7H), 7.90 (d, J = 7.4 Hz, 1H), 7.58 (d, J = 19.7 Hz, 9H), 7.04 – 

6.68 (m, 5H), 4.23 – 3.73 (m, 18H), 3.73 – 3.39 (m, 5H), 2.11 – 0.56 (m, 172H). 
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Synthesis of SV10 

 

Dialdehydes Ma (351.1 mg, 0.30 mmol), Md (280 mg, 0.30 mmol) and bisphosphonate M1 

(375.3 mg, 0.59 mmol) were dissolved in dried toluene (80 mL) to give a brownish orange 

color while stirring vigorously under nitrogen and heating under reflux. Potassium-tert-

butoxide (265.4 mg, 2.36 mmol) was added (instant color change to black was observed); and 

the reaction mixture was heated at reflux for 60 mins. Benzaldehyde was added and 10 min 

later, toluene (50 mL) and aqueous HCl (10 wt. %, 10 mL) were added to quench the 

reaction. The organic phase was separated and extracted several times with distilled water 

until the water phase became neutral (pH 6 - 7). The organic layer was dried in a Dean-Stark 

apparatus. The resulting hot toluene mixture was filtered to remove the insoluble part. The 

filtrate was evaporated under vacuum and precipitated in cold methanol (250 mL). The 

precipitate was filtered and the polymer was extracted with a Soxhlet extractor using hot 

methanol until a clear methanol solution was observed in the thimble. Polymer was re-

dissolved in toluene (20 mL) and re-precipitated in cold methanol, stored at 4 - 8°C for 24 h, 

filtered and dried under air. 350 mg (26%) of soluble black fibrous polymer was obtained. 

GPC (THF): Mw 4,710 g/mol, Mn 1,850 g/mol, PDI 2.5. 
1
H NMR (300 MHz, CDCl3) δ 8.99 

(s, 1H), 8.79 (d, J = 20.0 Hz, 8H), 7.92 (s, 2H), 7.58 (d, J = 17.9 Hz, 10H), 7.02 – 6.74 (m, 

7H), 4.21 – 3.73 (m, 23H), 3.55 (d, J = 38.1 Hz, 7H), 2.10 – 0.50 (m, 250H). 

 

Synthesis of SV11 

 

Dialdehydes Ma (519.1 mg, 0.44 mmol), Md (138 mg, 0.15 mmol) and bisphosphonate M1 

(369.9 mg, 0.58 mmol) were dissolved in dried toluene (80 mL) to give a brownish orange 

color while stirring vigorously under nitrogen and heating under reflux. Potassium-tert-
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butoxide (261.6 mg, 2.33 mmol) was added (instant color change to black was observed); and 

the reaction mixture was heated at reflux for 60 mins. Afterwards, benzaldehyde was added 

and 10 min later, toluene (80 mL) and aqueous HCl (10 wt. %, 10 mL) were added to quench 

the reaction. The organic phase was separated and extracted several times with distilled water 

until the water phase became neutral (pH 6 - 7). The organic layer was dried in a Dean-Stark 

apparatus. The resulting toluene mixture was filtered to remove the insoluble part. The 

soluble part was evaporated under vacuum and precipitated in cold methanol (250 mL). The 

polymer was extracted with a Soxhlet extractor using hot methanol until a clear methanol 

solution was observed in the thimble. Polymer was re-dissolved in toluene (20 mL) and re-

precipitated in methanol, stored at 4 - 8°C for 24 h, filtered and dried under air. Only 130 mg 

(10%) of poorly soluble black material was obtained. The main part of the product was 

insoluble. GPC (THF): Mw 4,390 g/mol, Mn 1,170 g/mol, PDI 3.8. 
1
H NMR (300 MHz, 

CDCl3) δ 9.00 (s, 1H), 8.82 (s, 11H), 7.91 (s, 2H), 7.61 (s, 10H), 6.98 – 6.62 (m, 9H), 3.99 (s, 

30H), 3.56 (d, J = 38.9 Hz, 9H), 2.09 – 0.48 (m, 465H). 

 

Synthesis of SV12 

 

Dialdehyde Mb (248.7 mg, 0.18 mmol), Md (500 mg, 0.53 mmol), and bisphosphonate M1 

(446.7 mg, 0.70 mmol) were dissolved in dried toluene (80 mL) to give a greenish dark 

brown green color while stirring vigorously under nitrogen and heating under reflux. The 

polycondensation was initiated by addition of potassium-tert-butoxide (315.8 mg, 2.81 

mmol) when a stable temperature was achieved and an instant color change to dark brown 

orange was observed. The reaction mixture was heated at reflux for 80 min. After reacting for 

80 mins, benzaldehyde was added and mixture stirred for 10 mins; the heating was stopped 

and the mixture was diluted with toluene (50 ml), and aqueous HCl (10 wt. %, 20 ml) was 
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added to quench the reaction. The organic layer was dried in a Dean-Stark apparatus. The 

solution was filtered, concentrated under vacuum, dissolved in 10 mL toluene and 

precipitated in methanol. The polymer was filtered off and extracted for 24 h with methanol 

(Soxhlet extraction). After re-dissolving in toluene the polymer was once more precipitated in 

methanol and kept at 4 - 8°C for 24 h, filtered and dried under air to obtain 880 mg of soluble 

deep brownish fibrous polymer (48% yield).  GPC (THF): Mw 15,280 g/mol, Mn 6,230 g/mol, 

PDI 2.5. 
1
H NMR (300 MHz, CDCl3) δ 9.03 (d, J = 7.6 Hz, 1H), 8.94 – 8.70 (m, 8H), 8.34 – 

8.11 (m, 1H), 7.59 (d, J = 19.7 Hz, 10H), 7.04 – 6.58 (m, 6H), 4.45 – 3.75 (m, 21H), 3.75 – 

3.37 (m, 5H), 2.28 – 0.53 (m, 203H). 

 

Synthesis of SV13 

 

Dialdehyde Mb (447.8 mg, 0.32 mmol), Md (300 mg, 0.32 mmol), and bisphosphonate M1 

(402.1 mg, 0.63 mmol) were dissolved in dried toluene (80 mL) to give a dirty green orange 

color while stirring vigorously under nitrogen and heating under reflux. Potassium tert-

butoxide (284.3 mg, 2.53 mmol) (instant color change to dirty green orange was observed); 

and the reaction mixture was heated at reflux for 80 min. The polycondensations was 

quenched by addition of benzaldehyde, toluene and dilute HCl (10%). The organic layer was 

separated, extracted with distilled water until the water phase became neutral (pH = 6 - 7), 

dried by means of a Dean stark apparatus, filtered at room temperature, concentrated and 

precipitated in cold methanol (250 ml). The polymer was extracted with methanol for 24 h, 

dissolved in 10 mL toluene and re-precipitated in methanol. The resulting blackish brown 

fibrous polymer was filtered and dried in air to obtain 880 mg (53% yield).  GPC (THF): Mw 

16,020 g/mol, Mn 6,340 g/mol, PDI 2.5.  
1
H NMR (300 MHz, CDCl3) δ 9.05 (t, J = 9.7 Hz, 
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1H), 8.95 – 8.68 (m, 4H), 8.35 – 8.08 (m, 1H), 7.59 (d, J = 17.9 Hz, 4H), 7.03 – 6.66 (m, 

3H), 4.47 – 3.73 (m, 12H), 3.73 – 3.40 (m, 2H), 2.28 – 0.54 (m, 114H). 

 

Synthesis of SV14 

 

Dialdehyde Mb (448.0 mg, 0.32 mmol), Md (100 mg, 0.11 mmol), and bisphosphonate M1 

(268.1 mg, 0.42 mmol) were dissolved in dried toluene (80 mL) to give a deep green color 

while stirring vigorously under nitrogen and heating under reflux. Potassium tert-butoxide 

(189.6 mg, 1.69 mmol) (gradual color change to deep dirty green orange was observed); and 

the reaction mixture was heated at reflux for 80 min. Afterwards, benzaldehyde (2 mL) was 

added and 10 min later, toluene (80 mL) and aqueous HCl (10 wt. %, 10 mL) were added to 

quench the reaction. The organic phase was separated and extracted several times with 

distilled water until the water phase became neutral (pH 6 - 7). The organic layer was dried in 

a Dean-Stark apparatus and the resulting toluene mixture was filtered to remove any solid 

impurity or insoluble part. No insolubility was observed. The filtrate was concentrated under 

vacuum and precipitated in cold methanol (250 mL). The polymer was extracted with a 

Soxhlet extractor using hot methanol until a clear methanol solution was observed in the 

thimble. Polymer was re-dissolved in toluene (20 mL) and re-precipitated in methanol, stored 

at 4 - 8°C for 24 h, filtered and dried under air to obtain a deep red fibrous material 530 mg 

(48% yield).  GPC (THF): Mw 14,750 g/mol, Mn 7,090 g/mol, PDI 2.1. 
1
H NMR (300 MHz, 

CDCl3) δ 9.05 (dd, J = 12.1, 7.1 Hz, 1H), 8.94 – 8.67 (m, 2H), 8.36 – 8.07 (m, 1H), 7.75 – 

7.41 (m, 2H), 7.03 – 6.63 (m, 2H), 4.52 – 3.70 (m, 8H), 3.53 (d, J = 26.0 Hz, 1H), 2.34 – 0.57 

(m, 78H). 
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Synthesis of SV15 

 

Dialdehyde Mb (198.9 mg, 0.14 mmol), Md (400 mg, 0.42 mmol), and bisphosphonate M2 

(388.9 mg, 0.56 mmol) were dissolved in dried toluene (80 mL) to give a greenish brown 

color while stirring vigorously under nitrogen and heating under reflux. Potassium tert-

butoxide (252.7 mg, 2.25 mmol) (instant color change to brownish orange was observed); and 

the reaction mixture was heated at reflux for 80 min. Benzaldehyde was added and 10 min 

later, toluene (80 mL) and aqueous HCl (10 wt. %, 10 mL) were added to quench the 

reaction. The organic phase was separated and extracted several times with distilled water 

until the water phase became neutral (pH = 6 - 7). The organic layer was dried in a 

Dean−Stark apparatus. After filtration, the toluene solution was concentrated under vacuum 

and precipitated in cold methanol. The precipitate was filtered and the polymer was extracted 

for 24 h with methanol (Soxhlet extraction), dissolved once more in toluene, and re-

precipitated in cold methanol. Filtration and drying yielded a brownish red fibrous polymer of 

760 mg (50% yield).  GPC (THF): Mw 34,720 g/mol, Mn 9,280 g/mol, PDI 3.7. 
1
H NMR (300 

MHz, CDCl3) δ 9.03 (s, 1H), 8.82 (s, 5H), 8.23 (s, 1H), 7.79 – 7.42 (m, 6H), 6.86 (t, J = 19.0 

Hz, 4H), 3.94 (dt, J = 51.8, 41.2 Hz, 16H), 2.29 – 0.53 (m, 130H). 

 

Synthesis of SV16 

 

For SV16, dialdehyde Mb (174.2 mg, 0.12 mmol), Md (350 mg, 0.37 mmol), and 

bisphosphonate M3 (340.4 mg, 0.49 mmol) were dissolved in dried toluene (80 mL) to give a 

greenish brown color while stirring vigorously under nitrogen and heating under reflux. 

Potassium tert-butoxide (252.7 mg, 2.25 mmol) (instant color change to brownish orange was 

observed); and the reaction mixture was heated at reflux for 80 min. After 80 mins 
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benzaldehyde was added and the mixture allowed stirring for 10 mins. Toluene was added, 

heat removed and aqueous HCl (10 wt. %) was added. The purification process yielded a 

soluble brownish red fibrous polymer of 630 mg (47% yield).  GPC (THF): Mw 26,290 g/mol, 

Mn 9,230 g/mol, PDI 2.8. 
1
H NMR (300 MHz, CDCl3) δ 9.05 (s, 1H), 8.83 (d, J = 3.7 Hz, 

7H), 8.23 (s, 1H), 7.57 (d, J = 17.0 Hz, 10H), 7.06 – 6.69 (m, 5H), 4.42 – 3.46 (m, 25H), 2.24 

– 0.50 (m, 214H). 

 

9.2 Results and Discussion 

 

9.2.1 Synthesis and Material Verification/Confirmation  

 

9.2.1.1 Synthesis of the Monomers 

 

The preliminary synthesis of the monomers (bisphosphonate esters (M1 – M3) and 

luminophoric dialdehydes (Ma, Mb and Md)) (Figure 9.1) are essential steps to the 

synthesis of the polymers (Figure 9.2 and 9.3) going by the Horner-Wadsworth-Emmons 

olefination reaction. The monomer syntheses were achieved through a series of reactions. The 

bisphosphonate esters were synthesized starting with the O-alkylation of hydroquinone with 

the corresponding alkyl bromides, dibromomethylation of the alkyloxy derivative using 

NaBr/H2SO4 and paraformaldehyde; the dibromomethyl derivatives were finally converted to 

the corresponding bisphosphonate esters by the Michealis-Arbuzov reaction. The conjugated 

luminophoric dialdehydes were synthesized through the Sonogashira Pd-catalyzed cross-

coupling reaction of the corresponding 2,5-bis(alkyloxy)-4-ethynylbenzaldehyde. M1 and 

M3 were obtained as viscous brown and yellow oil respectively while M2 was obtained as a 

white solid. Ma, Mb and Md were obtained as purple, green and orange solids respectively.  
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9.2.1.2 Synthesis of the Polymers 

 

All homo and co-polymers reported in this study were obtained through the Horner-

Wadsworth-Emmons (HWE) polycondensation reaction of the corresponding dialdehydes 

and bisphosphonates in dry toluene solution in the presence of an excess of potassium tert-

butoxide [18, 27-33]. The dialdehydes are synthesized with the ethynyl motifs embedded 

while the vinylene constituent is introduced during the polycondensation. Reacting the 

anthanthrone/anthanthrene/anthracene dialdehydes (Ma, Mb and/Md) with the phenyl based 

bisphosphonates (M1, M2 or M3), homo or co-polymers with identical conjugation backbone 

but varying ratio and/or diverse combinations and distributions of side chains were realized.  

 

The Horner-Wadsworth-Emmons polycondensation reaction of Ma, Md and M1 to give SV9 

– SV11 under the same reaction conditions as for the synthesis of all alkyloxy-substituted 

hybrid polymers led to partially insoluble materials which were then filtered to separate the 

soluble part. This resulted in low yield soluble portion of these polymers (SV9 (47%), SV10 

(26%) and SV11 (10%). It is worthy of note that the yields of polymerization were estimated 

from the soluble fraction obtained after filtration and purification. Thus, the low yields 

obtained for SV10 and SV11 is a result of their relatively poor solubility. The main part of 

SV11 was insoluble thus lowering the yield of the desirable soluble product. SV12 – SV16 

were obtained at an average yield of 50%. SV9 – SV11 were obtained as black fibrous 

materials except for SV11 which was not fibrous; SV12 was obtained as deep brownish 

fibrous material, SV13 as blackish brown fibrous material, SV14 as deep red fibrous material, 

while SV15 and SV16 were obtained as brownish red fibrous materials. The chemical 

structures were confirmed by NMR and FTIR spectroscopy.  
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9.2.1.3 Nuclear Magnetic Resonance Spectroscopic Investigation 

 

The NMR of the monomers and polymers were measured in deuterated chloroform. For the 

bisphosphonate monomers (M1, M2 and M3), the 
1
H NMR (Figure 9.4) reveal the protons in 

the two -CH groups in the benzene rings in the downfield region 6.92 – 6.85 ppm, the -CH2 

protons in the phosphonate end of the compounds and those directly linked to the oxygen in 

the alkyloxy side chain are seen in the region 4.04 – 3.73 ppm, the -CH2 protons linking the 

benzene ring to the phosphonate are seen around 3.20 – 3.14 ppm; and the -CH next to the -

CH2 attached to the oxygen ring (in the case of M1 and M3), all -CH3 and other -CH2 protons 

present in the compound appear in the up-field region 1.86 – 0.63 ppm.  

 

 

Figure 9.4: 
1
H NMR of M1 – M3. 

 

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



 

 

 

 

Chapter Nine: Result and Discussion 

388 

 

The 
13

C NMR (Figure 9.5) reveal the carbons present in the compound while the 
31

P NMR 

(Figure 9.6) reveal just a signal confirming the presence of just one type of phosphorous 

present in the compound as expected.  

 

 

Figure 9.5: 
13

C NMR of M1 – M3. 
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Figure 9.6: 
31

P NMR of M1 – M3. 

 

Figure 9.7 depicts the 
1
H NMR while Figure 9.8 – 9.10 depicts the 

13
C NMR spectra of the 

dialdehyde monomers (Ma, Mb and Md) in deuterated chloroform. All the signals could be 

readily assigned to their corresponding carbons and are schematically illustrated. 
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Figure 9.7: 
1
H NMR of Ma, Mb and Md. 

 

 

Figure 9.8: 
13

C NMR of Ma. 

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



 

 

 

 

Chapter Nine: Result and Discussion 

391 

 

 

Figure 9.9: 
13

C NMR of Mb. 

 

 

Figure 9.10: 
13

C NMR of Md. 
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1
H NMR spectroscopy was employed to confirm structure and purity of the polymers and 

their signals were compared with those of their corresponding dialdehyde monomers (Figure 

9.11 – 9.12). The broad NMR signals in the down-field region 9.05 – 6.58 ppm are ascribed 

to the arylene and vinylene protons, while the signals in the region 4.52- 0.48 ppm originate 

from the protons of the alkyloxy side chains. The signals are broad and non-specific but show 

a similarity to their corresponding dialdehydes in the observed signal region. However, the 

characteristic signals of the polycondensation monomers (dialdehyde, ~10.5 ppm (−CHO); 

bisphosphonate, ~3.2 ppm (-H2CP)) are completely absent, giving clear indications of the 

formation of polymer material from the corresponding monomers.  

 

 

Figure 9.11: 
1
H NMR of SV9 – SV11. 
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Figure 9.12: 
1
H NMR of SV12 – SV16. 

 

The spectrum suggests a trans (E) and cis (Z) configuration in all polymers due to the 

presence of signals or peaks (x and y in Figure 9.13) indicating the presence of vinylenic 

double bonds with a cis (Z) configuration [34]. The influence of anthanthrone and its 

derivative in their respective co-polymers with anthracene is observed in the aromatic down-

field region. Comparing SV7, SV9 and SV12 with their corresponding dialdehydes (Figure 

9.13), the signals at around 8.98 ppm (labelled a) and 7.90 ppm (labelled b) are ascribed 

solely to the anthanthrone component of the co-polymer SV9; and, the signals at around 9.03 

ppm (labelled c) and that around 8.34 ppm (labelled d) ascribed solely to the anthanthrene 

component of the co-polymer SV12; while all other signals emanate from a contribution of 

the components (anthanthrone/anthracene or anthanthrene/anthracene together with the 

alkyloxy side chains) present in the co-polymers. 

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



 

 

 

 

Chapter Nine: Result and Discussion 

394 

 

 

Figure 9.13: 
1
H NMR of SV7, SV9 and SV12 with their corresponding dialdehydes. 

 

9.2.1.4 Fourier Transform Infrared Spectroscopic Investigation 

 

Figure 9.14 shows the infrared spectra of SV7, SV9 – SV16. The characteristic FTIR signals 

associated with molecule vibrations of the investigated polymers appear around 3056, 2960-

2865, 2187, 1656, 1604, 1508, 1466, 1202, 1032, 971, and 869 cm
-1

. The very weak band 

around of 3056 cm
-1

 is attributed to the stretching vibrations of aromatic =C-H and of arylene 

and vinylene vibrations. Very strong characteristic aliphatic -C-H stretching vibrations 

signals are observed in the region 2960 - 2865 cm
-1

. The spectra show weak signal situated in 

the region 2187 cm
-1

. This signal arises from the vibrational stretching of the disubstituted 

ethynylene linker bond (-C≡C-). The signals around 1604 cm
-1

 originate from vinylenic 

vibrations while the signals at 1508 cm
-1

 stem from the stretching vibrations of aromatic -
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C=C- bonds. Strong signals at 1202 cm
-1

 and medium signals at 1032 cm
-1

 are ascribed to 

alkyloxy functionalities or aromatic-aliphatic -C=C-O-C- bonds. The band at 971 and 869 

confirms the trans (E) and cis (Z) configuration of the vinylene double bonds present in the 

polymers. The lack of -CHO as an end group which was initially confirmed by 
1
H NMR is 

also confirmed by FTIR as no terminal aldehyde function is observed. The characteristic 

stretching vibration associated with the ketone group (-C=O) of SV9 and SV10 is observed at 

1656 cm
-1

. This signal is absent in all other polymers investigated as shown in Figure 9.14. 

 

 

Figure 9.14: Stacked FTIR spectra of investigated polymers with arrows marking the 

absorptions of functional group signals including olefinic -C–H out-of-plane deformation 

(trans-CH=CH at 971 cm
_1

 and cis-CH=CH at 869 cm
_1

). 
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9.2.1.5 Thermal Stability and Molecular Weight Investigation 

 

Thermo-gravimetric analysis and gel permeation chromatography measurements were 

performed to determine the decomposition temperature and molecular weights of the 

polymers. Thermal analysis conducted at ambient temperature at a heating rate of 20°C/min 

indicates high thermal stability of the polymers (Figure 9.15). Thermal decomposition above 

300°C where recorded at approximately 5% weight-loss for all polymers except SV10. The 

molecular weights of the co-polymers were determined by gel permeation chromatography 

(GPC) measurements in the form of size exclusion chromatography (SEC) using THF as 

eluent and polystyrene as the standard. The GPC analysis revealed polymers with 

polydispersity index between 2.4 and 3.8. The decomposition temperatures taken at 5 and 

10% and results obtained from GPC measurements as well as yields of the materials are 

provided in Table 9.1.  

 

 

Figure 9.15: Thermo-gravimetric analysis. 
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Table 9.1: Data from GPC (polystyrene standards, THF as eluent), yields and thermal 

responses 

Code Yield 

(%) 

Mn 

(g/mol) 

Mw 

(g/mol) 

PDI Td 

(°C) 

5% 

weight 

loss 

Td 

(°C) 

10% 

weight 

loss 

SV7 80 6,720 15,870 2.4 375 391 

SV9 47 3,590 13,550 3.8 351 384 

SV10 26 1,850 4,710 2.5 281 341 

SV12 48 6,230 15,280 2.5 362 382 

SV13 53 6,340 16,020 2.5 339 377 

SV14 48 7,090 14,750 2.1 316 367 

SV15 50 9,280 34,720 3.7 360 388 

SV16 47 9,230 26,290 2.8 360 386 

       

 

9.2.2 Properties 

 

The polymers are soluble in common organic solvents and have good film forming ability 

except for SV11 whose poor solubility does not allow the forming of good films.  
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9.2.2.1 Photo-physical Properties 

 

The photo-physical properties of the homo and co-polymers were studied by UV-Vis 

absorption and photoluminescence in chlorobenzene solution and film. All emission data 

were obtained by exciting at the wavelength of the main absorption band.  

 

Copolymers containing 25%, 50% and 75% of anthanthrone/anthracene units (SV9 – SV11) 

showed absorption spectra influenced by the combination of the anthracene and anthanthrone 

absorptive properties in solution and in film (Figure 9.16).  

 

 

Figure 9.16: UV-Vis spectra comparing co-polymers SV9 – SV11 with homo-polymers P1 

and SV7 in solution and film. 

 

The co-polymers show the absorption of anthracene which spans from 430 – 615 nm, and 

also shows the region covering up to 720 nm from the anthanthrone component. Maximum 
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wavelength of absorption of anthracene was observed in the range 526 – 537 nm and 

maximum wavelength of absorption of anthanthrone was observed in the range 621 – 623 nm 

for SV10 and SV11. For SV9, the anthanthrone absorption was not really visible as the signal 

in the anthanthrone region is almost flat. In thin films however, the absorption of the co-

polymers including SV9 was dominated by their anthracene and anthanthrone components 

with a slight red shift compared to the solution response. The contribution from anthanthrone 

in the co-polymers reduced the optical band gap to 1.7 eV compared to SV7 (all anthracene 

containing polymer) with a band gap of 2.0 eV.  

 

The emission of SV9 – SV11 in solution is identical to and overlaps that of SV7 while they 

are blue-shifted compared to P1 (an all anthanthrone containing polymer) (Figure 9.17). 

Emission peak around 586 nm and a shoulder around 635 nm overlapping the emission peak 

of SV7 in solution were observed for SV9 – SV11. The emission of the co-polymers in 

solution can therefore be said to be majorly influenced by the anthracene part of the co-

polymer. Interestingly, the emission spectra of the co-polymers in thin films show well 

defined emission peak emitting only the anthanthrone contribution (Figure 9.18); and as the 

anthanthrone content in the co-polymer increased, the emission shifts to longer wavelengths 

(SV9 (777 nm) ˂ SV10 (781 nm) ˂ SV11 (796 nm)). It is obvious that the emission in thin 

film originates mainly from that of the anthanthrone component present in the co-polymer. In 

solution, the emission of SV9 – SV11 overlaps that of SV7 while in thin film; their emission 

is red-shifted compared to SV7. This confirms that the emission of SV9 – SV11 observed in 

solution is solely or majorly from the anthracene component while in thin film, the emission 

emanates from the anthanthrone component. This unique behavior may be ascribed to 

different chromophores dominating in different forms of the polymers.  
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Figure 9.17: UV-Vis and photoluminescence spectra comparing co-polymers SV9 – SV11 

with homo-polymers P1 and SV7 in solution. 

 

 

Figure 9.18: UV-Vis and photoluminescence spectra comparing co-polymers SV9 – SV11 

with homo-polymer SV7 in thin film. 
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Component ratio (anthanthrene/anthracene) and side group dependent absorption; and 

component ratio dependent emission was obtained for co-polymers SV12 – SV16. The 

absorption spectra in solution and in thin film are shown in Figure 9.19. In solution, the 

absorption spectra are blue-shifted with increase in anthanthrene content in the co-polymer. 

Co-polymers SV13 and SV14 show vibronic absorption signals while broad absorption bands 

were observed for SV12, SV15 and SV16. The main absorption peak of SV12, SV15 and 

SV16 appears as a shoulder in SV13 and SV14. This absorption peak is the peak of 

anthracene as observed in SV7 (all anthracene containing polymer) and completely absent in 

P2 (all anthanthrene containing polymer). The shoulder in SV13 (50% anthracene 

component) is more pronounced than that in SV14 (25% anthracene component). The higher 

the anthracene component in the co-polymer, the more pronounced the shoulder which then 

becomes a peak at higher % anthracene component. The absorption of SV12, SV15 and SV16 

(co-polymers with 25% anthracene component and varying side chains) is in the same spectra 

region as that of SV7 and red-shifted compared to those of P2, SV13 and SV14 in their main 

absorption peak. Nevertheless, SV12, SV13, SV14, SV15 and SV16 all have comparable 

onset absorption with SV7 resulting in an optical band of 2.1 eV for SV7, SV12, SV13 and 

SV14; 2.0 eV for SV15 and SV16. 
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Figure 9.19: UV-Vis spectra comparing co-polymers SV12 – SV16 with homo-polymers P2 

and SV7 in solution and film. 

 

The thin film absorption follows the same pattern as that of the solution except that they are 

red shifted due to planarization in thin films. The absorption of SV12 – SV16 vary depending 

on the grafted side chain as well as the ratio of anthracene and anthanthrene component 

present in the co-polymer. Like in solution, the main absorption peak of SV13 and SV14 

show a narrow band comparable to that of P2 while the absorption of SV12, SV15 and SV16 

show broad bands comparable to that of SV7. The absorption spectra of SV13 and SV14 

show more structured peaks with two maximums at around 451 – 453 nm and 481 nm and a 

shoulder at 545 – 548 nm. SV15 and SV16 like in solution, absorb in the same region as SV7. 

The absorption of SV12 in this case covers a broader region covering the absorption range of 

both P2 and SV7. Co-polymers with 75% anthracene and 25% anthanthrene but with 

different phenyl bisphosphonates (SV12, SV15 and SV16) are bathochromically shifted and 

with broad absorption band compared to SV13 and SV14 with increased anthanthrene ratio. 
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They absorb in the region of absorption of SV7 and their absorption is almost uninfluenced 

by the side chain of the attached phenyl bisphosphonate as the shape of their absorption band 

is very similar. The broader absorption peaks of these group of co-polymers suggests that 

there are more energy levels corresponding to the π - π* transition for the co-polymers with 

higher anthracene component ratio than those with higher or equal anthanthrene component 

ratio. In spite of these differences in the value and shape of the absorption peak, the onset 

absorption of all the polymers except P2 lies in the same region resulting in a band gap 

between 1.9 and 2.0 eV.  

 

Despite the variation in absorption of SV12 – SV16 in solution and thin film, similar 

emission spectra were observed for these co-polymers. For emission in solution (Figure 

9.20), a main peak and a shoulder is observed for all polymers. The co-polymers with 75 % 

and 50% anthracene component (SV12, SV13, SV15 and SV16) are red shifted compared to 

SV7 (all anthracene containing polymer) while SV14 with 75% anthanthrene is blue shifted 

and overlaps the emission of P2 (an all anthanthrene containing polymer). Main emission 

peaks are observed in the range 581 – 586 nm with a shoulder in the range 626 – 636 nm. 
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Figure 9.20: UV-Vis and photoluminescence spectra comparing co-polymers SV12 – SV16 

with homo-polymers P2 and SV7 in solution. 

 

The emission spectra of SV12 - SV16 are similar both in film and solution in terms of shape 

but the emission in film are red-shifted and with the shoulder observed in solution emerging 

as a peak in film (Figure 9.21). All the polymers show well structured vibronic emission 

spectra similar in shape to and in the same spectra region as that of SV7; with an intense peak 

in the range of 604 – 615 nm and the less intense peak at longer wavelength in the region 651 

– 669 nm proving they all emit from the same excited chromophores. The observed shoulder 

in solution emerged as a second peak in thin film with red-shifted emission. This fine 

structure (splitting of the emission spectra into two well resolved peaks) observed for the 

emission spectra both in solution and in thin film and the variation or absence of similarity 

(mirror image) between absorption and emission spectra, is ascribed to vibronic coupling of 

the excitons [35]. The emission peaks of SV13 overlap that of SV7 at 608 nm and 653 nm for 
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the first and second peaks respectively. The thin film emission of all the co-polymers is red-

shifted compared to that of P2.  

 

 

Figure 9.21: UV-Vis and photoluminescence spectra comparing co-polymers SV12 – SV16 

with homo-polymers P2 and SV7 in thin film. 

 

Although the emission bands of SV12 – SV16 are all sharp and the overlap of the emission 

and absorption spectra is quite narrow, it is important to draw attention to the slight influence 

of side chain variation observed for the thin film emission of SV12, SV15 and SV16 (co-

polymers with 75% anthracene and 25% anthanthrene but vary in the side chain of the 

attached phenyl bisphosphonates). It is observed that the overlapping area of the film samples 

slightly increases in the order SV12>SV15>SV16 due to the broadening of the absorption 

spectra in this order. It is also worthy of note that the emission spectra of SV14 which has 

75% anthanthrene is a mirror image of the absorption. This can be ascribed to chain 

planarization induced by the anthanthrene component and it is an indication that the 
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conformational relaxation is not important for both and their decays take place from 

lumophores with similar geometry.  

 

The optical bandgap of SV9 – SV16 ranged from 1.7 – 2.1 eV in solution and film. The 

photo-physical spectra and data confirm that the structure (linear or branched side chains) and 

ratio of components have a significant influence on the ground and excited state properties of 

the co-polymers both in solution and film. Very large Stokes shifts were observed for SV9 

(250 nm), SV10 (256 nm) and SV11 (259 nm) in film. This indicates excimer formation or 

aggregation in the solid state [36]. The Stokes shift of anthanthrone or its derivative is so 

strong that it was impossible to prevent it in the co-polymerization with anthracene. P2, SV12 

– SV14 also show large Stokes shift (101 – 120 nm); the higher the ratio of anthanthrene in 

the co-polymer, the higher the Stokes shift. However, those of SV9 – SV11 are the largest for 

the polymers under study. The ratio of anthanthrone in the co-polymer did not show any 

influence on the Stokes shift in solution but a huge influence was observed in film. We 

assume that the pronounced tendency to aggregate is due to the carbonyl group present in the 

anthanthrone component. The photo-physical responses including the maximum absorption 

( abs ), the onset absorption ( onset ), optical band gap energy (
opt

gE ) calculated 

using
onset

1240 , wavelength at emission maximum ( PL ) as well as the Stokes‘ shift both in 

solution and in film are summarized in Table 9.2. 
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Table 9.2: Photo-physical data of the polymers in dilute chlorobenzene solution and in thin film spin-coated from chlorobenzene  

 Solution                                           
*
Shoulder, 

onset

opt

g
1240E   Film                                          

*
Shoulder, 

onset

opt

g
1240E  

Code 
abs  

(nm) 

PL  

(nm) 

onset  

(nm) 

opt

gE  

(eV) 

Stokes 

Shift 

(nm) 

 

 
abs  

(nm) 

PL  

(nm) 

onset  

(nm) 

opt

gE  

(eV) 

Stokes 

Shift (nm) 

P1 374, 567 611 752 1.6 44 403, 586 - 766 1.6 - 

P2 453, 481,  530 572 2.2 49 453, 481 587 558 2.2 106 

SV7 
*
520, 543 586, 

*
635 598 2.1 43 527, 559 608, 653 621 2.0 49 

SV9 537 586, 
*
635 701 1.8 49 527, 638 777 710 1.7 250 

SV10 526, 623 585, 
*
633  723 1.7 59 525, 638 781 725 1.7 256 

SV11 537, 621 586, 
*
637 737 1.7 49 537, 643 796 728 1.7 259 

SV12 449, 481, 522 586, 
*
634 603 2.1 64 

*
491, 509 610, 657 623 2.0 101 

SV13 453, 481, 
*
545 585, 

*
635 598 2.1 104 454, 488 608, 653 622 2.0 120 

SV14 451, 481, 
*
548 581, 

*
626 592 2.1 111 457, 485 604, 651 623 2.0 119 

SV15 449, 485, 542 585, 
*
634 608 2.0 43 

*
493, 524 615, 662 641 1.9 91 

SV16 447, 483, 542 585, 
*
636 610 2.0 43 

*
497, 529 615, 669 644 1.9 86 
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9.2.2.2 Photovoltaic Properties 

 

To investigate the photovoltaic performance of the polymers, solar cell devices were 

fabricated and tested on a regular device configuration of glass/ITO/PEDOT-

PSS/polymer:PCBM/LiF/Al. The polymer:PCBM active layers were spin-coated from 

dichlorobenzene solutions in a 1:2 ratio for all devices. Figure 9.22 – 9.23 shows the I-V 

curves of the fabricated solar cells. The co-polymers SV12 – SV16 revealed generally the 

best photovoltaic parameters in this study (Figure 9.22).  

 

 

Figure 9.22: The current-voltage (I–V) characteristics of (homo-polymer SV7 and co-

polymers SV12 – SV16):PCBM (1:2) blend devices on PEDOT:PSS configuration under 100 

mW/cm
2
. 
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Figure 9.23: The current-voltage (I–V) characteristics of (homo-polymer SV7 and co-

polymers SV9 – SV11):PCBM (1:2) blend devices on PEDOT:PSS configuration under 100 

mW/cm
2
. 

 

For the co-polymer SV12 – SV14 with the same phenyl bisphosphonate side chain (2-

ethylhexyloxy phenyl), the short circuit current (Jsc) was observed to decrease from SV12 – 

SV14 with SV12 (4.53 mA/cm
2
)>SV13 (3.50 mA/cm

2
)>SV14 (3.01 mA/cm

2
). Reverse order 

was however observed for the fill factor (FF) with SV12 (0.39)˂SV13 (0.47)˂SV14 (0.54). 

Going by the photovoltaic parameters of SV7 (an all anthracene based polymer with 2-

ethylhexyloxy side chain phenyl bisphosphonate), the Jsc of the co-polymers SV12 – SV14 

can be attributed to contribution of the anthracene component to the co-polymer while the 

relatively good FF is obviously a contribution from the anthanthrene component. This 

assertion is further buttressed from the fact that SV14 with the highest FF is a combination of 

75% anthanthrene and 25% anthracene. In addition to the influence of the ratio of each 

component in the co-polymer on the photovoltaic performance, it can be ascertained that the 
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photovoltaic parameters are also side chain dependent. Comparing the co-polymers SV12, 

SV15 and SV16 (co-polymers with 75% anthracene and 25% anthanthrene) with varying side 

chain ((SV12; 2-ethylhexyloxy side chain phenyl bisphosphonate), (SV15; decyloxy side 

chain phenyl bisphosphonate) and (SV16; 3,7-dimethyloctyloxy side chain phenyl 

bisphosphonate)), the photovoltaic parameters are seen to be slightly influenced by the 

grafted side chain. For instance, the Jsc of SV12 (4.53 mA/cm
2
) with bulky 2-ethylhexyl side 

chain in the phenyl group connected to the co-polymer by a vinylene bond is higher than that 

of SV15 (4.00 mA/cm
2
) with a linear decyloxy side chain in the same phenyl position as 

SV12, while that of SV16 (3.87 mA/cm
2
) with 3,7-dimethyloctyloxy is lower than that of 

SV15. In this group, SV15 exhibits the highest FF (0.47) while SV12 exhibits the highest Jsc 

(4.53 mA/cm
2
). The FF of SV16 (0.42) is next to that of SV15 but it gave the least Jsc (3.87 

mA/cm
2
) in this group. SV9 – SV11 show low Jsc and relatively low FF (Figure 9.23). 

Overall best efficiency was observed for SV15 with an efficiency of 1.7%. Table 9.3 shows 

the complete set of photovoltaic parameters under AM1.5 illumination for the best solar cell 

device of each polymer:PCBM blend.  
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Table 9.3: The complete set of photovoltaic parameters under AM1.5 illumination for the best solar cell device of each polymer:PCBM 

(1:2) blend 

Code Weight of 

Polymer 

(mg) 

Weight of 

PCBM 

(mg) 

Chlorobenzene 

(L) 

Bulk 

Thickness 

(nm) 

Optical 

Density 

of Bulk 

Jsc 

[mA/cm
2
] 

Voc 

[V] 

FF Eff 

% 

@ -0.1 V 

[mA/cm
2
] 

@ +1 V 

[mA/cm
2
] 

SV7 10.4 20.9 867 164 0.36 4.15 0.99 0.38 1.6 -4.27 0.21 

SV9 10.2 20.4 850 176 0.37 2.69 0.92 0.32 0.8 -2.88 0.37 

SV10 10.3 20.6 858 180 0.30 0.58 0.90 0.28 0.1 -0.60 0.05 

SV11 11.1 22.3 925 199 - 0.93 0.90 0.34 0.3 -0.97 0.16 

SV12 10.3 20.6 858 206 0.34 4.53 0.92 0.39 1.6 -4.71 0.96 

SV13 13.6 27.4 1,134 160 0.38 3.50 0.91 0.47 1.5 -3.79 1.28 

SV14 11.7 23.4 975 143 0.34 3.01 0.90 0.54 1.5 -3.09 2.6 

SV15 10.3 20.6 858 182 0.39 4.00 0.92 0.47 1.7 -4.08 2.03 

SV16 11.4 22.8 950 179 0.38 3.87 0.91 0.42 1.5 -4.04 1.73 
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It is obvious that the component ratio and type of side chain has no distinct influence on the 

open-circuit voltage (Voc) of all investigated polymers. The Voc of the investigated devices 

were found to be high for all co-polymers irrespective of the type and ratio of components or 

nature of the grafted alkyloxy side chain. In general, high Voc of over 0.9 V were obtained for 

all investigated polymers including the co-polymers SV12 – SV16 (co-polymers containing 

anthanthrene) as against the less than 0.8 V reported for anthanthrene small molecule devices 

[37] and the PAE-PAV based anthanthrene polymers reported in Chapter 5 of this study. 

The comparative plots of Jsc, Voc, FF and efficiency against the investigated polymers are 

shown in Figure 9.24 – 9.27, while the morphology of the films investigated by optical 

microscopy is shown in Figure 9.28. 

 

 

Figure 9.24: Comparative plot of short circuit current (Jsc) against (homo-polymer SV7 and 

co-polymers (SV9 – SV16):PCBM (1:2) blend devices on PEDOT:PSS configuration. 
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Figure 9.25: Comparative plot of open circuit voltage (Voc) against (homo-polymer SV7 and 

co-polymers (SV9 – SV16):PCBM (1:2) blend devices on PEDOT:PSS configuration. 

 

 

Figure 9.26: Comparative plot of fill factor (FF) against (homo-polymer SV7 and co-

polymers (SV9 – SV16):PCBM (1:2) blend devices on PEDOT:PSS configuration. 
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Figure 9.27: Comparative plot of device efficiency against (homo-polymer SV7 and co-

polymers (SV9 – SV16):PCBM (1:2) blend devices on PEDOT:PSS configuration. 
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Figure 9.28: Optical microscopy images of co-polymers (SV9 – SV16):PCBM (1:2) blend 

devices on PEDOT:PSS configuration. 
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9.2.2.3 External Quantum Efficiency (EQE)  

 

External quantum efficiency (EQE) measurements of the best devices were carried out to 

further assess the photoelectrical behavior of the polymers. The EQE reveals the percentage 

of photons that create charges at a given wavelength that reach the electrodes. Figure 9.29 

and 9.30 shows the EQE of SV7, SV9 – SV16. The spectra lie over a wide range of 

wavelengths (400 – 750 nm) in agreement with the absorption spectra and with two 

maximum photo-current contributions around 395 and 525 nm for all polymers investigated. 

For the maximum around 525 nm, the percentage EQE defined response is in accordance 

with the photovoltaic performance in terms of the short circuit current (Jsc). The intensity or 

strength of the EQE signal of each polymer clearly correlates with the achieved short-circuits 

currents. The higher the Jsc, the higher the EQE for all the polymers (Figure 9.29 and Table 

9.3). SV12 for example, show EQE higher than that of SV7 in the 525 nm range despite 

having the same efficiency of 1.6%. This is due to the higher Jsc generated by SV12 (4.53 

mA/cm
2
) compared to SV7 (4.15 mA/cm

2
). The signals or maximum around 395 nm and the 

shoulder around 710 nm emanate from PCBM. The EQE response of SV9 – SV11 are also in 

accordance with the output current with SV9>SV11>SV10 (Figure 9.30 and Table 9.3). 

Between 400 and 500nm, a flat response is observed for the co-polymers (SV9 – SV16) while 

a deep downward peak is observed for SV7. This contribution emanates from the 

anthanthrone and anthanthrene components in their respective co-polymers. 
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Figure 9.29: Equivalent quantum efficiencies of (homo-polymer SV7 and co-polymers 

(SV12 – SV16):PCBM (1:2) blend devices on PEDOT:PSS configuration. 

 

 

Figure 9.30: Equivalent quantum efficiencies of (homo-polymer SV7 and co-polymers (SV9 

– SV11):PCBM (1:2) blend devices on PEDOT:PSS configuration. 
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Going by the ratio of anthracene to anthanthrone and the solubility issues associated with 

anthanthrone, one would expect to have a better photovoltaic response for SV10 than SV11. 

Strangely, however, this was not the case. One would also assume that the ratio of the 

anthanthrone component in the co-polymer may not actually be accurate as a result of the 

solubility issues which may compromise the actual ratio; resulting in the strange photovoltaic 

behavior of SV10 and SV11. In order to further confirm the ratio, the NMR spectra were 

investigated to get an idea of the ratio of the components of the co-polymers. To achieve this, 

the NMR spectra of P1, SV7 and SV9 – SV11 were investigated following the spectra 

integration (Figure 9.31 – 9.36) and equations (equation 9.1 - 9.4).  

 

Comparing the spectra of P1, SV7, SV10 and the dialdehydes, the alkyl and alkyloxy signals 

located in the up field region of the NMR spectra show similar responses and integration in 

all polymers as expected. The ratio of anthanthrone component in the co-polymers can 

therefore be estimated from the aromatic signal region of the NMR spectra where only 

anthanthrone and anthracene signals excluding the phenyl signals are observed (Figure 9.31 

– 9.33). 
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Figure 9.31: Full range 
1
H NMR comparing P1, SV7, SV10 with their corresponding 

dialdehydes. 

 

 

Figure 9.32: Aromatic region or down-field 
1
H NMR comparing P1, SV7, SV10 with their 

corresponding dialdehydes. 
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Figure 9.33: Aromatic region or down-field 
1
H NMR comparing P1, SV7, SV10 with their 

corresponding dialdehydes and revealing the I and J regions of interest. 

 

Considering Figure 9.33, 

2 yx  

xy 2          equation 9.1 

HxHyI 64 neanthanthroanthracene
*  






  HyIHx 46 anthraceneneanthanthro

*  

H
HyI

x 6
4

neanthanthro

anthracene





 

  

H
HyI

x 6
4 





 

        equation 9.2 

HxJ 2 neanthanthro
*  
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H
J

x 2 neanthanthro

  

H
J

x 2
          equation 9.3 

Inserting equation 9.3 into equation 9.2, we have  

H
HyI

H
J

6
4

2






 

  

Cross-multiplying, we have  






  HyIH

JH
42

6 *  






  43 yIJ  

Rearranging, we have  

JIy 34   

Therefore 

 
4

3JIy


         equation 9.4 

 

Inserting the integrated values of I and J in the NMR spectra into equation 9.4, the ratio of 

x:y in the copolymers were estimated. x:y were estimated to be approximately 0.5:1.5 for 

polymer SV9; 1:1 for polymer SV10 and 1.5:0.5 for polymer SV11 (Figure 9.34, 9.35 and 

9.36 respectively). These values match the anthanthrone/anthracene ratios represented by 

these polymers; thereby ruling out the assumption of inaccurate ratio due to insolubility of 

anthanthrone. 
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Figure 9.34: Aromatic region or down-field 
1
H NMR of SV9 revealing the integration of the 

I and J regions of interest. 

 

 

Figure 9.35: Aromatic region or down-field 
1
H NMR of SV10 revealing the integration of 

the I and J regions of interest. 
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Figure 9.36: Aromatic region or down-field 
1
H NMR of SV11 revealing the integration of 

the I and J regions of interest. 

 

9.2.2.4 Electroluminescent (EL) Properties 

 

A preliminary investigation of two of the co-polymers (SV12 and SV15) and their 

corresponding homo-polymers (P2 and SV7) for their electroluminescence behavior was 

conducted on an ITO/PEI/polymer/MoOx/Ag device configuration. The polymers served as 

emissive layers in the device. The EL spectra as depicted in Figure 9.37 show similarities 

with those of the photoluminescence of the corresponding polymer films. This similarity can 

be attributed to emission from identical singlet excited states S1 in both cases. However, the 

photoluminescence spectrum of P2 is blue-shifted compared to the electroluminescence 

spectra. From the EL spectra, we see the devices light up at very low voltages hinting a nicely 

low turn-on-voltage for the devices. The emissions are stable with EL spectra exhibiting the 
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same shape over a broad voltage range; and the intensity of the emission is varied by the 

applied voltage. They therefore form good light emitting diodes. Orange color emission was 

observed for the co-polymers as shown in the image. Comparing the electroluminescence of 

co-polymers SV12 and SV15 with their corresponding homo-polymer P1 and SV7, all the 

polymers emit in the same wavelength region but with different shape (Figure 9.38).  
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Figure 9.37: Electroluminescence of P2, SV7, SV12 and SV15 measured on 

ITO/PEI/polymer/MoOx/Ag revealing voltage dependence intensity. 
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Figure 9.38: Electroluminescence of P2, SV7, SV12 and SV15 measured on 

ITO/PEI/polymer/MoOx/Ag revealing the wavelength emission region of the investigated 

polymers. 

 

9.3 Conclusion 

 

This report has shown the successful synthesis and investigation of novel 

anthanthrone/anthracene and anthanthrene/anthracene co-polymers as p-type semiconductors 

in organic electronics. Improvement in the solubility and process-ability of anthanthrone and 

its derivative based polymers was achieved through the co-polymerization of anthracene 

component and anthanthrone or its derivative to give co-polymers SV9 – SV16. The photo-

physical behavior of the co-polymers depends on the grafted side chain and ratio of each 

component making up the co-polymer. Solar cells fabricated from these polymers were found 

to show quite different photovoltaic behaviors. The photovoltaic responses of 

anthanthrene/anthracene co-polymers (SV12 – SV16) on blending with PCBM are promising 
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for photovoltaic applications. Although anthracene improved the solubility and process-

ability of anthanthrone polymers, the photovoltaic properties of SV10 and SV11 are not 

impressive. However, the obtained photovoltaic results are not the maximum for these 

polymers. An enhancement of the photovoltaic parameters is possible through morphological 

optimisation and post-production treatments of the polymer-PCBM blends.  
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CHAPTER TEN 

 

CONCLUSION AND RECOMMENDATION 

 

10 Summary of Findings 

 

This work has shown the synthesis and investigation of a series of anthracene, anthanthrone 

and anthanthrene homo and co-polymers (SV1 – SV16, P6 and P7) with varying side chains 

as p-type semiconductors for organic photovoltaic cells and organic light emitting diodes. All 

investigated polymers show interesting optoelectronic properties with the anthanthrone based 

polymers (P1, SV9 – SV11) having the most intriguing absorption properties. Two device 

configurations (regular and inverted) were employed for the investigation of the photovoltaic 

properties. For the anthracene based homo-polymers (SV1 – SV8, P6 and P7), the 

photovoltaic parameters reveal a dependence on the grafted alkyloxy side chains. An 

influence of the grafted alkyloxy side chains in the arylene vinylene end of the homo-

polymers SV1 – SV8 on the photovoltaic parameters was observed. As the length of the side 

chain in this region increased, the short circuit current decreased, resulting in decrease in 

efficiency. Comparing SV1 – SV8 with P6 – P7, the major influence of the grafted alkyloxy 

side chain on the photovoltaic parameters as confirmed by the absorption property was 

observed in the alkyloxy side chains in the neighborhood of the anthracene moiety in the 

polymer backbone. SV1 – SV8 with bulky 2-ethylhexyl side chains in the neighborhood of 

the anthracene moiety are observed to be hypsochromically shifted relative to P6 and P7 with 

linear decyloxy side chain in same region due to the high sensitivity of the anthracene moiety 

to steric hindrances in its neighborhood [1-4]. The grafted decyloxy side chain in P6 and P7 

enhanced their charge carrier mobility and live time product. Remarkably high open circuit 
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voltage of almost 1 V was obtained for SV1 – SV8 irrespective of the attached side chain and 

the device configuration (inverted or normal). The devices have good leak currents, however; 

low fill factors resulting from low series resistances were observed for this group of 

polymers. P6 and P7 on the other hand exhibit high fill factor relative to SV1 – SV8 

irrespective of device configuration type. P7 recorded a striking fill factor of 0.67. 

Photovoltaic efficiency of up to 2.49% was recorded for photovoltaic devices based on 

regular configuration while efficiency of up to 2.62% was recorded for the inverted 

configuration.  

 

Furthermore, polycyclic aromatic compounds (PACs) based on anthanthrone and 

anthanthrene were incorporated for the first time into the backbone of poly(arylene 

ethynylene)-alt-poly(arylene vinylene)s (PAE-PAV). As a result of the challenge of solubility 

and complex synthetic route, these materials which are promising for organic electronics 

have not attracted much research interest. However, an improved solubility by the 

incorporation of solubilizing alkyloxy side chains in the aromatic ring of these materials and 

also through co-polymerization has been shown in this work. The preparation of soluble and 

process-able π-conjugated ethynylene containing polymers from 4,10-dibromoanthanthrone 

and its derivative with the incorporation of alkyloxy side chains and also through co-

polymerization resulting in homo (P1, P2 and P3) and co-polymers (SV9 – SV16) was 

shown. Solubility of the co-polymers was enhanced through the incorporation of anthracene 

component and the grafting of linear and branched alkyloxy side groups. The photo-physical 

behavior of the co-polymers depends on the grafted side group and ratio of each component 

making up the co-polymer. Devices fabricated from the co-polymers using bulk 

heterojunction device architecture show quite improved behavior compared to the homo-

polymers. For the co-polymer SV9 similar to homo-polymer P1, the short circuit current was 
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improved from 0.58 mA/cm
2 

 in P1 to 2.69 mA/cm
2
 in SV9, and efficiency 0.18% recorded in 

P1 was improved to 0.8% in SV9. The short circuit current (2.90 mA/cm
2
), open circuit 

voltage (0.76 V) and efficiency (1.17%) reported for homo-polymer P2 was increased to 4.00 

mA/cm
2
, 0.92 V and 1.7% respectively in co-polymer SV15. In addition to the recorded 

photovoltaic properties, the polymers can operate as emitters in organic light-emitting diode 

(OLEDs) and are useful for the design of OLEDs. 

 

Also in this study, two new acceptors (fullerene (3-(benzo[b]thiophene-3yl)-5-

fulleropyrrolidinepyridine (BTFP) based) and non-fullerene (cobalt (II) salicylaldimine 

metallodendrimer (Co-PPI)) based) were synthesized, investigated and compared to 

traditional [6,6]-phenyl C61 butyric acid methyl ester (PCBM) as potential acceptors for 

organic photovoltaic devices. The engineering of pristine fullerene C60 to obtain properties 

comparable to those of PCBM through modification by a novel nano-structured organic 

compound 5-(benzo[b]thiophene-3-yl)pyridinealdehyde (BTPA), to form solution process-

able and stable 3-(benzo[b]thiophene-3yl)-5-fulleropyrrolidinepyridine (BTFP) was shown. 

The obtained BTFP is energetically PCBM-like and shows a promise for electronic 

applications. BTFP may contribute to the development of new technologies and compete with 

PCBM with an advantage of cost and ease of synthesis. Co-PPI explored for its potential as 

acceptor for organic solar cells revealed a good exciton generation, dissociation and charge 

transfer properties in the photoluminescence study upon blending with poly[(9,9-di-n-

octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) as a donor. The blend 

of Co-PPI and donor F8BT provided ideal characteristics for bulk heterojunction organic 

photovoltaic cell acceptor materials, e.g. broad light absorption and good miscibility. An 

interesting property of both investigated acceptors (BTFP and Co-PPI) is their air stability. 
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Their stability gives room for easy handling, room temperature process-ability and long shelf 

life.  

 

10.1 Research Breakthrough 

 

Anthanthrone and its derivatives can be said to be important materials for donor polymers for 

solar energy conversion because of their extended π-conjugation and good optical responses. 

One will therefore expect a myriad of application of this group of materials in the field of 

photovoltaic cells. However, the contrary is observed. The keyword search ―anthanthrone 

based polymers for photovoltaic applications‖ returned no journal on any research work 

based on this subject matter. The keyword ―anthanthrene based polymers for photovoltaic 

applications” returned similar result. Due to the challenge of synthesizing large PACs based 

polymers, the intriguing properties of these materials have not been explored in photovoltaic 

application. The dearth of literature in this subject matter is an index of the relevance of this 

work. This research has successfully shown the incorporation of PACs into the backbone of 

PAE-PAV to give polymers with impressive un-optimized photovoltaic responses. It has 

unveiled the possibilities of applications of PACs based on anthanthrone and anthanthrene for 

photovoltaic applications. This study is believed to be capable of introducing anthanthrone 

and its derivatives based polymers as alluring donor materials in the photovoltaic market. In 

addition, apart from fullerenes which are effective and promising acceptors for solar 

photovoltaic energy conversion, this work indicates the possibility of incorporation of 

dendritic materials as acceptor materials for photovoltaic investigation. In the few 

applications of dendritic materials for photovoltaics, they have only been analysed as donor 

materials [5-10]. No report of their investigation as acceptor. This research work has 

therefore opened a new field of research for photovoltaic donor and acceptor materials. 
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10.2 Conclusion  

 

This thesis describes a number of new, exciting and promising materials for organic 

photovoltaic cells. It explored and uncovered ways of engineering and enhancing the 

potentials of donor and acceptor materials for organic photovoltaic applications. 

Improvement in solubility, photo-physical and photovoltaic parameters was achieved. 

However, the photovoltaic results obtained in this study are not optimal for these classes of 

materials. They do not represent the maximum attainable efficiencies of devices with these 

polymers. Further material and device optimization is required to fully explore them. 

Optimization of device is possible through morphological optimization and post-production 

treatments of the polymer-PCBM blends. For instance, the low fill factors recorded for most 

of the polymers in this work can be addressed by optimization of the donor:acceptor ratio and 

layer thickness.  

 

10.3 Future Work and Recommendation 

 

1. Detailed quantitative and qualitative investigations of the photo-physical and 

photovoltaic properties of the polymer and co-polymers SV1 – SV16, P6 and 

P7 through X-ray investigation and mobility studies will be worthwhile. 

 

2. Varying the ratio of PCBM to polymer, device engineering such as solvent 

annealing and thermal annealing which usually have different influence on the 

photo-physical and photovoltaic properties of the material is recommended.  

3. Investigation of other electrodes in place of LiF/Al in the device configuration. 
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4. Furthermore, it is obvious that despite the good optical properties of 

anthanthrone, its photovoltaic properties are far from being enhanced. Under 

the same reaction conditions as in the case of SV12 – SV16, SV9 – SV11 were 

relatively insoluble and with relatively low yield. To achieve optimum 

photovoltaic properties from anthanthrone, the solubility challenge should be 

addressed. Ways to further improve the solubility and yield of anthanthrone 

based homo and co-polymers should be sort after.  

 

5. Also, the solubility of the novel acceptor BTFP synthesized and reported in 

this study should be improved for better photovoltaic performance. 

 

6. The metallodendrimer Co-PPI should be applied with suitable donor for 

device fabrication. 
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