
 

 

Development of New Conjugated Polymers for 

Application in Solar Cells 

 

By: 

Ahmed Ghaleb Al-Azzawi 

 

A thesis submitted in partial fulfilment of the requirements for the degree 

of Doctor of Philosophy 

 

The University of Sheffield 

Department of Chemistry 

 

 

June 2016



i 

 

Dedication 

“A journey of a thousand miles begins with a single step” 



ii 

 

Declaration 

This thesis is submitted for the degree of doctorate of philosophy (PhD) at the 

University of Sheffield, having been submitted for no other degree. It records the 

research carried out at the University of Sheffield from October 2012 to October 2016. 

It is entirely my original work, unless where referenced. 

 

 

Signed ...............................................  

Date .................................................. 



iii 

 

Abstract 

Solar radiation can be exploited to generate electricity via photovoltaic devices without 

carbon dioxide emission or any polluting gases. Photovoltaic technology is one of the 

essential ways to harvest energy from sunlight streams and address global growth 

needs. The current technology which uses devices based on crystalline silicon 

dominates the solar cell market. However, it has limitations and drawbacks such as 

energy and financial costs. Thus, plastic solar cells are being developed by numerous 

researchers in order to develop their performance as an alternative technology. This 

new concept is particularly attractive over its inorganic counterpart due to the 

extraordinary advantages it could offer in the area of solar cells including: increased 

flexibility, high processability, light weight and potential low cost fabrication in the 

large scale. Furthermore, organic solar cells have high optical absorption relative to 

their analogues. Although considerable development has been made in this area, much 

work is needed to improve the performance of organic semiconductors which are still 

not as efficient as their inorganic semiconductor counterparts. To optimise the 

efficiency of this new technology concept, it is crucial to understand the limitations of 

its performance. Unlike inorganic solar cells, the charge carrier mobility and stability of 

organic solar cells are generally low which reduces their performance. As a result of 

these limitations, this technology is still not as competitive for use in electronic 

applications that require high charge mobility and stable materials. However, organic 

materials with superior properties and ideal morphology may push plastic solar cell 

technology to compete with traditional semiconductors in the commercial market for 

electronic applications. 

In the second chapter, the preparation and investigation of the physical properties of a 

series of low energy bandgap alternating donor-acceptor polymers comprising 4,9-

linked di-2-thienyl-2,1,3-naphthothiadiazole units and carbazole, anthracene or fluorene 

units with alkoxy or alkyl substituents is presented. The influence of replacing 2,1,3-

benzothiadiazole (BT) with 2,1,3-naphthothiadiazole (NT) in this series of conjugated 

polymers is investigated, and the optical, electrochemical and photovoltaic properties of 

these three polymers are examined. Previous works within the Iraqi group have shown 

that the benzothiadiazole (BT) counterpart polymers have low solubility and molecular 
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weight. Replacing BT with NT moieties in the conjugated polymers resulted in 

materials with increased molecular weights and solubilities. It was hypothesised that 

this is due to twisting out of planarity of rings adjacent to the naphthothiadiazole repeat 

units along polymer chains. Surprisingly, the NT-based polymers still displayed lower 

bandgaps relative to their BT-based analogues despite of this. Photovoltaic devices 

with an active layer composed of thin films (65-75 nm) of polymer/PC71BM blends 

spin coated from chlorobenzene or a mixture of carbon disulphide and acetone were 

analysed. Power conversion efficiencies (PCEs) ranging from 1.74 to 2.17%, are 

obtained with these NT-based polymer systems with PCDTNT-P2 showing the best 

performance among this series of polymers. 

In the third chapter, the preparation of materials where the thiophene-spacers used in 

the conjugated polymers discussed in chapter 2, were replaced with either acetylene-

spacers or acetylene-thiophene linkers was undertaken. The new series of polymers was 

prepared through Sonogashira polymerisation conditions. Incorporation of acetylene 

groups on the polymer chains reduces steric hindrance between donor and acceptor 

moieties and increase planarity, resulting in decreased molecular weights of the 

resulting materials. Thus, both ethynylene-based polymers and ethynylene-thiophene 

based polymers showed red-shifted absorption maxima compared to their counterparts 

in the second chapter, owing to adoption of more planar structures. We speculate that 

this is a consequence of enhanced intermolecular interactions brought about by 

incorporation of ethynylene units in the polymer main chains. 

Finally, in chapter 4, the effect of ethtynylene spacers on the bandgap of alternating 

polymers, comprising 4,7-linked benzothiadiazole units and 2,7-linked fluorene, 2,7-

linked carbazole or 2,6-linked anthracene repeat units has been investigated. The three 

novel ethynylene-based polymers were prepared via the Sonogashira coupling reaction. 

The optical, electrochemical and thermal properties of the resulting polymers were 

compared and analysed. All polymers displayed low solubility in common organic 

solvents and have moderate molecular weights. Optical studies revealed that all the new 

ethynylene-based polymers displayed large bandgaps in excess of 2.1 eV. It is 

hypothesised that incorporation of acetylene units between the BT units and the other 

electron donor units over polymer chains leads to a poor electron delocalisation and 

conjugation length between donor and acceptor moieties; a result of the slight electron 
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accepting properties of the acetylene units. The HOMO levels of the resulting polymers 

are unaffected by the different donor moieties. However, varying the electron donor 

units can perturb the electron accepting ability of the polymers in this series and as a 

consequence their LUMO levels. Anthracene-based polymer (PPADEBT-P12) 

displayed the lowest LUMO level, while the fluorene-based polymer (PFDEBT-P10) 

displayed the highest LUMO level. All polymers showed good stability to thermal 

degradation. The amorphous nature of these polymers was confirmed with powder X-

ray diffraction studies. 
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Chapter 1  

1.1 Introduction 

The technology of organic semiconductors has developed and progressed remarkably 

since the early work on polyacetylene (PA) which emerged in 1976 as the simplest 

conjugated polymer. The conducting ability of the polymers was discovered by 

Shirakawa and his talented group when they doped PA with Iodine.
1-4

 This discovery 

opened up a new field of research on the electronic technology that is considered as the 

first generation semiconducting polymers.
5
 The second generation of conjugated 

polymers was introduced as soluble and stable polymers such as poly(3-alkylthiophenes) 

(PT) and poly(p-phenelene vinylene) (PPV) due to alkyl chains and heteroatom over the 

polymer chains.
2,5,6 

The third generation of organic semiconductors has more complex 

structures with more atoms in the main chains of the conjugated polymers such as 

donor-acceptor (D-A) alternating polymers along the main chains. These materials have 

emerged in the past few years as stable semiconducting materials. The main target of 

synthesis of D-A conjugated polymers is to attain high efficiency materials due to 

alternating electron deficient and electron-rich units along the backbones of conjugated 

polymers which will be discussed later.
5,7 

The prototype of conjugated polymers (PA) was described by Natta et al. in 1958 and 

prepared using a Ziegler-Natta catalyst before the conductivity of this type of polymer 

was discovered.
1,4,8

 Later, it was realised that the main chains of conjugated PA might 

have various interesting properties, especially optical, electrical and magnetic 

properties.
1,9

 To explain the unique optoelectronic properties and conductivity, it is 

necessary to demonstrate the electronic structure of the repeat units of the polymer. PA 

is commonly considered as a model system for describing a prototype conducting 

polymeric material. Compared with un-saturated molecules,  -bonded hydrocarbon 

chains possess large bandgaps and are considered as insulating materials such as 

polyethylene which has an optical bandgap of around 8 eV.
10-12

 

With respect to the conjugated polymer, it is an unsaturated molecule that consists of 

alternate single and double bond C-C atoms over its main chain. The main backbone of 

PA has three covalent  -bonds between adjacent C atoms and H atoms due to 



2 

 

overlapping sp
2
 hybrid orbitals in the plane geometry; these bonds hold the main 

structure chain of the PA together. The π-bonds in the chain of the polymer come from 

the unhybridized pz orbital on each carbon or nitrogen atom, which lies perpendicular 

on the plane structure. The overlaps with the pz orbital on the neighbouring atom via the 

interaction to form π-bonds result in delocalised π-electrons over the long chains.
1,13,14

 

In order to understand how the optoelectronic properties of the conjugated polymer in 

organic photovoltaic devices are modulated, molecular orbital theory (MO) is essential 

to explain the bond formation and delocalised electrons over the conjugated chains.
15

 

Generally, the conjugated polymers have   and π-bonds over the main chains,  -bonds 

are formed when two atomic orbitals overlap resulting in two molecular orbitals having 

different energy level. The low energy molecular orbital, is called the bonding ( ) 

molecular orbital, which is formed as a result of the in phase atomic orbitals overlap 

(constructive interference) causing an increase in electron density along the bond axis. 

The molecular orbital of increased energy is referred to anti-bonding (  ) orbital due to 

the out of phase atomic orbitals which interfere destructively resulting in low electron 

density between the two nuclei
16,17

 as shown in Figure 1-1. 

 

Figure 1-1: Molecular orbital energy levels diagram demonstrating the formation of  -

bonding and    -antibonding molecular orbitals. 

In terms of energy, the difference energy, commonly known as energy gap or bandgap, 

is referred to the required energy which excites an electron from the bonding orbital 

(the valence band) to anti-bonding orbital (the conduction band). As mentioned before, 

the hydrocarbon molecules containing only  -bonds are considered as insulators with 

relative large bandgap resulting in no electrons accommodating the anti-bonding 

molecular orbital, thus no charge carriers migrate through the alkyl chain structure.
16

 π-
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Bonds (Figure 1-2) are formed through the overlap of atomic pz orbitals that are 

parallel to each other on carbon atoms and perpendicular to the atom axis. This 

attraction between atomic orbitals forms a π-molecular orbital which is spread over and 

below the atomic orbitals with different energy levels. The molecular orbital of reduced 

energy is termed to as the π-bonding orbital (Highest Occupied Molecular Orbital 

HOMO), whilst the molecular orbital of increased energy is referred to the π*-bonding 

orbital (Lowest Unoccupied Molecular Orbital LUMO).
15

 

 

Figure 1-2: The diagram of molecular orbital showing the formation of π and 

π*bonding orbitals. 

Combination of the differences in these energy levels along a polymer chain generates 

π-bands (difference HOMO vs LUMO). The resulting π-bond is shorter than  -bond 

due to the effect of pulling carbon atoms closer to each other, resulting in narrow 

bandgap.
15

 The energy bandgaps of organic molecules are the origin of intrinsic 

properties that characterise conjugated polymers as semiconducting materials. In 

addition, the HOMO-LUMO energy gap is determined by the number of sub-bands in 

low and high energy levels that are dependent on the number of carbon atoms in the 

repeat unit of the polyene.
1,13,14

 The energy gap (Figure 1-3) between HOMO and 

LUMO are decreased as a sequence of extended conjugation in the main chain, 

resulting in more thermodynamically stable molecules when compared to a saturated 

hydrocarbon chain of the same length.
15

 Overall, the bandgap of conjugated polymers 

containing alternating single and double bonds is smaller than the bandgap of non-

conjugated materials and is in the range 1 to 4 eV.
10

 The HOMO-LUMO bandgap of 

organic molecules determines the absorption profile, thus this bandgap illustrates a 
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relation between absorption profile and harvesting ability of the conjugated polymer in 

an organic device with an increasing number of repeating units in the π-system.
14,18

  

 

Figure 1-3: Energy diagram profile showing the effect of increasing the number 

conjugated π-bonds on the magnitude of the bandgap energy of a conjugated polymer. 

Generally, this is not the whole picture for conducting conjugated polymers. Most of 

the conjugated polymers are disordered structures which are termed as amorphous 

materials. Weak interchain interactions of these molecules are one of the defects of the 

polymer chains. This weakness 
19 
causes energy barriers for π-electron delocalisation 

and reduce the chain packing.
1
 In addition, disordered structures result in localisation of 

the electron-hole pairs which are more strongly bound by Coulomb interaction.
1,10,20

 A 

polymer such as PA, which has a relatively enlarged π-electron system in its backbone, 

is an insulator (not conductive) in its native state. However, this state can be 

transformed into a conductive state by doping processes 
1
 (oxidative dopant or 

reductive dopant) in order to exhibit metallic and conducting properties for the 

polymer. This process converts the insulating neutral polymer into (cation or anion) 

complex that is the reduced or oxidised form of the conducting material. 
1,21-23

Although 

PA is one of the most conducting polymers studied today, its instability in air and the 

tedious processability are still amongst the challenges 
6 

that have motivated the research 

community to develop other stable and easily processable polymeric materials. These 

materials based on aromatic structures or heterocycles having a five membered ring 

structure in the main chain. The molecular structures of the second generation of 
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semiconducting polymers
5,6

 are depicted in Figure 1-4. For example, polythiophene and 

poly(phenylene vinylene) were made soluble and processable via attaching alkyl or 

alkoxy side chains.
5
 Nevertheless, these species do not possess ideal bandgaps which 

negatively impacts on their harvesting sunlight ability.
24

 

 

Figure 1-4: Molecular structures of some important heterocyclic polymers (second 

generation). 

The third generation of semiconducting polymers has emerged in the past few years as 

a result of developments in polymer-based photovoltaic elements. These polymers have 

more complex molecular structures with different atoms in the repeat units with either 

heterocycles or benzene rings.
5
 Incorporation of alternate electron donor-acceptor units 

over the polymeric backbone decreases the bandgap of the polymer, resulting in an 

enhancement of the absorption ability of the organic semiconducting material.
25

 During 

the last few years, remarkable progress has been achieved in this field, and the 

efficiency of these materials in devices has exceeded 9%.
26

 It is well recognized that 

substantial features and properties of conjugated polymers play crucial roles in the 

overall performance for organic photovoltaic (OPV) devices.
27

 Therefore, an enormous 

number of conjugated polymers have been reported for application in electronic 

devices, leading to a wide variety of physical and mechanical properties as a 

consequence of the various organic syntheses of the conjugated polymers.
7,28 

Alternating electron rich and deficient motifs in the main backbone of the polymer 

results in the tuning of its energy levels and its bandgap.
28,29

 The aim of the D-A 

approach is to obtain a narrow bandgap and a highly ordered chain structure. Moreover, 

incorporation of alternate donor-acceptor motifs into the polymer chains can facilitate 

intermolecular interactions.
25,30,31

 These interactions can enhance electron transfer in 

the organic cell.
29

 On the other hand, the disordered structure and poor crystallinity of 

conjugated polymers have considerable influence on charge carrier mobility and 
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performance. Additionally, large bandgap organic semiconductors limit the absorbing 

ability of devices compared to traditional crystalline silicon devices which have an 

efficiency of 25 %. Consequently, the performance of organic devices is greatly 

limited.
32,33

 Nevertheless, the organic photovoltaic devices have received great 

attention in both research and industrial communities as a consequences of their 

potential advantages such as, lightweight, affordable costs and ease of manufacture to 

produce plastic devices for renewable energy.
28,34

 Furthermore, the chemical 

modification and manipulation of synthetic methods of these organic materials 

introduce various intrinsic and promising properties, which have caught the attention of 

the research community.
32,34 

Despite great progress, organic solar cells have not yet 

reached the industrial market unlike traditional inorganic solar cells.
35

  

1.2 Architecture of organic solar cells 

In the history of organic material-based electronic devices, a single layer sandwiched 

between two electrodes was the first design used for organic solar cells. Then this 

single layer design has been replaced by a bilayer junction in order to improve the 

performance of the device. The major breakthrough and rapid development of 

configuration of these devices have been achieved since the bulk heterojunction (BHJ) 

concept was introduced. This discovery led to an efficient charge transport in 

conjugated polymers. Further development of BHJ design was accomplished via 

enhancement of the morphology of the active layer to secure efficient exciton (electron-

hole pair) dissociation and charge mobility. Although OPVs have been rapidly 

improving in terms of their efficiency, there are still challenges that are not fully 

resolved such as further improvements in device efficiencies, low lifetimes of devices, 

stability and large scale production.
36

 

1.2.1 Single layer device 

The earliest organic solar cell (Figure 1-5) was based on a single photoconductive 

material sandwiched between two metals with different work function electrodes. In an 

organic single layer device, a photovoltaic effect can arise due to symmetry of organic 

device,
32,37 

which results in formation of a Schottky-barrier. This barrier is formed 

between the p-type (hole transporter) organic component and the low work function 

metal as cathode (electron transporter).
32,38 

Exciton dissociation occurs at the cathode 



7 

 

interface but excitons are not completely free and tightly bonded. Therefore, only 

photogenerated excitons that reach the dissociation interface can split and generate free 

charge carriers. Consequently, as a result of light absorption by the active layer, it is 

important to highlight that the free charge concentration in the photoactive layer is low. 

The first fabricated single layer device exhibited low efficiencies in the range of 10
-3

-

10
-2 

%,
32

 this can be attributed to a loss mechanism caused by short exciton diffusion 

lengths in the construction, leading to recombination of the excited charge carriers.
39

 

However, drastic and rapid progress in single layer device efficiency was achieved 

(0.7%). In this case, the Schottky-barrier effect was enhanced by constructing organic 

layers sandwiched between a metal- metal oxide (Metal-Insulator-Semiconductor-MIS-

device).
32 

 

 

Figure 1-5: (a) Schematic of a single organic device. (b) In a p-type Schottcky contact 

at the metal cathode. Photogenerated excitons are dissociated in a thin depletion region 

W. 

1.2.2 Bilayer device 

The introduction of the bilayer concept was considered a major breakthrough in the 

performance of electronic devices.
32,37

 This type of device was introduced by Tang et 

al. in 1986. This structural configuration proved to be the outstanding bench mark in 

the field of organic solar cells 
40

 to overcome the above-mentioned serious limitations 

of a single device.
41

 Tang reported a two layer device containing phthalocyanine 

derivatives as the p-type and perylene derivatives as the n-type components sandwiched 

between two electrodes as schematically depicted in Figure 1-6. The p-n junction 

device achieved a power conversion efficiency (PCE) about 1%.
40 

In this device, the p 

and n-type are layered together with a planar interface as phase separation is key 
40,42,43 
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in controlling the photovoltaic properties of the device.
37

 Tang described that excitons 

generate and diffuse at the D/A interface where excitons are separated to free charge 

carriers (free hole and electron). The p-type (Donor) carried the holes to the prospective 

anode (indium tin oxide, ITO) while the n-type (Acceptor) carried the electrons to the 

respective cathode (Al).
40

A big advantage of this mode of operation and geometry was 

an efficient exciton dissociation across the interface, resulting in a decrease in 

recombination losses.
39,40,44

 However, a short distance of exciton diffusion into the 

bilayer was observed due to the excitonsʼ limited lifetimes. This limitation causes 

decay of excitons to the ground state without reaching the acceptor domain. Moreover, 

the exciton diffusion length restricts the thickness of the active layer to the range (10-

100 nm), resulting in a loss of absorption of photons limiting the performance of the 

bilayer device.
29,39,45 

Therefore, the interfacial area between donor and acceptor 

material should be as large an area as possible to guarantee better exciton dissociation, 

hence the invention of the BHJ concept.
37

 

 

Figure 1-6: (a) Schematic of a bilayer organic structure. (b) Schematic of a phase 

separation of bilayer device. The donor contacts the higher work function electrode and 

the acceptor contacts the lower function electrode. 

1.2.3 Bulk heterojunction (BHJ) device 

Yu et al. 
29

 introduced the concept of the BHJ device, which was constructed by 

blending two organic materials (donor-conjugated polymer) and (acceptor-fullerene 

derivatives). Under this concept, the most common method of the formation of the 

active layer is to disperse the acceptor component in the conjugated polymer. The 

method is achieved by spin-coating a solution of both components in an organic solvent 
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to form an interpenetrating network known as a BHJ.
32,46,47

 This approach highly 

distributes and maximises the donor acceptor interfacial area within the active layer 

ensuring efficient exciton dissociation over the whole extent of the active layer, thus 

maximising the number of free charge carriers. Moreover, this architecture secures the 

charge percolated pathways to collect free charge carriers in the donor and acceptor at 

respective electrodes; completing the conversion photon of energy into electrical 

energy.
28

 A typical dimension of the heterojunction interface must be within the exciton 

diffusion length (10-20 nm) in order to obtain better exciton dissociation and high free 

charge concentration. An efficient photoinduced electron transfer in conjugated 

polymer:fullerene composites can be accomplished by controlling the phase separation 

between the components using intimate mixing of morphology. This leads to 

enhancement in the efficiency of exciton splitting and transport and will be discussed 

further below.
29,34

 Concerning BHJ device energy levels, the excited electron shifts 

from the polymer LUMO to the fullerene LUMO reaching the cathode via electron 

paths, the hole transfers directly from the polymer HOMO to the prospective anode via 

hole paths. The potential difference between the two components at the interfacial area 

generates a driving force facilitating exciton splitting (bonded electron-hole pair) 
48,49

 

as depicted in Figure 1-7. 

 

Figure 1-7: Schematic of a bulk heterojunction device. The donor component is 

blended with the acceptor component throughout the whole film. Consequently, 

photogenerated excitons can be separated into charge carriers at any place within a thin 

film. 

The architecture of the BHJ has significantly improved the performance of the organic 

solar cells. However, there are substantial challenges to obtain high efficiency, mainly 
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because of the difficulty to dissociate the excitons (bonded electron-hole pairs) with the 

increased disorder of the morphology. Furthermore, inefficient physical mixing might 

create isolated regions within BHJ layer.
50

 The random distribution of electron 

donating and accepting materials within the single active layer leads to poor charge 

mobility due to complicated charge carrier paths to the prospective electrodes,
51

 

resulting in decay and recombination of charge carriers.
39,51 

The layered structure in  astandard BHJ device (Figure 1-8) consists of four essential 

layers: a conductive layer (polymer:fullerene mixture) sandwiched between two 

electrodes, a transparent ITO coated on a top of a glass substrate is used as anode. It is 

usually covered with poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) which is applied between the photoactive layer and the anode, then a 

metal cathode such as Al is deposited as the top electrode on the OPV device. Both of 

the electrodes are connected into internal circuit to flow the photocurrent.
28,37

 

 

Figure 1-8: Schematic device structure of the OPV (glass/ITO/PEDOT: PSS/ active 

layer (polymer-fullerene bulk)/ Li/Al). 

Employing the conjugated polymer:fullerene derivatives in a bilayer structure achieved 

highly increased photoconductivity. Recently, Seok et al. reported highly efficient 

devices using a carbazole-based polymer)/fullerene PC70BM. The device achieved a 

PCE of 7.12%.
52

 Regarding the BHJ device components, Buckminster fullerene C60 

and its derivatives such as [6,6]-phenyl-C₆₁-butyric acid methyl ester PC61BM have 

been intensively used as a standard acceptor in a BHJ solar cell along with the 

conjugated polymer as typical donor.
29 

The exciton dissociation rate of the 

photoinduced electron transfer takes place rapidly, facilitating the charge splitting at the 
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donor acceptor interfacial area as shown in Figure 1-9. Other fullerene derivatives such 

as C70 and its counterpart C71 are the new standard n-type materials within the active 

layer due to their solubility in organic solvents and absorption ability in the visible 

area.
28

 There is still need to further enhance the p-type material toward an ideal donor; 

various conjugated polymers have been employed to fabricate the active layer for 

electronic applications. Using different kinds of conjugated polymers allowed the 

design of polymers with promising properties in devices.
29

 Sprau et al. developed co-

polymers with alternating benzodithiophene-thienothiophene and achieved a BHJ solar 

cell with a high performance of 9.5%, using the fullerene (PC71BM) as acceptor into the 

active layer.
53

 

 

Figure 1-9: Illustration of the main process of photoinduced electron transfer from the 

donor (RO-PPV) to the acceptor (PCBM) as well as the energy level diagram of the 

working process for D-A heterojunction solar cell. 

1.3 Basic operating principles of organic solar cells 

Commonly, the organic photovoltaic device is not able to generate free carrier charges 

(holes and electrons), unlike the inorganic semiconductors such as silicon solar cells.
54

 

Photoexcitation process in organic photovoltaic devices (Figure 1-10) generates 

excitons (a coulomb-correlated electron-hole pair). Therefore, the organic 

semiconductors need an additional thermodynamic driving force to overcome the 

Coulombic attraction and split the excitons into free charges at the interfacial area.
55,56

 

It is well known that the organic photoconversion system consists of two different 
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potential semiconducting materials, that are blended together to secure the driving 

forces for exciton splitting as a result of different electron affinities.
57

 

The operating principle of an organic photovoltaic device for completing the 

conversion of a photon of light into electrical energy is outlined in Figure 1-10. The 

main mechanism of operation of an organic device comprises several steps including: 

photoexcitation of the conjugated polymer (primary absorber) to generate excitons 

(electrostatically coupled electron-hole pairs). An electron can be excited from a low 

energy level to a high energy level in the donor domain of the light capturing film in 

order to form the exciton due to photoabsorption.
 
The photogenerated exciton then 

moves to a region where exciton dissociation takes place at an interfacial area as a 

result of a chemical potential gradient.
58

 Previous literature has shown the 

photogenerated excitons possess a short life time and a diffusion length (10-20 nm).
59

 

The formation of a charge transfer (CT) complex is preferred to take place at hetero-

interface when the binding energy of the complex is less than the energy differences 

between the LUMO energy levels of the conjugated polymer-fullerene.
58

 However, the 

overall mobility of electron-hole pairs is limited  to a few nm owing to the very small 

lifetime of excitons.
60

  

 

Figure 1-10: (a) Schematic diagram demonstrating the operating mechanism of donor-

acceptor BHJ device. (b) Basic energy level diagram for the photovoltaic process. 

The CT state energy relies on the Coulombic attraction of the exciton that formed 

across the donor-acceptor interface when the electron is transferred to the acceptor. The 

CT complex can convert to a charge separated state (CS) or free charge carriers via 

exciton dissociation.
58,61,62

 Generally, the exciton dissociation is highly dependent on 
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the presence of a potential difference between p-type and n-type domains, it is desirable 

for the electron donor to have a high ionization potential (IP), while the electron 

acceptor has strong electron affinity (EA). This difference can generate the driving force 

for the dissociation of the photogenerated excitons.
60,62,63

 Furthermore, exciton 

dissociation can be enhanced by maximising the polymer-fullerene interfacial area, 

resulting in maximising the number of the free charges. Optimising the morphology of 

the device also enhance the exciton splitting in the organic device.
28

 However, the 

recombination of geminate pairs across a hetero-interface area is assumed to occur as 

an undesirable outcome in the organic photovoltaic device. This can be attributed to 

failing to reach the exciton at the interfacial area within its lifetime therefore it will be 

considered as a loss mechanism and loss in efficiency as radiative decay.
60,62,63

 Once 

the photogenerated excitons have reached the interfacial area, they are dissociated to 

generate the free charge carriers as a sequence of electron transfer from the LUMO of 

the polymer (p-type) to the LUMO of the fullerene (n-type), whilst the holes are 

localised in the polymer component.
55

 The transportation of free charge carriers 

through p and n-type components to prospective electrodes for collection is essential to 

allow current extraction; both electrodes are connected with an external circuit to 

transport the free charges after migration through the materials of the active layer.
60,62,63

 

It is worth mentioning that intramolecular charge transfer (ICT) over the backbone of 

the polymer induces the charge to migrate through the polymer area.
64

 In the BHJ 

configuration, interpenetrated pathways are important for charge transport. The 

efficiency of charge transport can be considerably affected by molecular orientation, 

packing structure and the degree of structure ordered.
58

 An internal structure and 

material design are the key features that determine photovoltaic performance of 

Polymer Solar Cell (PSC) through minimisation of energy required and charge loss 

mechanisms.
58,63

 

1.4 Characterisation of organic solar cell 

Solar cell performance can be evaluated by J-V curves. A typical of J-V characteristics 

for a solar cell in the dark and illumination is depicted in Figure 1-11. Commonly, 

Power Conversion Efficiency (PCE) represents the integrated evaluation of the 

performance for an electronic device.
65

 This measurement is strongly dependent on key 

parameters including the short circuit current density (Jsc), open circuit voltage (Voc) 
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and fill factor (FF).
62,65

 The J-V characteristics are carried out under dark and 

illumination conditions with standard test condition (STC) as laboratory testing. The 

STC is accompanied with solar spectrum intensity at 100 W/cm
2
 as well as an air mass 

(AM 1.5) at an incident spectral angle of about 48° and constant room temperature 25 

C°.
34,37,63 

Importantly,
 
the standardised measurement condition used for organic solar 

cells is essential to be able to compare the parameters measured for the performance of 

devices and unify the measurement across the world.
32,34,37,66 

The graph can provide 

intrinsic information on how the OPV works and if the energy levels match with the 

organic material of the active layer. All these parameters will be helpful in the design of 

new materials.
66

 

 

Figure 1-11: Common current density-voltage (J-V) curve under dark and illumination 

for a typical organic solar cell. 

The following critical parameters are used to determine the performance of organic 

solar cells. 

Open circuit voltage (Voc): This parameter represents the maximum excluded voltage 

across the device when there is no current flow, it is highly dependent on the difference 

between the HOMO of the p-type material and the LUMO of the n-type material
58,63,65

 

as illustrated in equation (1).
65

 

׀             ׀              (1)        ׀               ׀  
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Where e is the elementary charge, a minimum energy difference of roughly 0.3 eV 

between the LUMOs of the conjugated polymer and fullerene is required to facilitate 

exciton dissociation and formation of free charge carriers.
65

 Theoretically, a polymer 

with low lying HOMO level introduces a high value of Voc. Nevertheless, continuously 

dropping the HOMO level of polymer would inevitably increase the bandgap of the 

conjugated polymer, resulting in a low Jsc value which is attributed to diminishing the 

absorption ability of the donor. Furthermore, the morphology of the active layer of 

devices has a noticeable influence on the Voc value.
28

 

Short-circuit current density (Jsc): It is defined as the maximum current flow from a 

photovoltaic device when there is no applied voltage between the electrodes. 
58,63,65

 
 

The Jsc value can be affected by different factors including the amount of the generation 

and collection of photogenerated charge carriers. Moreover, it is highly sensitive to the 

morphology of the active layer in devices, which affects exciton diffusion, dissociation 

efficiency and charge splitting ability.
34,58,63

 Therefore, optimisation of photovoltaic 

devices is required through the choice of casting solvent, additives and deposition 

method.
32,37,67

 The Jsc is correlated with the amount of light absorbed, hence the 

absorption of the active layer especially that of the conjugated polymer should overlap 

with the solar spectrum in the visible area; where most of the spectrum energy (almost 

70%) is distributed. Ideally, the conjugated polymer should absorb over a wide 

spectrum and have a good harvesting ability which is achieved by designing low 

bandgap polymers.
28

 

Fill Factor (FF): It is defined according to equation (2) as the ratio of maximum actual 

power output (Jmp, Vmp) of the cell to its theoretical power output depended on Jsc and 

Voc. This parameter represents the squareness of the J-V curve. It provides a good 

indication of how easy or difficult the charge carriers amount to be excluded out of a 

photovoltaic device to the electrodes. 
63,66,68

 The parameter is sensitively affected by the 

charge mobility, the active layer thickness and morphology.
65

  

    
    

      
 

      

      
 (2) 
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Understanding of FF and the fourth quadrant J-V curve are important to probe what is 

happening inside the cell and how the device works especially associated the efficiency 

of lifetime and mobility of charge carriers.
66 

Power conversion efficiency (PCE): It is described as the percentage associated with 

the ratio of maximum produced power output (Pmax) by an organic cell to the power 

input (Pin) which is available in the incident light. This quantity measures the efficiency 

of OPV under standardised conditions.
37,58 

Once the parameters have been identified, 

the PCE can be calculated using the following: 

     
      

   
  

           

   
 (3) 

Over the past few years, the power conversion efficiency (PCE) for BHJ organic solar 

cells has been steadily improved.
66

 Recent theoretical calculations show that it is 

possible to achieve a PCE for BHJ solar cells over 12%, if the optimum polymer is 

available within the active layer 
28,29 

as a result of optimisation of the nanoscale 

morphology of the active layer in a photovoltaic device.
69

 It is required to obtain and 

combine all the important values such as Jsc, Voc and FF in one conjugated polymer in 

order for achieving the highest possible performance.
28

 Recently, interesting studies 

were achieved by Zang et al. where they synthesised and designed a novel conjugated 

polymer that displayed a high PCE of 9.0 %.
70

 Another study by Kim et al. achieved a 

high PCE of 9.21% using a PT-ttTPD/fullerene as BHJ device.
71

 

1.5 Molecular engineering of conjugated polymers 

Design and synthesis of conjugated polymers toward ideal p-type materials are the 

most critical challenges in order to obtain the most desirable characteristics. The 

harvest absorption qualities of the polymer in the visible area, high charge mobility, its 

HOMO and LUMO positions can be considerably influenced by the make-up of the 

conjugated polymer. Understanding of molecular design by using various materials and 

different synthesis methods allows improvement of intrinsic photovoltaic properties of 

conjugated polymers; hence optimisation of the overall PCE of organic devices. The 

chemical properties and optoelectronic of the conjugated polymer are dictated by the 

molecular structure. Thus, tailoring of the molecular structure of the p-type material is 
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fundamental. Furthermore, controlling of morphology in BHJ devices is another 

parameter associated that contributes to film-forming properties, excitation diffusion 

length and charge transportation. All these factors are altered by the design of organic 

semiconductors. Both design and synthesis parameters are  linked as depicted in 

Scheme 1-1.
29,72 

 

Scheme 1-1: The main factors which improve the performance of PV device. 

1.5.1 Requirement of bandgap and energy levels 

The magnitude of the energy gap and energy level positions of HOMO and LUMO in 

the conjugated system of a polymer dictate the optical and electronic properties, hence 

influence on the ultimate photovoltaic performance of PSC. To fully exploit the 

sunlight energy, the conjugated polymer in the active layer should be compatible with 

the incident solar spectrum. Introduction of low bandgap polymers is required for 

efficient harvesting of the photo flux of sunlight,
32,73

 thus the amount of absorbed 

photons is determined by the size of the optical bandgap of the polymer.
74 

Therefore, 

development of narrow bandgap conjugated polymers for electronic applications is 

highly needed to absorb the greater part of the terrestrial solar spectrum in the visible 

region and maximise the exciton generation.
28

 Numerous chemical structures, with 

structural modifications and manipulations, have widely been studied in order to 

achieve low bandgap systems without the need of doping these materials.
29

 The main 

motivation for the elimination of the doping process for the preparation of organic 

semiconductors is due to the poor solubility and infusibility of a given doped polymer 

for electronic applications.
75

 A reduction of bandgap of conjugated polymers is 

obtained by either lifting the HOMO energy level, lowering its LUMO level or 

compressing both of them simultaneously.
29

 In the case of BHJ solar cells, the 

polymeric material (p-type) acts as the main light absorber in the D/A blend of the 
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active layer.
28

 Nevertheless, the properties of the n-type fullerene materials are still 

under consideration in order to increase their absorption ability and enhance their 

charge separation at the interfacial region upon replacing C60 with PCBM in the 

resulting active layer.
1,29,76

 It has been mentioned above that Voc is theoretically linked 

to the difference in energy between the polymer HOMO level and the fullerene LUMO 

level in BHJ cells. This parameter is linearly based on the magnitude of the built-in 

potential as a result of the differences of energy levels in polymer/fullerene active layer 

as shown in the energy diagram (Scheme 1-2). 
29

 

 

Scheme 1-2: Schematic energy-band diagram of the simple BHJ solar cells consisting 

of polymer/fullerene derivatives. 

In terms of energy, lowering the polymer HOMO level would inevitably achieve high 

Voc and enlarge the bandgap of the polymer, leading to decreased Jsc values because of 

diminishing of light harvesting ability of the polymer. Whilst an increase of the 

polymer HOMO level would lead to decreased bandgap of the polymer, resulting in a 

broad absorption spectrum resulting in reduced Voc. Essentially the difference between 

the polymer LUMO and the fullerene LUMO must be ~0.3 eV in order to facilitate 

exciton dissociation, thus, this guarantees the downhill driving force between both of 

the components of the active layer.
28,77 

Lowering the polymer LUMO level for 

constructing a narrow bandgap would significantly affect the efficiency of exciton 

splitting and charge transport, this eventually impedes the driving force at D/A 

interface. Consequently, substantial efforts are being directed to balance the trade-off 

between bandgap and energy levels of polymer/fullerene mixture, by manipulation the 

molecular structures of the polymer and using a variety of materials, in order to obtain 

desirable performance in devices.
77 
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1.5.2  Bandgap engineering of conjugated polymer 

Intensive research has concentrated on the synthesise and design of conjugated 

polymers for fine tuning energy levels and bandgap in order to obtain desirable 

photovoltaic performance for integral success of PSC. Desired properties of the 

conjugated polymer can be fulfilled by minimisation of bandgap and optimisation of 

processability. The most important parameters, which play a crucial role in the control 

of bandgap polymers, are: (i) resonance effect, (ii) bond length alternation (BLA), (iii) 

substitution/fusion effect, (iv) D–A alternation.
29,75

 Apparently, the electronic 

applications of π-conjugated systems require a special combination of properties via a 

variety of materials. Regarding to bandgap engineering, it does not only require low 

potential bandgap energy as the main target, but more complex prerequisites are needed 

that can be under consideration. Generally, most of the skeletons of conjugated 

polymers are derived from aromatic and heteroaromatic units such as PP, PPV and PT 

respectively. These structures show two types of resonance forms: aromatic and 

quinoidal forms. The quinoidal structure is energetically less stable than the aromatic 

form and hence has a lower energy and low bandgap, resulting in its delocalisation 

feature destroying aromaticity and thus contributing to decreased bandgap energy ∆E, 

whilst the stability of aromatic structures tends to confine the π-electronic 

delocalisation along polymeric chain within aromatic rings due to resonance effect and 

hence reduce the delocalisation. It is important to understand how synthetic strategies 

used affect the resulting low bandgap systems.
29,78,79  

The BLA parameter presents the fundamental contribution to determine the magnitude 

of the energy gap of polymers such as polyene species. Additionally, inserting vinylene 

groups between adjacent units (Figure 1-12) over the chains of the polymer such as PT 

exhibits a useful strategy for reduction of the bandgap of the system due to dilution of 

the aromaticity.
75,78

 This molecular manipulation used in the polymeric chains results in 

red-shifted absorption owing to an extension of π-conjugated system.
29,78
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Figure 1-12: The chemical structure of PT polymers, showing the effect of adding 

ethylene bonds between the thiophene units in the molecular chain. 

The introduction of electron-deficient or electron-rich substituent is another way for 

tuning the HOMO and LUMO energy levels and bandgap of a polymer. This approach 

(Figure 1-13) is beneficial in designing low bandgap polymers as well as to improve 

the internal interaction in the molecule such as ethylene dioxy thiophene (EDOT), 

resulting in enhanced planarity of the main structure owing to extension of the π-

conjugated system and reduction of BLA.
29,75,78 

 

Figure 1-13: Intermolecular interactions between EDOT molecules. 

Furthermore,
 

a
 

conjugated
 

polymer (PT), containing electron donor and acceptor 

moieties as alternate repeat units (Figure 1-14) exhibits a significant low bandgap of 1.1 

eV.
 
This can be attributed to an increase of the quinoid character and rigidity of the 

resulting polymeric chain.
29

 
 

 

Figure 1-14: Incorporation of electron donor on the thiophene molecules exhibits 

quinoid structures. 

The effect of extended aromatic π-conjugation using fused rings is an effective strategy 

to decrease the bandgap of semiconducting polymers. This method would be helpful to 
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increase the quinoid population over the main chain of polymers. In the case of PT, the 

fusion of benzene rings at the 3,4-positions of thiophene rings such as 

poly(benzo[c]thiophene) (Figure 1-15) introduces a low bandgap of 1.1 eV instead of 

2.0 eV for PT. The decrease in bandgap arises from the consequence of direct of de-

aromatisation of the thiophene ring and adoption of the quinoidal structure. 
78 

 

Figure 1-15: The molecular structure of incorporating fused ring in the thiophene 

system. 

1.5.3 Donor-Acceptor alternation approach in conjugated polymer 

This approach necessitates copolymerising alternating strong electron-donor monomers 

with electron acceptor monomers along the same π-conjugated system of polymeric 

chain in a so-called (D-A).
65

 It became clear that alternate donor–acceptor segments 

contribute to push-pull driving force between adjacent units, in order to facilitate π-

electron delocalisation and the formation of a quinoid mesomeric structure (D-

A↔D
+
=A

-
) over the polymer main backbones, resulting in reduced optical bandgap.

29 

Moreover, it is assumed that ICT between the donor-HOMO and acceptor-LUMO 

reduces the energy bandgap of the polymer, leading to significant reduction in the 

energy bandgap owing to improved interchain delocalisation.
 
The decreased bandgap 

energy can be rationalised and explained via Molecular Orbital Theory (MO). The 

HOMOs of the donor and acceptor segments (Figure 1-16) produce two new HOMOs 

due to the interaction of energy levels.
29

 The interaction between low energy levels 

leads to broadening of the valence band. Similarly, the LUMOs of donor and acceptor 

moieties overlap to generate two new LUMOs of D-A conjugated polymer, resulting in 

increasing the magnitude of the conduction band after dispersing electrons to the new 

hybridized molecular orbitals. These energy levels can be modulated by various 

combinations of donor and acceptor segments into conjugated polymer in order to tailor 

the polymeric characteristics for electronic application.
74,75
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Figure 1-16: The energy diagram demonstrates the effect of polymerising electron-rich 

donor segments and electron-deficient acceptor moieties on the size of bandgap 

polymer 

This synthetic route allows for obtaining well-engineered bandgap conjugated 

polymers.
75

 Numerous novel low bandgap alternating D-A conjugated polymers have 

been reported and afford high performance of over 5% as polymer/PCBM from their 

BHJ solar cells. However, there are still challenges how to obtain desirable energy 

levels and decent bandgap conjugated polymers with various structures used in 

repeating units.
65

 

1.5.4 Morphology of active layers in organic solar cell 

Optimising the active layer morphology is one of the most essential if high 

performance of the polymer is to be obtained. The nanoscale morphology ensures 

nanometre phase separation between donor and acceptor components in the active layer 

that enhance the exciton diffusion, dissociation and charge transport.
32,63,80

 Commonly, 

the ideal active layer morphology in BHJ devices should possess an interpenetrated 

network between polymer and PCBM with small domain size (10 nm), which is 

comparable the exciton diffusion length and lifetime.
63

 Previous study has shown that 

the short lifetime of the exciton requires short distances of diffusion between (10-20 

nm),
59

 this would facilitate all photogenerated excitons to reach interfacial area where 

they could dissociate into free charge carriers.
32

 Maximising of interfacial area between 

donor and acceptor within active layer is as pre-requisite to optimise the dissociation of 

photogenerated excitons, as to maintain bicontinuous phases in order to create charge 

pathways into donor and acceptor domains to the contact electrodes.
28,34,63

 It is clear 

that the active layer morphology plays an important role in determining device 
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performance and hence has a strong impact over device performance.
37,62

 The 

microstructure and morphology of blends of polymer and fullerenes are directly 

affected by the processing steps, which include different parameters such as the casting 

solvent used, polymer/fullerene concentration and ratio, thermal and solvent annealing 

approaches and additives. All these parameters manipulate and modify the active layer 

morphology in order to achieve better performance of device. Spin coating is widely 

used a method in laboratory as a solution phase deposition.
63

 Solvent choice is the most 

critical factor for film-forming properties of the resulting morphology. A proper solvent 

for processing allows diffusion of the fullerene (acceptor) component into the polymer 

matrix and increase the roughness of the separation of phases in smaller fullerene 

domains.
32,37

 Many studies investigated the effect of concentration and ratio contents on 

device performances; the researchers found that high fullerene load with good solvent 

for polymer/PCBM system is needed for an efficient charge carrier transport. An 

intimate inter-mixing of the active layer for BHJ solar cells is required for 

nanomorphology, allowing more diffusion and miscibility of fullerene clusters within 

the polymer matrix.
32

 The optimal morphology of the active layer presents a balance 

between promoting exciton dissociation at the D/A interface and transport of free 

charge carriers to the electrodes.
63

 

1.6 Application of conjugated polymers 

The novelty of conjugated polymers as semiconducting materials is employed in a 

broad spectrum of applications, as they could combine excellent optical and electronic 

properties as well as good thermal and chemical stability. Furthermore, these materials 

contribute to a wide range of applications such as electroluminescent diodes, and field-

effect transistors besides plastic solar cells which was discussed above.
29

 All these 

applications have produced several products that are commercially available in 

global markets.
81,82

 Many conjugated polymers have been intensively investigated and 

applied for these applications.
29

 

1.6.1 Light-emitting diodes  

The tremendous research efforts after discovering electroluminescence (EL) in 

conjugated polymers has led to wide innovations and developments in OLEDs. The 

potential for cheap, easy manufacturing and incorporation into devices of conjugated 
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polymers has attracted considerable interest for their application in light emitting 

devices.
83,84

 It is important to report that EL products such as digital cameras and 

mobile phones are some of the kinds of flat display panels that are already 

commercialised. However, this technology still faces big challenges with regards to the 

upgrade of performance and solidity of OLEDs for lighting and displays. The basic 

principle mechanism of OLEDs is the opposite principle to that in organic solar cells 

(OSCs). Basically the organic emissive and conductive layers are sandwiched between 

a transparent anode (high-work function electrode) and cathode (low-work function 

electrode).
85

 Injection of holes and electrons from opposite sides of the device and 

migration of these into the films and their recombination generates excitons 

(Figure 1-17), which can then decay and radiate visible light.
85,86

  

 

Figure 1-17: Essential parts of a PLED. 

The wavelength of the light emission depends on the bandgap of the conjugated 

polymer used in this application, while the intensity and brightness of the emitted light 

is proportional to injected current in the device. This is the basic principle of the 

functioning of the technology.
85

 It is hard to implement highly efficient OLEDs with 

the single emissive layer configuration, as it gives low efficiency and brightness. The 

performance of OLEDs can be improved by using two or more different materials that 

help to promote the required function of efficient light emission and create a good hole-

electron junction in an organic emitter layer.
84,85 

1.6.2 Field Effect Transistors (FET) 

Organic semiconductors had been used in field effect transistors in 1970. From that 

time, tremendous efforts were devoted in developing this type of transistors for 
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electronic applications.
87

 Conjugated polymers display promising properties such as 

low cost, flexibility and high mobility which makes them good candidates for use in 

transistors. Hence, OFETs are preferred to amorphous silicon, which is considered as 

conventional crystalline silicon. Basically, an OFET is comprised of a thin film of an 

organic material as given in Figure 1-18. This is applied between two ohmic contacts 

(source and drain) as well as the third electrode (insulted gate electrode), which is used 

to change the conductivity of the contacts to control the amount of current flow 

between ohmic contacts. 
88,89

 

 

 

Figure 1-18: Schematic diagram of the device configuration of an OFET. 

Organic semiconductors play a crucial role in determining the device performance. 

Therefore, high carrier mobility polymers are required in these applications. The high 

carrier mobility polymers have generally linear fused ring structures such as benzene 

and thiophene molecules, these molecules are common conjugated polymers for this 

application. There are many requirements of the polymers in order to be appropriate for 

the OFET industry, for example they should have high charge carrier mobility, good 

solubility and be synthetically inexpensive. OFETs are the essential part in different 

industrial applications such as modern circuitry, single amplifiers and electrical 

switches.
89

  

1.7 Synthesis of alternating D-A copolymers 

It is important to focus on synthetic approaches that are used to produce conjugated 

polymers for photovoltaic applications besides highlighting the important building 
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structure units that construct the necessary monomers.
29

 Pd-mediated cross-coupling 

reactions for organo compounds have been widely used as synthetic common routes for 

preparing some new efficient conjugated D-A polymers. They are various metal-

catalysed routes, including Stille, Suzuki, Sonogashira and Heck coupling. Most high 

efficient conjugated copolymers used in BHJ devices are being synthesised via Suzuki 

and Stille coupling reactions using Pd catalysts. Notably other reactions such as 

Sonogashira and Heck are seldom employed to prepare polymers with high efficiencies 

for organic solar cell applications.  

1.7.1 Stille coupling reaction 

The Stille coupling reaction is an efficient way that offers both high selectivity and 

versatility, it is tolerant reaction towards most high functionalised molecules to form C-

C bonds molecule as result of coupling between halides and organostannanes. It is 

known that this reaction belongs to a family of palladium-catalysed cross-coupling 

reactions. This reaction takes place under neutral reaction conditions in the presence a 

palladium catalyst. However, one of the main drawbacks associated in this reaction is 

the high toxicity of organostannane compounds.
90,91

 The suggested mechanism of this 

reaction is presented in Scheme 1-3. According to the proposed catalytic cycle, the 

oxidative addition of the aryl halide is the rate determining step of the catalytic cycle to 

produce a cis-palladium complex, this intermediate product is subjected to cis/trans 

isomerisation to produce more stable trans-intermediate product, followed by trans-

metallation step which involves reaction between organo stannane reagent and Pd-

complex to yield cis-complex containing new aryl. The last step is reductive 

elimination of the latter compound that yields the target product and regenerates the Pd-

catalyst again.
92
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Scheme 1-3: The suggested catalytic cycle mechanism for Stille coupling reaction. 

1.7.2 Suzuki coupling reaction 

The Suzuki coupling process was first described in 1979 by Akira Suzuki and his 

group.
93

 It is the palladium-catalysed cross-coupling reaction between organoboronic 

acids or esters and halides in the presence of a base to form C-C bond as outlined in the 

proposed mechanism (Scheme 1-4). In fact, the chemistry of Stille coupling is less 

complicated than the Suzuki reaction because this latter reaction requires a base in 

order to create an intermediate product between the oxidative addition stage and the 

transmetallation step.
91,94,95

 It is clear that the base plays a crucial role for the reaction 

to proceed forward and form intermediates compounds through the reaction including, 

formation of palladium complex, activation the boronate reagent and the acceleration of 

the reductive elimination step.
96

 However, boronic acids and their derivatives are less 

toxic compared to organostannane compounds. Furthermore, it is easy to remove 

unwanted by-products of boron compounds from the reaction mixture. Consequently, it 

is very common to perform this reaction on a large-scale with mild conditions.
91,95
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Scheme 1-4: The proposed catalytic cycle for Suzuki cross-coupling reaction. 

The first step is the oxidative addition of the palladium catalyst to the halide to generate 

an organo palladium complex (2), followed by reaction with the base to produce 

intermediate product (3). During the transmetallation step of the catalytic cycle, the 

ligands are transferred from the activated organoborane reagent to the Pd(II)-complex 

formed to give the new Pd(II)-complex (4). Reductive elimination is the final step, in 

the reduction state the latter complex formed expels the desired product and the Pd(0) 

catalyst is regenerated.
97

 

1.7.3 Sonogashira coupling reaction 

Sonogashira coupling reaction is the palladium-catalysed cross-coupling reaction 

between a terminal sp hybridized carbon of an alkyne and an sp
2

 carbon of a halide to 

yield a variety of synthetic and natural products and bioactive compounds.
98

 The 

resulting products are employed in different applications such as the synthesis of 

oligomeric and polymeric materials. These materials are considered as functionalised 

components for electronic and optical applications.
99

  

This reaction can be conducted easily under mild reaction conditions and treatment 

with base that acts as solvent in the presence of Pd/CuI as catalysts. The co-catalyst in 

this coupling reaction increases the reactivity of the catalytic system. There is, 
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however, one main complication associated with this type of cross-coupling reaction; 

the formation of homocoupling alkyne is an undesired product through copper as co-

catalyst in the presence of oxygen. To overcome this issue, it is essential to carry out 

the reaction under degassed an inert conditions to avoid acetylene dimers being 

formed.
98

 It is best to contemplate the catalytic cycle of the Sonogashira coupling 

reaction from the standpoint of the palladium catalyst as presented in Scheme 1-5. 

The initial step is the oxidative addition of the halide to the Pd catalyst to produce a 

trans-intermediate (B); this step is the rate-limiting step of the catalytic cycle A. During 

this step the oxidation state of the palladium catalyst changes form Pd(0) to Pd(II). The 

second step is transmetallation step, in this step copper acetylide species (E), which is 

generated via copper cycle B in the presence of the base, reacts with the Pd(II) complex 

formed to yield the ethynylene-based Pd(II) complex (C). During transmetallation, the 

acetylene groups are transferred from the copper acetylide species to give the Pd(II) 

complex (C). Prior to the reductive step the trans-alkyne species is subject to trans-cis 

isomerisation to yield cis-intermediate (D). The final step is reductive elimination to 

obtain the desirable alkyne and Pd(0) catalyst is regenerated. Cycle B is less well 

known and under debate. It is hypothesised that the presence of base helps the 

formation of the copper acetylide species which is involves in transmetallation step of 

(Cycle A) with expulsion of the copper halide (G) to (Cycle B) again, followed by 

addition of acetylene reagent to yield π-actylene complex (F).
98
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Scheme 1-5: The general mechanism suggested for Sonogashira cross-coupling 

reaction. 

1.8 The use of fused rings as electron donor and acceptor units in 

conjugated polymers 

The aim of using a few single aromatic units in new D-A polymers is to control the 

electron donating ability of these units, which has influence on the HOMO energy 

levels and the bandgap of the resulting conjugated polymers. Obviously, fused 

conjugated units such as fused three rings are employed to tune electronic properties 

and impact charge mobility. In addition, it is more likely to improve the intermolecular 

interactions of the main backbone of the polymers,
28 

resulting in improved hole-

mobility in polymers as a consequence of adopting more ordered structures.
100

 The 

electron accepting units are of equal importance in controlling the energy levels and 

bandgaps of conjugated polymers as that of donor units. Notably, the acceptor unit 

plays a critical role in determining the electronic structure of the semiconducting 

material according to the strategy of alternating D-A polymers. Desirable narrow 

bandgap polymers require deep LUMO energy level below -4 eV to ensure electron 
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transport that is considerably influenced by the nature and structure of the acceptor 

unit.
25,28

 

1.8.1 Fluorene as donor unit in conjugated polymers 

The fluorene unit is one of the most important polycyclic aromatic hydrocarbons that 

has been intensively studied as an electron rich unit for electronic applications.
101 

Its 

derivatives are commonly used to form either homopolymers (polyfluorene) or 

alternating copolymers. Utilisation of fluorene moieties in D-A systems enhances push-

pull force in alternating polymers which demonstrated promising performance in 

organic photovoltaic devices. Furthermore, these species are useful due to unique 

features, such as high thermal, chemical stability and accessibility of synthesis and 

alkylation as well as favourable charge (hole) carrier mobility. The chemical structure 

of fluorene presents a central heterocyclic ring that would eliminate the further severe 

steric hindrance of benzene rings. In addition, the side alkyl chains can be attached at 

the 9-position of the fluorene units in the hope to obtain high molecular weight 

polymers which can be produced without adding any steric hindrance on polymer 

chains.
28,101

 Wang et al. synthesised push-pull alternating polymers of 2,7-silafluorene 

–SiF-and 4,7-di(2-thienyl)-2,1,3-benzothiadiazole (Figure  1-19-a ) that showed high 

power conversion efficiency of 5.4% when fabricated with PC61BM in BHJ organic 

photovoltaic devices. Despite possessing a moderate optical bandgap (1.82 eV) in the 

solid state, this polymer displayed good charge mobility in photovoltaic devices.
102

 

Another study developed a new push-pull polymer based on 9,9-dioctylfluorene 

(Figure 1-19-b), this polymer showed excellent charge mobility and a maximum PCE 

of 6.2% when the polymer is fabricated with PC70BM in photovoltaic devices.
103

 

 

Figure 1-19: Molecular structures of: (a) P Si-FDTBT; (b) PFDT2BT-8 
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1.8.2 Carbazole as donor unit in conjugated polymers 

The carbazole molecule is a structural counterpart to fluorene.
104

 The presence of the 

nitrogen atom in its central fused pyrrole ring improves the donating ability of the unit 

skeleton, which provides carbazole with desirable properties as result of increased 

oxidative stability. In addition, functionalising the nitrogen atom in the 9-position can 

bestow desirable solubility and physical properties of polymer synthesised. 

Furthermore, the presence of the pyrrole fused ring results in a fully aromatic and 

electron rich unit.
105

 Poly(2,7-carbazole) derivatives have been studied intensively, 

these polymers displayed high hole mobility and deep HOMO levels, resulting in 

promising photovoltaic performance. It is well known that an ideal polymer for solar 

application devices should possess narrow bandgap and tuning energy levels in order to 

broaden visible absorption is most important. One of the most effective approaches 

towards an increase of the PCE in BHJ solar cells is to design alternating D-A 

copolymers in which the tuning of electronic structure and low bandgap polymers can 

be obtained. The alternating copolymers based on 2,7-carbazoles have been reported as 

the donor moieties in D-A polymers for photovoltaic devices. It is believed that 

incorporation of the unique features of the carbazole moiety would present promising 

p-type material in PSC for high photovoltaic performance.
106

 Recently, Chu et al. 

synthesised D-A polymer poly [N-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-

2,1,3-benzothiadiazole)] (PCDTBT) (Figure 1-20). The polymer has demonstrated 

excellent charge mobility and oxidative stability, as well as high efficiency above 7% 

which was achieved when the polymer was mixed with fullerene derivatives in BHJ 

solar cells.
107

  

 

Figure 1-20: Molecular structure of PCDTBT. 

1.8.3 Anthracene-based conjugated polymers for application in solar cells 

The phenomenon of electroluminescence of anthracene crystals was observed in the 

1960s, since then anthracene and its derivatives have been widely studied and 
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investigated in different applications such as OLEDs and OFETs. Great progress was 

achieved in the anthracene system applications due to its promising characteristics such 

as good electrochemical properties and excellent charge carrier transport.
35,108.109

 The 

electronic and photovoltaic properties of D-A polymers based on anthracene are highly 

dependent on the nature of anthracene units and the positions through which these units 

are linked with electron acceptor units in D-A polymers. 9,10- and 2,6-linked 

anthracene units allow quinoid character and extended conjugation system. Some 

studies revealed that 9,10-linked anthracene in D-A polymers show low performance as 

a result of the twisting angle between the anthracene rings and the adjacent units, that 

reduces the length of electronic conjugation over the main polymer backbone. 

Therefore, it is speculated that incorporation of 2,6-linked anthracene based conjugated 

polymers would lead to good electrochemical and photovoltaic properties.
110

 It is worth 

mentioning that proper alkyl chains attached on anthracene moieties present strong 

impact on the π-π stacking over the polymer chains, resulting in excellent charge 

mobilities and high performance of PV devices.
109

 Egbe et al. incorporated acetylene 

spacers in a series of 9,10-linked anthracene polymers. This study revealed that 

efficiencies ranging from 0.34 to 3.14% were obtained for the resulting polymers.
111

 

More recently, Jung et al. synthesised the push-pull with 2,6-linked anthracene 

(PTADTDFBT) (Figure 1-21). Despite having medium-bandgaps, the resulting 

polymers showed a high Voc value of (0.97 V) and Jsc higher than 12 mA/cm
2
 in BHJ 

devices. PCE in excess of 8% has been achieved in these devices. This can be 

explained by the aggregation behaviour of polymer chains in blends with PCBM for the 

anthracene-based polymers as a sequence of strong π-π stacking, leading to a crystalline 

form of this polymer.
112

 

 

Figure 1-21: Molecular structure of PTADTDFBT. 
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1.8.4 Benzothiadiazole and naphthothiadiazole units in conjugated 

polymers 

The benzothiadiazole (BT) repeat unit is considered to be one of the classical strong 

electron acceptor units used in D-A polymers for PV devices. The commercial 

availability and planarity of BT units serves as a platform to use it in constructing low 

bandgap D-A copolymers for electronic applications.
28,113

 Therefore, these units have 

attracted much attention in the research community for the development of narrow 

bandgap polymers in order to obtain promising physical and photovoltaic performance.
 

However, the bandgaps of BT-based conjugated polymers, which range from 1.7 to 1.9 

eV, are too high to harvest a large spectral portion of sunlight for PVs applications as a 

result of the relatively weak electron accepting ability of the BT repeat unit compared 

to other acceptor units. Moreover, the rigid geometry of BT units without alkyl chains 

results in limited solubility and low molecular weight of the resulting polymers, 

resulting in negative impact on the fabrication and performance of the materials in 

organic electronic devices. Thus, the modification of its molecular structure to obtain 

stronger electron accepting properties is an attractive way to more efficient polymers 

for use in bulk heterojunction solar cells using fullerene derivatives as electron 

acceptors.
113

  

There are many approaches for preparing conjugated polymers with low optical 

bandgap in order to expand the spectrum of their light harvesting of sunlight. One of 

the methods is to add a fused ring to the BT unit. This modification has been reported 

by some studies via replacing BT with a naphthothiadiazole (NT) unit in an alternating 

D-A backbone in conjugated polymers. The utilization of NT units into the polymer 

main chain would extend aromatic π-conjugation of NT. This acceptor unit possesses 

high electron withdrawing capability that provides deep LUMO levels and broad 

absorption. The incorporation of NT into the alternating conjugated polymer should 

lead to lower bandgap and enhance interaction packing and thus promote strong π-π 

stacking conformations due to more planar structure of NT units. The aim of employing 

strong electron-affinity (NT) is to build strong π-π stacking backbone in order to 

facilitate charge carrier mobility over the structure. This can lead to high performance 

of conjugated polymers for PV devices.
114

 
 
Kim et al. developed a counterparts of BT-

based polymers by replacing BT with NT unit in poly(2,7-carbazole-alt-4,7-dithienyl-
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2,1,3-benzothiadiazole) PCDTBT (Figure  1-22). The new polymer exhibited the good 

optical and electrochemical properties via low bandgap (1.71 eV), which resulted in a 

lift of the HOMO energy level compared to its BT polymer analogue. However, the 

polymer provided a low PCE of 1.31% in BHJ cells using PC71BM as an acceptor, this 

may be attributed to steric hindrance between NT and adjacent units that affected an 

intermolecular interaction as well as an unfavourable morphology of devices.
115 

 

Figure  1-22: Molecular structure of BT and NT monomers as well as molecular 

structure of PCDTNT. 

Wang et al. investigated the effects of incorporation NT units instead of BT units on 

PBTT-DTBT to yield PBDT-DTNT (Figure  1-23). NT-based polymer displayed a 

narrow bandgap polymer, relative to that of BT-based polymer owing to changing of 

both HOMO and LUMO levels simultaneously. It can be seen clearly that the NT-

copolymer exhibited significantly promising performance in photovoltaic devices with 

a high PCE of 6% when compared with its counterpart (PBD-DTBT) which provided a 

PCE of 2.1%.
116

  

 

Figure 1-23: Molecular structure of PBDT-DTBT and its counterpart PBDT-DTNT. 
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1.9 Aims and objectives 

In recent years, the growing global energy demand for clean energy resources has led to 

a spectacular growth in the scientific research and fabrication of solar cells. Currently 

the established technology uses inorganic semiconductors, such as silicon, in the 

manufacture of photovoltaic devices in order to produce clean energy and reduce 

carbon dioxide emission and the greenhouse effect. Current inorganic semiconductors 

are still leading on the world market of solar cells, with power conversion efficiency 

reaching to 24% for Si-crystalline devices. However, the manufacturing costs of 

traditional solar cells are still expensive. Moreover, inorganic solar cells possess low 

efficiency in low light intensities. To overcome these issues, early studies indicated that 

utilisation of organic semiconductors in photovoltaic devices could display some 

positive and advantageous effects. This promising alternative concept has attracted an 

increasing amount of attention in both industry and academic community due to its ease 

of processing, increased flexibility, ultralow cost and light weight relative to that of an 

inorganic counterpart. Additionally, organic materials such as conjugated polymers can 

be tailored by modifying their chemical structures, resulting in enhanced photovoltaic 

performance. The major breakthrough in this technology was the innovation of the 

donor–acceptor concept in BHJ organic photovoltaic devices. This concept has been 

intensively exploited using various organic materials such as conjugated polymers with 

different acceptors such as fullerene derivatives. It has enabled an increase in the PCE 

of devices up to 12%. Although organic solar cells have all these unique features, this 

technology is still under technological developments. One of the general issues in the 

design of conjugated polymers is linked to their ability to absorb a sufficient portion of 

the sunlight spectrum, which affects their overall efficiency in OPV devices. Synthesis 

of efficient light harvesting organic materials is required in order to harvest a large 

portion of the terrestrial solar spectrum in which 70% of the sunlight energy is 

disturbed. Unlike traditional semiconductors, photon energy in organic semiconductors 

leads to the creation of bonded hole-electron pairs that negatively impacts on the charge 

carrier mobilities. There are other factors that affect the performance of organic solar 

cells including processability, molecular weight, morphology of organic layer and the 

fabrication process. Ideal conjugated polymers and optimised morphological control in 

devices may push plastic solar cell technology to the market place within a few years.  
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The motivation of the work conducted within this dissertation is to develop the 

performance of organic photovoltaic devices, by designing and preparing new families 

of alternating electron donor-acceptor copolymers for application in this area. The use 

of naphthothiadiazole (NT) as an alternating electron deficient unit in donor-acceptor 

conjugated polymers has not been widely explored in the literature. The preparation of 

a series of NT-based copolymers was targeted in this work in order to explore their 

physical properties. Previous works in the Iraqi group have been conducted on 

analogous polymers with benzothiadiazole (BT) units as electron acceptors, yielding 

materials with low molecular weights and poor solubility but nevertheless with 

promising efficiencies in solar cells.
117-119

 Hence, the NT polymers synthesised will be 

designed to have extended π-conjugated systems on the acceptor moieties. It is hoped 

that the NT-based polymers synthesised will possess high molecular weights and higher 

solubility than the BT-based polymers due to the fused ring on thiadiazole units. The 

effects of extending π-conjugation on the acceptor units (from benzothiadiazole to 

naphthothiadiazole) will be investigated. Moreover, the optical, electrochemical and 

photovoltaic properties of the resulting polymers will be studied to understand the 

effect of extended π-conjugated NT electron accepting moieties on the performance of 

the polymers.  

In addition to developing NT-based donor-acceptor alternating polymers with 

thiophene spacers between the donor and acceptor repeat units, this project also aims at 

preparing a series of analogous polymers. This involves synthesising polymers 

containing acetylene or thiophene-acetylene spacers between the NT electron accepting 

units and various electron donating units, such as functionalised 2,7-linked fluorene, 

2,7-linked carbazole or 2,6-linked anthracene moieties. The effects of incorporating 

acetylene or thiophene-acetylene spacers along the main chains of the polymers 

synthesised in these species will be investigated. Few studies have been conducted on 

acetylene-based polymers but none have reported any acetylene-based polymers 

containing NT as electron withdrawing moieties. Given the steric hindrance of the NT 

electron accepting unit, the use of adjacent acetylene spacers along polymer chains 

should allow the preparation with very good charge mobilities for use in the area of 

OPV. The donor moieties (fluorene, carbazole and anthracene) will be substituted with 

different solubilising chains in order to provide the resulting polymers with good 

solubilities and high molecular weights. Extended conjugated systems in the donor 
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moieties flanked by ethynylene or thiophene and ethynylene spacers over the polymer 

chains of these materials should result in more planar molecules and ordered packing 

structures. This extension of electronic delocalisation and planarity of polymer chains 

should lead to materials with high charge mobilities, which should enhance their power 

conversion efficiencies in solar cell devices. The different electron donor moieties 

targeted for use in these materials should provide polymers with different physical 

properties. It will be interesting to understand the impact the various electron donors 

have upon the optical, electrochemical, thermal and morphological properties of the 

resulting polymers. Previous investigations showed that incorporation of acetylene 

units in polymers provided more planar structures and less steric hindrance within 

repeating units.
120

 It is hoped that the polymers synthesised within this project should 

possess favourable characteristics such as improved intermolecular interactions, 

resulting in high charge mobilities and a desirable property for BHJ collar cell devices. 

Comparison of the properties of polymers without acetylene units with those that have 

acetylene units should ascertain the effects of incorporating unsaturated spacers over 

the main chains of the polymers. The effects of incorporation acetylene as weak 

electron-withdrawing units instead of the electron donating thiophene units will also be 

investigated.  

In addition to the preparation and study of NT-based polymers, a series of D-A 

benzothiadiazole-alt-fluorene, carbazole or anthracene polymers containing acetylene 

units as spacers over the polymer chains will be prepared and their properties compared 

with those of the NT-based polymers. An evaluation of the use of acetylene spacers as 

electron withdrawing units and BT electron accepting units in the resulting polymers 

will be undertaken. These polymers will be substituted with solubilising groups in order 

to provide the resulting polymers with a good processability. Previous work in Iraqi 

group has been conducted on D-A benzothiadiazole-alt-fluorene, carbazole or 

anthracene polymers but these polymers were flanked with thiophene units as spacers 

over the polymeric chains. A comparison of the impact of acetylene units upon 

solubility and molecular weights as well as optoelectronic properties of this new series 

of polymers will be undertaken. It is hoped that acetylene-based polymers synthesised 

within this part of the project possess desirable features for BHJ solar devices.  
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Naphthothiadiazole-based donor-acceptor polymers for 

photovoltaic applications 
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  Chapter 2

2.1 Introduction 

Nowadays, the research community is focused on developing polymer-based solar cells 

due to their potential advantages which include light weight, increased flexibility and 

cheap production costs. Recently, great progress was achieved in the field of bulk 

heterojunction (BHJ) solar cells.
1-5

 The design of efficient polymers for use in this area 

requires optimal electronic and physical properties of these materials including the 

energy levels of their HOMO and LUMO levels, the extent of their absorption of 

sunlight, as well as the nanoscale morphology of blends of these electron donating 

polymers with fullerene derivatives in order to achieve good charge extraction and 

efficient exciton dissociation.
2,6,7 

The bandgap and the energy levels of frontier orbitals of the conjugated polymers used 

in this area have to be optimised in order to obtain good efficiencies in PSCs.
8,9

 The use 

of donor-acceptor alternating conjugated polymers enables the fine-tuning and 

adjustment of the bandgap and energy levels of these materials through control of 

intramolecular charge transfer (ICT) along polymer chains.
10-12

 

The benzothiadiazole (BT) repeat unit has been found as an excellent acceptor repeat 

unit in donor-acceptor conjugated polymers used in this area as a consequence of its 

strong electron accepting ability. Pairing a strong electron accepting unit such as BT 

with an alternating electron donating unit leads to low bandgap polymers with very 

good photovoltaic properties.
2,13-15

 The use of an even stronger electron acceptor is an 

attractive alternative to more efficient polymers for use in BHJ solar cells using 

fullerene derivatives as electron acceptors. However, care should be taken not to lower 

the LUMO energy level of the resulting polymer below -3.9 eV, which could result in 

inefficient exciton dissociation.
16-19

 There are many approaches for preparing 

conjugated polymers with narrow optical bandgaps in order to broaden the spectrum of 

their light harvesting of sunlight. One of these methods is the replacement of 

benzothiadiazole (BT) units with naphthothiadiazole (NT) repeat units. One report 

showed that replacing 2,1,3-benzothiadiazole (BT) with 2,1,3-naphthothiadiazole (NT) 

in poly(2,7-carbazole-alt-4,7-dithienyl-2,1,3-naphthothiadiazole) PCDTBT reduces the 
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optical bandgap of the resulting polymer (PCDTNT) from 1.88 eV to 1.71 eV. It also 

red-shifts its λmax position considerably (30 nm) in relation to its benzothiadiazole 

counterpart. Furthermore, the new naphthothiadiazole polymer possesses a high 

solution-processability and has suitable HOMO and LUMO energy levels for 

application in organic photovoltaic (OPV) device. In spite of a good open circuit 

voltage (Voc = 0.81 V) the photovoltaic performance of PCDTNT in solar cells along 

with PCBM as an acceptor was low; a result of poor fill-factor FF values in devices.
20

 

Promising photovoltaic results have been shown from other classes of alternating 

copolymers, comprising benzothiadiazole as the electron accepting unit along with 

anthracene (PPATBT), or fluorene (PFDTBT) as the electron donating units despite 

the reduced solubilities and the reduced molar masses of the latter polymers. Power 

conversion efficiencies of 1.93% and 5.41% were obtained respectively for PPATBT 

21
and PFDTBT.

22
 In this work, we present the preparation and characterisation of low 

bandgap copolymers containing alternating naphthothiadiazole as acceptor units and 

2,7-linked fluorene or 2,6-linked anthracene repeat units flanked by thienyl units as the 

donor units. The electronic, photophysical and photovoltaic properties of these 

polymers are analysed and compared to those of the corresponding donor-acceptor 

polymer poly(2,7-carbazole-alt-4,7-dithienyl-2,1,3-naphthothiadiazole) (PCDTNT). 

2.2 Result and discussion 

2.2.1 Synthesis and characterisation 

(Scheme 2-1) shows the preparation route to the NT-polymers prepared in this study. 

Monomer M was prepared according to an established literature procedure.
20

 Reaction 

of M with monomers S2, S6 and S7 using the Suzuki coupling reactions afforded 

polymers PFDTNT-P1, PCDTNT-P2 and PPATNT-P3, respectively.  
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Scheme 2-1: Synthetic route towards monomer (M) and the NT-based polymers 

 (class 1). 

The key monomer M was synthesised from 2,3-diaminonaphthalene (S1) by 

bromination with bromine using acetic acid to afford corresponding dibromo 

compound 1, followed by ring closure using excess thionyl chloride in basic conditions, 

generating 2 in a yield of 49% after recrystallization from ethanol. Dithienyl monomer 

3 was obtained via a Pd-catalysed Stille coupling reaction of 2 and 2-

tributylstannylthiophene. Bromination of compound 3 using NBS in chloroform did not 
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proceed to completion due to insufficient solubility and the low boiling point of 

chloroform. Chlorobenzene (CB) was used as an alternative solvent to chloroform at 

reflux temperature to push the reaction to produce the final target monomer M. The 

mechanism of the bromination of diamino naphthalene S1 proceeds through an 

electrophilic aromatic substitution reaction as depicted in Scheme 2-2. In this 

mechanism, activating groups (amino groups) direct electrophilic attack on the 1- or 4-

positions on the aromatic ring to yield 1. 

 

Scheme 2-2: Proposed mechanism for the formation of (1). 

The mechanism of the cyclization reaction of 2 proceeds through nucleophilic attack as 

illustrated in Scheme 2-3. The electron donating groups on the amino substituents on 

the benzene ring act as strong nucleophile groups and attack the sulfur of the thionyl 

chloride, which is considered to be electrophilic. Thus, ring closure occurs and the 

target product is formed after a molecule of water is liberated from the product. 

 

Scheme 2-3: Suggested mechanism for the formation of (2). 
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The Stille coupling reaction was used to prepare compound 3. The catalytic cycle of 

this reaction was presented in (Scheme 1-3-Chapter 1). The proposed mechanism of 

bromination (Scheme 2-4) of dithienyl compound proceeds through an electrophilic 

aromatic substitution mechanism to produce M. 

 

Scheme 2-4: The mechanism of bromination of the final monomer (M) using NBS. 

The chemical structures of monomers were confirmed by 
1
H NMR (as depicted in 

supplementary information section) as well as 
13

C NMR, mass spectrometry and 

elemental analysis. 

The Suzuki polymerisations were carried out using Pd(OAc)2 as the catalyst and tri(o-

tolyl)phosphine as the ligand in alkaline media under an inert atmosphere. All 

polymerisations were conducted until traces of polymer precipitates started to be 

observed; the time of polymerisation reactions varied between 24 to 48 hours. The 

polymers were fractionated via Soxhlet extraction using different organic solvents and 

their toluene and/or chloroform fractions were separated. All of the polymers prepared 

exhibited high solubility and were easily processable in chloroform as well as in other 

organic solvents at ambient temperature. The chemical structures of these polymers 

were confirmed by 
1
H NMR spectroscopy (supplementary information) and elemental 

analysis. Results from Gel Permeation Chromatography (GPC) analysis of these 

polymers are shown in Table 2-1. The analysis was carried out in chloroform as the 

eluent at 40 °C. Polymer PPATNT-P3, which is the naphthothiadiazole counterpart of 

the known benzothiadiazole polymer PPATBT,
21 

shows much greater processability. 

The toluene fraction of this polymer displays an Mn = 10,900 Da, which is three times 

higher than its analogous benzothiadiazole polymer (Mn = 3,500 Da).
21 

Similar results 
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were obtained for naphthothiadiazole polymer PFDTNT-P1 for which both of its 

toluene and chloroform fractions exhibit much higher values of the number-average 

molecular weight (Mn) and weight-average molecular weight (Mw) compared to its 

analogous benzothiadiazole polymer PFDTBT. The Mn of the chloroform fraction of 

PFDTNT-P1 was 41,400 Da while that of the PFDTBT analogue which has a much 

limited solubility was Mn = 5,300 Da.
22 

PCDTNT-P2, synthesised within this chapter, 

showed a Mn of 23,100 Da. This value is higher than that reported by Kim et al. for 

PCDTNT (Mn = 12,800 Da),
20 

however, these values are not very different from those 

generally reported from chloroform fractions of PCDTBT 
23

 (Mn and Mw values of 

22,500 and 32,600 Da, respectively). Clearly, apart from the carbazole-based polymers, 

incorporation of the NT acceptor repeat units along polymer chains instead of the BT 

repeat unit leads to polymers that have a much greater processability.  

Table 2-1: The summary of the GPC analysis of PFDTNT-P1, PCDTNT-P2 and 

PPADTNT-P3. 

Polymer Fraction Yield % Mn (Da) 
a
 Mw(Da) 

a
 PDI 

b
 

P1 toluene 

chloroform 

29 

43 

9,900 

41,100 

16,800 

79,500 

1.7 

1.9 

P2 chloroform 67 23,100 89,600 3.8 

P3 toluene 32 10,900 23,100 2.1 

a 
Measurements conducted on the toluene and chloroform fractions of polymers using a differential 

refractive index (DRI) detection method. 
b 
Polydispersity index. 

2.2.2 Optical properties 

(Figure 2-1) shows the absorption spectra of the polymers both in chloroform solutions 

and as thin films. The values of the absorption maxima are shown in Table 2-2 along 

with their optical bandgaps as determined from the onset of their absorption in films.  

UV-vis spectra of the polymers display two main absorption bands for PFDTNT-P1 

and PCDTNT-P2 in both chloroform solutions and in thin films with additional 

absorption bands at 413 nm in solution and around 425 nm in films for PPATNT-P3. 
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Table 2-2: Summary of optical and electrochemical properties of P1-P3. 

Polymer λmax 

solution 

(nm)  

λmax film 

(nm) 

Eg opt 
c
 

(eV) 

HOMO 
d
 

(eV) 

LUMO 
e
 (eV)  

Eg elec 
f 

(eV) 

P1
a 

P1
 b

 

554 

552 

572 

570 

1.76 

1.76 

-5.28 

-5.36 

-3.49 

-3.50 

1.79 

1.86 

P2 
b
 555 582 1.74 -5.34 -3.44 1.90 

P3 
a
 546 584 1.75 -5.40 -3.47 1.93 

a
 Toluene fraction. 

b
 Chloroform fraction. 

c
 (Eg opt) optical bandgap, as calculated from the onset of UV-

vis absorption spectra on solid films. 
d
 HOMO position (vs. vacuum) determined from onset of oxidation. 

e
 LUMO position (vs. vacuum) determined from onset of reduction. 

f
 Electrochemical energy gap of the 

polymers. 

The UV-vis absorption spectra of polymers in films have red-shifted absorption bands 

relative to their solution spectra. This is due to aggregation of the polymer chains in the 

solid state,
24-26 

which increases the electronic conjugation of the polymers and improves 

the planarity of polymer chains. Absorption bands at high energy are attributed to π-π* 

transitions while those at lower energies are attributed to intramolecular charge transfer 

(ICT). It can be seen in Figure 2-1 that the intensity of the ICT bands are lower in 

intensity than those of the π-π* absorption bands. This can be attributed to steric 

hindrance between NT repeat units and adjacent thienyl units along the conjugated 

polymer backbone, which impede an effective ICT between the alternating units of 

donors and acceptors.
20

 While PPATNT-P3 showed a slightly higher absorption 

maximum (584 nm vs. 582 and 570 nm for PCDTNT-P2 and PFDTNT-P1 

respectively), all polymers in this series showed similar optical bandgaps (Eg between 

1.74 and 1.76 eV), indicating similar electron donating properties of their electron 

donating segments. Comparison of the optical properties of the naphthothiadiazole-

based polymers synthesised in this chapter with the benzothiadiazole analogous 

polymers, indicates that their energy bandgaps are lower than those of their counterpart 

polymers with BT repeat units. PPATNT-P3 has a λmax of absorption at 584 nm in films 

while its analogue (PPATBT) has a λmax at 563 nm. The optical bandgap of PPATNT-

P3 is 1.75 eV while that of PPATBT is 1.84 eV.
21 

The same comparison for PCDTNT-

P2 vs. PCDTBT indicates that the λmax position for PCDTNT-P2 is red-shifted by 22 
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nm, resulting in a lower optical bandgap of 1.74 eV for PCDTNT-P2 compared to 1.88 

eV for PCDTBT.
23 

PFDTNT-P1 (Eg = 1.76 eV) also displayed similar trends when 

compared to its benzothiadiazole equivalent PFDTBT (Eg = 1.86 eV).
22

 The decrease 

in the bandgaps for NT-based polymers has been attributed to a more extended 

electronic delocalisation on the NT unit by virtue of an additional fused benzene ring in 

comparison with the BT unit.
20 

 

 

Figure 2-1: Normalised absorption spectra of polymers in CHCl3 solution (a), and thin 

film (b) 

2.2.3 Electrochemical properties  

Cyclic voltammetry (CV) studies of the polymers were conducted on drop-cast films in 

acetonitrile with tetrabutylammonium perchlorate as the electrolyte. The CV 

measurements of all polymers are shown in Figure 2-2 with their redox potentials, as 

well as their respective HOMO and LUMO levels (vs. vacuum) as determined from the 
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onsets of oxidation and reduction potentials respectively (Table 2-2). The results show 

that the HOMO levels of all NT-based polymers presented in this chapter are of similar 

values to those of the analogous polymers with BT units. The HOMO level of 

PPATNT-P3 at -5.40 eV is similar to that of PPATBT (-5.44 eV).
21 

The same is 

observed on comparing the HOMO levels of PCDTNT-P2 to that of PCDTBT (-5.34 

eV vs. -5.35 eV
23 

respectively) and the HOMO levels of PFDTNT-P1 with its 

analogous polymer PFDTBT (-5.36 vs -5.34 eV
 22 

respectively). This trend suggests 

that a change of BT with NT acceptor units in donor-acceptor polymers has little 

bearing on the position of the HOMO levels of the resulting polymers. The value of the 

LUMO level of the NT-based polymer PPATNT-P3 at -3.47 eV (Table 2-2) is deeper 

than the corresponding BT-based polymer PPATBT of (-3.21 eV).
21

 However, the 

values of the LUMO levels of the carbazole-based and fluorene-based NT polymers 

(which have both displayed two reduction waves (Figure 2-2)) are very close to each 

other. The LUMO level of PCDTNT-P2 is at -3.44 eV while that of PCDTBT is at -

3.42 eV.
23

 The LUMO of PFDTNT-P1 is at -3.50 eV while that of the analogous BT 

polymer PFDTBT is at -3.44 eV.
22

 The cyclic voltammetry results suggest close 

similarities in the positions of the HOMO and LUMO levels of the NT-based polymers 

to those of the corresponding BT-based polymers. While it clear from the electronic 

spectra that the NT-based polymers have relatively narrower bandgaps than their 

corresponding BT analogues (~ 0.1 eV lower), the variations of the HOMO and LUMO 

levels of the two classes of polymers as not obvious from cyclic voltammetric studies. 

The deviation between optical and electrochemical bandgaps might be caused by the 

presence of an energy barrier at the interface between the polymer film and the 

electrode surface during electrochemical measurements. 
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Figure 2-2: Cyclic voltammetry curves of thin polymer films on platinum disc 

electrodes (area 0.031 cm
2
) at a scan rate of 100 mV s

-1
 in acetonitrile/tetrabutyl 

ammonium perchlorate (0.1 mol.dm
-3

). 

2.2.4 Thermal properties 

The thermogravimetric analysis (TGA) studies were carried out on the resulting 

polymers under a N2 atmosphere at a heating rate of 10 °C/min. The TGA curves reveal 

that all polymers display excellent thermal stability with initial decomposition 

temperature (Td, as determined from 5% weight loss) above 400 °C. The TGA plots of 

the NT-linked polymers exhibits similar thermal decomposition patterns as shown in 

Figure 2-3, while the TGA data is summarised in Table 2-3.  

Table 2-3: Summary of results from TGA of the polymers.  

Polymer 1
st
 D/°C

a
 EPL/ 

(%)
b
 

TPL/ 

(%)
c
 

2
nd

 D/°C
d
 Rm/wt %

e
 

P1 
328-504 27 30 578 5.0 

P2 
422-523 30 31 591 17.0 

P3 
313-520 32 35 616 2.0 

a 
1

st
 D is the range of first degradation. 

b
 EPL is the experimental percentage loss. 

c
 TPL is the theoretical 

percentage loss. 
d 
2

nd
. D is the onset of second degradation. 

e
 Rm is the residual mass after the degradation 

event. 
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A similar degradation pattern can be seen for PFDTNT-P1, PCDTNT-P2 and 

PPADTNT-P3 although these polymers contain different electron donor repeat units. 

However, the thermal stabilities of this series of polymers are not considerably affected 

by incorporation of different electron donor segments. The first step in the degradation 

appears between 328 and 504°C for PFDTNT-P1, between 322 - 523 °C for PCDTNT-

P2 and between 313 - 520 °C for PPADTNT-P3. It is likely to be due to loss of alkyl 

and alkoxy chains for the donor moieties of the polymers. The percentage weight loss 

recorded experimentally for PFDTNT-P1, PCDTNT-P2 and PPADTNT-P3 is 27, 30 

and 32%, respectively. These values are comparable with theoretical values calculated 

from the molecular weight of the side chains of the polymers as depicted in Table 2-3. 

The TGA data show similar second degradation patterns (weight loss) which can be 

seen again for PFDTNT-P1, PCDTNT-P2 and PPADTNT-P3 at 578, 591 and 616 °C, 

respectively. The loss of mass of all these polymers is gradual. This is probably due to 

the loss of aromatic units of the polymers.  

 

Figure 2-3: TGA plots of the resulting polymers with a heating rate of 10 °C/min under 

N2. 

After the second degradation step, the residual mass of PCDTNT-P2 (17%) is higher 

than that of PPADTNT-P3 (2%) and that of PFDTNT-P1 (5%). This may be attributed 

to more carbonaceous residues 
27

 as a result of extra nitrogen heteroatoms on the 

carbazole-based polymer. Unfortunately, no comparison can be drawn between the 

resulting NT-based polymers and their BT analogues owing to a lack of thermal 

0

20

40

60

80

100

120

0 100 200 300 400 500 600 700 800

M
a

s
s
 R

e
m

a
in

in
g

 (
%

) 

Temperature (°C) 

P1-PFDTNT

P3-PPADTNT

P2-PCDTNT



58 

 

analysis reported. The TGA analysis has confirmed that all polymers have presented a 

high thermal stability. 

2.2.5 XRD studies 

Powder X-ray diffraction (XRD) patterns of PFDTNT-P1, PCDTNT-P2 and 

PPADTNT-P3 were obtained (Figure 2-4) to investigate the polymer chain packing 

structures. It can be seen that PFDTNT-P1 and PPADTNT-P3 exhibit very weak broad 

peaks in the wide-angle region at 15.0 and 19.7° values, respectively. These peaks 

correspond to π-π stacking distances of 5.90 and 4.50 Å, respectively. However, 

PCDTNT-P2 displayed a sharper, more intense peak in the same area at 2ϴ value of 

20.5°. This peak reflects a more ordered packing of polymer main chains with a π-π 

stacking distance of 4.32 Å. On the whole, these results are consistent with the 

polymers in this series of materials (class 1) adopting an amorphous morphology; 

suggesting a lack of regular packing of polymer chains. This is probably due to steric 

hindrance between naphthothiadiazole repeat units and adjacent thiophene rings and the 

twisting out of planarity of the polymer main chains, resulting in a lack of close 

packing polymer chains. XRD pattern of PFDTNT-P1 is comparable with its 

counterpart PFDTBT in a previous study.
28

 Obviously, the results obtained from the 

XRD trends indicate that all polymers adopt an amorphous structure in the solid state.  

 

Figure 2-4: XRD patterns of PFDTNT-P1, PCDTNT-P2 and PPADTNT-P3. 
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2.2.6 Photovoltaic Device Characterisation 

BHJ solar cells using blends of the polymers as electron donors and PC71BM as 

acceptor with weight ratios of 1:4 were deposited by spin-casting on ITO/PEDOT:PSS 

anodes. A bilayer calcium/aluminum cathode (5 nm/100 nm) was used in these devices. 

The best results from the photovoltaic devices obtained in these studies are summarised 

in Table 2-4 and the J–V curves are shown in Figure 2-5. As shown on Table 2-4, all 

polymers displayed very good open-circuit voltages (Voc) ranging from 0.94 to 1.02 V. 

In the case of the anthracene and carbazole-based polymers, the Voc values are higher 

than those observed with the analogous polymers with BT rather than NT as the 

acceptor units. As an example devices using PPATNT-P3 provide a Voc of 0.94 V while 

PPATBT
21

 which is the BT analogous polymer gave a Voc of 0.59 V. The same 

observation is evident on comparing the Voc of PCDTNT-P2 to that of PCDTBT (1.01 

V vs. 0.86 V 
23 

respectively). However, the Voc of fluorene-based polymers are similar 

for both the NT-based polymer PFDTNT or its BT analogous polymer PFDTBT (1.02 

V vs 1.03 V
 22 

respectively). It is well established that Voc in BHJ solar cells is generally 

proportional to the energy difference between the HOMO level of the electron donor 

and the LUMO level of the electron acceptor in the active layer.
8,29

 Such Voc differences 

observed for both the anthracene and carbazole-based polymers in this study 

(PPATNT-P3 and PCDTNT-P2) when compared to the Voc values obtained from their 

BT analogues (PPATBT and PCDTBT) are not a result of differences of the HOMO 

levels of the two sets of polymers, but such differences in the Voc values between the 

NT and BT polymers might be the result of differences in their molecular aggregations 

in blends.
30
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Table 2-4: Performance in bulk heterojunction photovoltaic devices under a simulated 

photovoltaic light with 100 mW cm
-2

 illumination (AM 1.5); cathode: 95%. 

Polymer Polymer: 

PC71BM 

(weight ratio) 

Jsc(mA cm
-2

) Voc (V) FF (%) PCE (%) 

P1 
a 

P1 
b
 

1:4 

1:4 

-5.58 

-6.12 

0.99 

1.02 

34.88 

35.14 

1.93 

2.02 

P2 
b
 1:4 -6.25 1.01 34.50 2.17 

P3 
a
 1:4 -5.40 0.94 34.26 1.74 

a 
Toluene fraction. 

b
 chloroform fraction of the polymers. 

In Table 2-4, polymer PCDTNT-P2 exhibits the best performance with PCEs of 2.17 

because it has high value of Voc and Jsc compared to other polymers synthesised. 

Despite of it has shallower HOMO energy level than PFDTNT-P1 in toluene fraction.  

However, the photovoltaic devices based on the polymer synthesised show the limiting 

fill factor of their photovoltaic performance compared to their counterparts polymers 

which based on BT units, this mainly causes the significantly lower FF and lacking at 

this stage. This is probably due to the unfavorable morphology between donor and 

acceptor because of a steric interaction between adjacent units of thiophene and NT 

units in donor in backbone of polymers. This leads to intrinsic low charge carrier 

mobility of these polymers. Apparently, UV-absorption spectra shows low intensity of 

ICT bands of the polymer, this is likely slightly impeding the effective ICT between the 

donor and acceptor blocks. All NT-based copolymers synthesised in this chapter 

demonstrate poorer efficiencies when compared to their analogous BT-based polymers. 
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Figure 2-5: J-V characteristics of devices of polymers blended with P70CBM (1/4, w/w 

ratio). Device architecture: ITO/ PEDOT:PSS/ Active layer/ Ca (5 nm)/ Al (100 nm). 

2.3 Conclusion  

In conclusion, a series of low bandgap conjugated polymers comprising 4,9-linked 

2,1,3-naphthothiadiazole units as electron accepting units and 2,7-linked fluorene, 2,7-

linked carbazole or 2,6-linked anthracene alternate units flanked by thienyl units with 

alkoxy or alkyl substituents as donor units was successfully synthesised using the 

Suzuki coupling reactions. The physical, electrochemical, thermal, structural and 

photovoltaic properties of the resulting polymers were examined in order to ascertain 

the effect of replacing 2,1,3-benzothiadiazole (BT) with 2,1,3-naphthothiadiazole (NT) 

in this series of conjugated polymers. UV-vis spectroscopy showed that incorporation 

of NT units instead of BT results in red-shifted absorption maxima and lower 

bandgaps. This is explained by a more extended electronic delocalisation on the NT 

unit in virtue of an additional fused benzene ring in comparison with the BT unit. 

Moreover, replacing BT moieties with NT moieties over the main chain of polymers 

lead to polymers with increased molecular weights and solubilities. This is believed to 

be attributed to twisting of polymer chains out of planarity as a result of steric 

hindrance between naphthothiadiazole units and adjacent thiophene rings. The NT-

based polymers display similar HOMO levels relative to their BT analogues. The 

LUMO levels of the NT and BT based polymers are also similar apart from the 

anthracene base polymers in which the NT-based polymer has a deeper LUMO level 

than its BT analogue. Photovoltaic devices with an active layer composed of thin films 
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(65-75 nm) of polymer/PC71BM blends had power conversion efficiencies (PCEs) 

ranging from 1.74 to 2.17%. PCDTNT-P2 displayed the best performance among this 

series of polymers (class 1). Comparison of the photovoltaic performance of the NT-

based polymers to that of their BT analogues indicated a lower performance of the NT-

based polymers, even though the latter polymers display lower bandgaps than the 

corresponding BT-counterparts, a result of significant low FF that leads to an overall 

low photovoltaic performance. We speculate that this may be attributed to the effect of 

the unfavourable morphology for given polymer/fullerene systems that did not yield 

efficient devices, this could have affected charge carrier motilities in devices. Taking 

the positions of energy levels and low bandgap of these polymers into account, there is 

possibility to design new categories of low bandgap polymers that could be applied as 

effective materials in photovoltaic devices when used with fullerene derivatives. 

Further investigations into the use of these new polymers in BHJs are currently 

ongoing.
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Chapter 3 

Synthesis and characterisation of a series of ethynylene 

and ethynylene-thiophene based alternating polymers 

containing 2,1,3-linked naphthothiadiazole units as 

acceptor with various linked donors. 
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  Chapter 3 

3.1 Introduction 

In the last years, polymers solar cells (PSCs) have attracted increased attention because 

of their potential advantages over their inorganic semiconductor counterparts such as 

low manufacturing costs, mechanical flexibility of devices, light weight and large area 

fabrication.
1-5

 Semiconducting polymers have been widely studied for electronic 

applications such as OLED and OPVs.
6-8 

The ability to design conjugated polymers 

with a variety of optical and electrochemical properties makes them attractive 

candidates for electronic device applications.
9-11

  

The chemical structure of polymers dictates their optical and electronic properties 

which determines their photovoltaic performance in devices.
1,12

 It is well recognised 

that tuning of energy bandgaps and energy levels of conjugated polymers by tailoring 

their chemical structure is an effective way to achieve low bandgaps in polymers for 

high performance. One of the important approaches for the adjustment of these 

properties is to alternate electron rich-donor units with electron-deficient acceptor 

moieties over the polymer chain by copolymerisation.
13-18

 This strategy optimises the 

intramolecular charge transfer (ICT) between the donor and acceptor building blocks, 

which enables control of the bandgap of the conjugated polymer via extending the π-

delocalisation system and increasing rigidity of the structure of the polymer.
14,17,19 

The 

introduction of fused aromatic rings within D-A polymer chains is considered as an 

effective strategy to reduce the bandgap of the resulting polymers and extend their 

absorption spectrum; a result of enhancing the rigidity and planarity of their backbone. 

Consequently, incorporation of various fused rings such as fluorene, carbazole and 

anthracene over π-conjugated systems presents good performances in OLED and OPV 

devices.
18

 The push/pull D-π-A approach has been studied by the research community, 

not only to construct low bandgap polymers but also adjust the HOMO and LUMO 

energy levels in polymers to achieve promising performance in OSCs.
17,20 

Further 

modulation of the energy levels of the alternating D-A polymer can be carried out 

through introducing solubilising chains of varying steric bulk. Attachment of alkyl 

chains on the electron donor and/or acceptor units of an alternating conjugated polymer 

enhances its solubility, molecular weight and adjusts non-covalent interchain 

interactions.
1,21,22

 Thus, absorption of a broad part of the solar light spectrum for an 
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alternating polymer can be observed if there is efficient (ICT) between donor and 

acceptor units along polymer chains, resulting in a reduced bandgap of the polymer.
17

 

Moreover, it is believed that further changes in π-conjugated systems, delocalisation, 

energy levels and bandgap can be achieved using the linker units between the electron 

donor and acceptor moieties over the polymer chain. 

Previous studies indicated that the linker effects between donor and acceptor moieties 

in D-π-A system plays a crucial role in determining the bandgap of the polymer, as a 

linker can affect the rigidity and planarity of polymer chains.
23,24

 Incorporation of 

different spacers over the polymer chains results in significant differences in electronic 

delocalisation and rigidity of the backbone of the resulting polymers.
23 

Zhang et al. 

compared the properties of thiophene-based polymers which consisted of thiophene 

homopolymers as well as alternating thiophene acetylene copolymers. This study 

showed the considerable influence of the introduction of the acetylene linker on the 

solubility and optoelectronic properties of the resulting polymer. This displayed much 

lower solubility and lower molecular weight compared with its analogue without 

acetylene linkers owing to higher rigidity and coplanar conformations of the polymer 

backbone.
18

 However, other literature reports have found that the incorporation of the 

ethynylene units over polymer main chains does not have an effect on the solubility and 

molecular weight of the polymers obtained.
23

 Du et al. also prepared a series of 

ethynylene-thiophene based polymers with either phenylene or carbazole units as 

electron donor units and benzothiadiazole (BT) as acceptor repeat units. The different 

positions of the ethynylene units and thiophene units between electron donor and 

acceptor units over the polymer chains exhibited differences in the optical, electronic 

and photovoltaic properties of these polymers. Insertion of ethynylene units between 

BT units and thiophene units displayed the best performance among these polymers, 

with a PCE of 1.6% for the carbazole-based polymer when fabricated with PC71BM
 
in 

BHJ devices.
25

 Incorporation of ethynylene units along the polymer backbone is a 

successful approach for attaining low HOMO levels in conjugated polymers and thus 

could potentially enhance the Voc value of devices. In addition of a high Voc, a lower 

HOMO level for the conjugated polymer also translates to a better oxidation stability of 

the polymer.
25

 

In this chapter, we have decided to explore the use of ethynylene or ethynylene-

thiophene spacers in alternate D-A polymers, comprising alternate naphthothiadiazole 
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electron accepting units and alternate electron donating units such as fluorene, 

carbazole and anthracene. The impact of ethynylene and thiophene units on the 

optoelectronic properties of the resulting polymers will be covered later in this chapter. 

Six conjugated polymers (Figure 3-1), which contain ethynylene units in the alternate 

D-A polymer backbone, have been synthesised successfully using the Sonogashira 

coupling reaction. In the class (2) polymers, the ethynylene units are located between 

the electron-deficient units and electron-rich units to yield three new copolymers 

PFDENT-P4, PCDENT-P5 and PPADENT-P6. In the class (3) polymers, thiophene 

units are placed next to the electron donor units to be positioned between the 

ethynylene units and naphthothiadiazole electron-acceptor units to yield another three 

new polymers, PFDTENT-P7, PCDTENT-P8 and PPADETNT-P9. The optical, 

electrochemical and thermal properties of the resulting polymers were investigated and 

compared. Our results displayed that ethynylene and thiophene-based polymers (class 

3) showed lower bandgaps relative to their ethynylene counterparts (class 2). The series 

of polymers which have ethynylene and thiophene linkers between electron donor and 

acceptor units (class 3) exhibited red-shifted absorption spectra when compared with 

those of analogous polymers with ethynylene linkers (class 2). The synthesis and 

characterisation of these polymers will be discussed in this chapter along with a 

comparison of the properties of ethynylene-based polymers (class 2) with those of their 

thiophene counterparts (class 1) discussed in Chapter 2, as well as a comparison to the 

properties of the polymers with ethynylene-thiophene linkers (class 3). 

 

Figure 3-1: Structures of (class 2) and (class 3) polymers. 
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3.2 Result and discussion 

3.2.1 Synthesis and characterisation 

 

Polymers with ethynylene linkers between donor and acceptor units (class 2) 

The general synthetic routes to prepare the intermediates monomers M1-M3 and 

ethynylene-based polymers (class 2) P4-P6 are outlined in Scheme 3-1. M1 (9,9-

dioctyl-2,7-diethynylfluorene) was synthesised from 9,9-dioctyl-2,7-dibromofluorene 

(S3) as starting material, this monomer requires to be kept at low temperature and in the 

dark before use. The first step in the monomer synthesis was a functionalisation of the 

2,7-positions of fluorene with trimethylsilyl acetylene using a Sonogashira reaction, 

which gave compound (4) (9,9-dioctyl-2,7-[bis(2’-trimethysilyl)ethynyl)]fluorene) in a 

yield of 85%. The reaction was carried out in the presence of (Pd and CuI) as the 

catalysts with diisopropylamine/(THF, toluene) as the reaction media under an inert 

atmosphere. The procedure is well established in the literature.
26

 The mechanism of the 

Sonogashira reaction has been covered in Scheme 1-5 - Chapter 1. The following step 

was the cleavage of the trimethyl silyl protecting groups of compound 4 that was 

carried out under base treatment to afford pure monomer M1 in a yield of 96% after 

extraction without further purification. The method is well documented in the 

literature.
26 
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Scheme 3-1: Synthetic route towards monomers (M1-M3) and the resulting 

 polymers (P4-P6). 
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The deprotection mechanism is illustrated in Scheme 3-2. It proceeds through two 

steps. Firstly, the protecting group is attacked by a nucleophile (methoxide) on the 

silicon atom under base treatment. Secondly, the resulting acetylide anion formed 

extracts a proton from the solvent used (methanol) to afford M1. 

 

Scheme 3-2: Proposed mechanism for the formation of M1. 

Similarly, the synthesis of M2 involved three main steps including alkylation of 

carbazole, a Sonogashira reaction, followed by a cleavage reaction. Regarding to 

preparing the tosylate 6, it was synthesised through two main reactions according to 

literature reports.
27

 This involved the formation of a Grignard reagent prepared by the 

reaction between octyl bromide and magnesium in dry THF. Once the reagent was 

synthesised it was added to a suspension of ethyl formate in dry THF to yield alcohol 

compound 5 in good yield. The mechanism for this reaction is generally through a 

nucleophilic addition mechanism. Grignard reagents act well as nucleophile reacts with 

the electrophile carbon in a carbonyl group in ethyl formate, followed by formation of 

carbonyl again after pushing out the alcohol. The formed intermediate compound is 

subject to another nucleophilic attack to produce the target product 5 after hydrolysis 

(Scheme 3-3). 

 

Scheme 3-3: The mechanism reaction of compound 5. 

The next step is a tosylation reaction using p-toluenesulfonyl chloride in dry DCM, 

trimethylamine hydrochloride as a catalyst which was added in the presence of the base 

under low temperature. The aim of this reaction is to transform the alcohol group into 
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the sulfonic ester using para-toluene sulfonyl chloride in order to produce organic tosyl 

ester 6. The mechanism for formation 6 is depicted in Scheme 3-4. The suggested 

mechanism proceeds through the tosylation mechanism under basic conditions where, 

trimethylamine hydrochloride Me3N•HCl generates trimethylamine Me3N which reacts 

with p-toluenesulfonyl chloride TsCl to obtain a very strong tosylation reagent. The 

hydroxyl group in alcohol acts as good nucleophile that attacks the tosylate reagent to 

produce the desired product (tosyl ester) and Me3N•HCl which converts back to Me3N 

again.  

 

Scheme 3-4: The suggested mechanism for the formation of compound 6. 

After the tosyl ester was prepared it was reacted with 2,7-dibromo-carbazole (S8) at the 

nitrogen atom to produce the alkylated compound 7. Attaching an alkyl chain this long 

is essential to promote solubility of the final desired product. It is worth mentioning 

that the yield of the alkylated compound  using a DMSO-KOH system to produce the 

alkylated carbazole was low 
27

 due to low solubility of alkylation reagent (alkyl 

toluenesulfonate) in DMSO. To overcome this issue, dry THF was used successfully in 

the system to increase the solubility of the reaction mixture leading to a high yield of 

84%. The mechanism of alkylation follows a nucleophilic substitution reaction 

including, deprotonation by the strong ion (OH
-
), followed by attack from of the 

carbazole anion on the tosyl ester yielding the desired product as depicted in 

Scheme 3-5. 

 

Scheme 3-5: Reaction mechanism for forming compound 7. 
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The preparation of monomer M3 follows similar steps to those to prepare monomers 

M1 and M2 from anthracene intermediate 11 as shown in Scheme 3-1. The preparation 

of 11 required first the preparation of 1-bromo-4-(dodecyloxy) benzene (9) from 4-

bromo phenol as starting material under base treatment as catalyst.
28

 The resulting 

product was treated with n-BuLi to generate the 1-lithio-4-dodecyloxybenzene 

intermediate. Once the lithiated compound was prepared it was added to 2,6-dibromo-

anthraquinone (11) to produce its derivative compound (11). The mechanism for 

formation (9) proceeds via nucleophilic substitution reaction (SN2) as presented in 

Scheme 3-6. Clearly, the mechanism begins the treatment with base, this was used to 

deprotonate the starting material to form a phenoxide intermediate, this attacks the 

alkyl halide in (SN2), resulting in the formation of the target ether product (9). 

 

Scheme 3-6: The reaction mechanism for the formation of compound 9. 

The second reaction mechanism is the formation of the lithiated reagent (9-a) 

(Scheme 3-7). Organolithiums can exchange its lithium atom with a halide in an 

exchange reaction to form the corresponding organolithium derivative. 

 

Scheme 3-7: Proposed mechanism for the formation of the lithated intermediate 

alkoxyphenyl (9-a). 

2,6-Dibromoanthraquinone (10) was prepared from the corresponding 2,6-diamino-

anthraquinone S4 through a modified Sandmeyer-reaction to afford the desired product 

(yield = 86 %) using a well-documented procedure.
29

 The general mechanism of 

modified Sandameyer-reaction is illustrated in Scheme 3-8. 
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Scheme 3-8: Proposed mechanism of Sandameyer for forming compound 10.  

Once the lithiated-intermediate compound was synthesised it was added to a suspension 

of 10 in dry THF to afford a diol compound (10-a) as intermediate product. The 

resulting compound was reduced using KI–NaH-PO2, the crude product was 

recrystallised from methanol to yield the anthracene intermediate (11) as a pure product 

(yield = 69 %),
30,31

 Clearly, the addition of bulky groups at 9,10-positions of 11 

increases the solubility of the resulting monomer in common organic solvents. 

It is noteworthy to point out that incorporation of ethynylene units on the NT electron 

accepting moiety was achieved. However, the diyene compound was very unstable and 

immediately degraded while the ethynylene-linked electron donor units were more 

stable products during preparation and copolymerisation. The preparation of 2 has been 

covered in Chapter 2- P 49. The chemical structures of the final monomers were 

adequately characterised and confirmed by 
1
H NMR as shown in (supplementary 

information), 
13

C NMR, the mass spectra and elemental analysis. 

Polymerisations of 2 with respectively M1, M2 and M3 by the Sonogashira reaction 

produced polymers PFDENT-P4 (yield = 18 %), PCDENT-P5 (yield = 15 %) and 

PPADENT-P6 (yield = 35 %). These polymerisations were easily carried out in the 

presence of catalytic amount of (20%) Pd(PPh3)2Cl2 and 14% (CuI) with 

diisopropylamine as the base media into a mixture of solvents (THF, toluene) under an 

inert atmosphere. Using excess of co-catalyst as modification is required to guarantee a 

successful reaction. It is observed that the polymerisation times varied between 1 to 5 

hours with large quantities of polymer precipitates forming during the reactions. All the 
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resulting polymers were purified by successive Soxhlet extractions with different 

common organic solvents. It was observed that large amounts of the resulting polymers 

remained as intractable materials in the Soxhlet thimbles after extraction. The low 

solubilities of the resulting polymers explain the low yields observed from these 

polymerisations. The products obtained from the toluene and chloroform Soxhlet 

fractions (which are generally the fractions obtained on extraction of processable 

materials from most conjugated polymers) were soluble in common organic solvents. 

The chemical structures of these copolymers were verified by 
1
H NMR and elemental 

analysis. Details of the synthesis of monomers M1-M3, polymers and their 

characterisations are described in the experimental section.  

Gel permeation chromatography (GPC) analysis of these polymers against polystyrene 

standards estimated the number and weight-average molecular weights (Mn and Mw) 

using 1,2,4-trichlorobenzene (TCB) as the eluent at 140 °C (Table 3-1). GPC 

measurements of ethynylene-based polymers exhibit moderate molecular weights. 

These ethynylene-based polymers (class 2) were only obtained in their toluene fractions 

except PPADENT-P6 which was obtained from its chloroform fraction. It was 

speculated that incorporation of the ethynylene units over the polymer chains results in 

a decrease in the torsion angle between alternate units along polymer chains, leading to 

aggregation of polymer chains as a result of their coplanar geometry.
32

 This then limits 

accessibility to soluble high molecular weight polymers. Despite most of these 

ethynylene-based polymers being extracted in the toluene fractions, the polymers still 

displayed poor solubility with other organic solvents at high temperature. For 

comparison purposes, ethynylene-based polymers display a significant reduction in 

molecular weight relative to their thiophene analogous polymers previously synthesised 

(Chapter 2 - P 50-51), and where the thiophene units are replaced by ethynylene units. 

For example, GPC analysis estimated the Mn and Mw of PCDENT-P5 to be 8,800 and 

22,900 Da, respectively. While the Mn and Mw of its counterpart, PCDTNT-P2 (Chapter 

2), are 23,100 and 89,600 Da, respectively. It is hypothesised that the presence of 

ethynylene-spacer facilitates π-π interchain stacking and planarization, leading to 

reduced Mn and Mw values obtained for PCDENT-P5 relative to that of its counterpart, 

PCDTNT-P2.  
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Table 3-1: GPC data and yields of the class2 polymers. 

Polymer Fraction Yield % Mn (Da) 
a
 Mw(Da) 

a
 PDI 

b
 

P4 toluene 18 10,000 30,200 3.0 

P5 toluene 15 8,800 22,900 2.5 

P6 

 

toluene 

chloroform  

25 

10 

7,900 

9,200 

16,000 

17,700 

2.0 

1.9 
a 

Measurements conducted on the toluene and chloroform fractions of polymers using a differential 

refractive index (DRI) detection method. 
b 
Polydispersity index. 

 

Polymers with ethynylene-thiophene linkers between donor and acceptor units 

(class 3) 

The synthetic routes to all three monomers M4-M6 and the corresponding conjugated 

polymers P7-P9 are outlined in Scheme 3-9. The final monomer M4 could be obtained 

in four steps following modified procedures.
33,34

 The first step used a Stille reaction 

between 2-(tributylstannyl)thiophene and 2,7-dibromo-9,9-dioctylfluorene (S3) to 

afford 2,7-dithienyl-9,9-dioctylfluorene (13). The reaction was carried out in 

chlorobenzene at 120 °C overnight using Pd2(dba)3 and tri(o-tolyl)phosphine as 

catalyst. In this reaction, choosing a high boiling point solvent helps the reaction to 

proceed to completion. The reaction was high yielding (91%) after purification of the 

product by column chromatography. The mechanism of this reaction proceeds through 

a catalytic cycle of the Stille coupling reaction as described in (Scheme 1-3-Chapter 1).  

The second step is a bromination reaction, compound (13) was brominated at the 5,5 

positions of thiophene units using NBS in a CHCl3/AcOH solvent mixture to obtain the 

desired product 2,7-bis(5-bromothiophen-2-yl)-9,9-di-n-octylfluorene (14) in a high 

yield. Using a ratio of NBS:13 of 1.98:1 eliminated concerns about the formation of tri 

and tetra brominated compounds that are difficult to be separate from the desired 

product. The mechanism for this reaction follows the same route as that presented in 

(Scheme 2-4 -Chapter 2). 
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Scheme 3-9: The synthetic route to polymers and their monomers, conditions and 

reagents. 

The following steps involved a Sonogashira reaction of dibromide 14 and trimethylsilyl 

acetylene using Pd/Cu catalyst and base to afford compound 15. The crude product was 

purified via silica gel column chromatography to afford the desired product 15 in a high 

yield (85 %). The catalytic cycle for the Sonogashira reaction is depicted in (Scheme 1-

5- Chapter 1). Compound 15 was then treated with potassium hydroxide solution in 

THF at room temperature. The resulting deprotected product M4 was extracted with 

DCM, washed with water and dried to afford a brown coloured product. The 

mechanism for this cleavage reaction is presented above in Scheme 3-2. 

M5 and M6 were synthesised through similar steps, conditions and mechanisms as M4. 

The chemical structures of the resulting monomers were confirmed by 
1
H NMR, as 
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described in supporting information, 
13

C NMR, mass spectrometry and elemental 

analysis.  

Polymerisations of 2 with respectively, M4, M5, and M6 by the Sonogashira coupling 

reaction yielded PFDTENT-P7, PCDTENT-P8 and PPADTENT-P9. These 

polymerisations were carried out with Pd/CuI as the catalyst precursors and mixed 

anhydrous solvents THF/toluene/diisopropylamine as the reaction media under inert 

atmosphere. All polymerisations were left for 1 hour or less with large quantities of the 

polymers that precipitated from the reaction media. The obtained crude polymers were 

separated by precipitation in methanol. They were then purified through Soxhlet 

extraction using different common organic solvents including methanol, acetone, 

hexane, toluene, CHCl3 and chlorobenzene. Similarly to the previous class of polymers 

(class 2), only 15- 20 % of the resulting polymers was soluble in their toluene and 

chloroform fractions that can be able to processed for electronic applications. It can be 

noted that large amounts of resulting polymers remained as intractable materials in the 

Soxhlet thimbles. The low solubilities of these polymers explain the low yields of 

tractable materials from these polymers. The chemical structures of the obtained 

polymers were confirmed by 
1
H NMR (Supplementary information) and elemental 

analysis. It is perhaps worth noting that the elemental analysis values for some 

monomers synthesised and class 2 and 3 polymers deviate from the expected values. 

This can be ascribed to the incomplete combustion of these polymers during analysis 

due to strong solvent retention inside polymer structure which effects on degradation 

reactions.
35

 Details of the synthesis of the monomers, polymers and their 

characterisation are described in the experimental section. 

GPC analysis using TCB as the eluent was undertaken against polystyrene standards at 

140 °C. The GPC data of the three polymers P7-P9 displays moderate molecular 

weights (Table 3-2). The Mn values of the toluene fractions of PFDTENT-P7, 

PCDTENT-P8 and PPADTENT-P9 are 11,500, 8,700 and 10,400 Da, respectively. The 

low yield of the resulting polymers (class 3 polymers) (20% yields or less) and their 

low solubilities are probably due to the incorporation of ethynylene units over the 

polymer chains which leads to their aggregation. This is a result of the planarity of the 

main chains of polymers, leading to low molecular weights in these materials as a 

result. The GPC results of these polymers (class 3) are in a good agreement with their 

ethynylene counterparts (class 2) that are considered as moderate molecular weights. 
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Table 3-2: A summary of the GPC data and yield for PFDTENT-P7, PCDTENT-P8 

and PPADTENT-P9. 

Polymer Fraction Yield % Mn (Da) 
a
 Mw(Da) 

a
 PDI 

b
 

P7 toluene 17 11,500 29,700 2.5 

P8 toluene 16 8,700 17,000 1.9 

P9 

 

toluene 

chloroform  

12 

08 

10,400 

11,300 

23,300 

20,600 

2.2 

1.8 

a 
Measurements conducted on the toluene and chloroform fractions of polymers using a differential 

refractive index (DRI) detection method. 
b 
Polydispersity index. 

3.2.2 Optical properties 

The optical properties of the polymers were measured in dilute chloroform solutions 

(Figure 3-2) and in thin films. The optical spectra in the solid state are presented in 

Figure 3-3. The results for both classes of polymers (class 2 and 3) are presented in 

Table 3-3. All resulting polymers displayed the same absorption pattern in their spectra. 

It can be seen that UV-vis absorption spectra of the polymers in the solid state exhibit 

two main distinct absorption bands in the region from (300-410 nm) and (460-700 nm). 

The shorter wavelength absorption peaks correspond to π-π* transitions of the 

conjugated structure of polymers. The absorption bands at longer wavelength can be 

attributed to the intramolecular charge transfer (ICT) bands between the donor and 

acceptor moieties along the D-A polymer backbones. Dilute solutions of ethylene-

based polymers (class 2) (Figure 3-2-a) PFDENT-P4, PCDENT-P5 and PPADENT-P6 

display ICT absorption bands at 585, 592 and 600 nm, respectively. When fabricated in 

films (Figure 3-3-a), the bands are red-shifted and observed at 608, 613 and 670 nm for 

PFDENT-P4, PCDENT-P5 and PPADENT-P6, respectively. The bathochromic shift is 

mostly attributed to the ordered packing of polymer chains as well as their aggregation 

in the solid state.
36,37

 

The optical bandgaps of ethynylene-based polymers (Table 3-3), as calculated from the 

onset of absorption wavelengths in solid films, were estimated to be 1.83, 1.81 and 1.67 

eV for PFDENT-P4, PCDENT-P5 and PPADENT-P6, respectively. Interestingly, 

PPADENT-P6 in thin film is red-shifted up to 650 nm. While the values of absorption 

maxima of PFDENT-P4 and PCDENT-P5 is limited to (~610 nm). This can be 

explained by the fact that the backbone of polymer PPADENT-P6 possesses a more 
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extended electronic delocalisation structure on anthracene moieties on P6 compared to 

other donor moieties in other polymers. It is assumed that the anthracene-based 

polymer (PPADENT-P6) is able to provide a more planar arrangement of its polymer 

chains in the solid state (probably due to better  stacking) in comparison to its 

fluorene and carbazole counterparts (PFDENT-P4 and PCDENT-P5), given the similar 

absorption wavelengths of all three polymers in solution but a larger difference of their 

absorption maxima in the solid state. This provides a lower optical bandgap for 

PPADENT-P6 and increased ICT along its polymer chains. Furthermore, PPADENT-

P6 shows a shoulder peak at (~447 nm), indicating a high degree aggregation and 

intermolecular interactions of polymer main chains. The bandgap of PCDENT-P5 (1.81 

eV) is lower than for PFDENT-P4 (1.83 eV). This can be attributed to the better 

electron donating properties of carbazole repeat units when compared to fluorene units, 

resulting in a more D-A character and low optical bandgap. 

Table 3-3: A summary of absorption in solution and in films and HOMO and LUMO 

levels of the polymers.  

Polymer 

λmax 

solution 

(nm) 

ε 
a
 (M

-1
 cm

-1
) 

λmax film 

(nm) 
Eg opt 

b
(eV) 

HOMO 
c
 

(eV) 

LUMO 
d
 

(eV) 

Class 2       

P4 585 29,600 608 1.83 -5.58 -3.59 

P5 592 30,000 613 1.81 -5.55 -3.54 

P6 600 42,500 670 1.67 -5.39 -3.68 

Class 3       

P7 590 30,800 614 1.71 -5.46 -3.60 

P8 599 31,400 620 1.68 -5.37 -3.59 

P9 613 44,700 702 1.54 -5.32 -3.55 

a 
Absorption coefficient measured at λmax = 350 nm for P6 and 375 nm for P4 and P5, λmax = 373 nm for 

P9 and 402 nm for P7 and P8 in chloroform solutions. 
b
 Optical bandgaps determined from the onset of 

UV-vis absorption spectra on solid films. 
c
 HOMO position (vs vacuum) determined from the onset of 

oxidation. 
d
 LUMO position (vs vacuum) determined from the onset of reduction. 

To ascertain the effect of ethynylene units on the optical properties of polymers, a 

further comparison was conducted between ethynylene-based polymers (class 2) and 

their thiophene analogues discussed in Chapter 2- P. 52-53. The intensity of (ICT) 

bands of PFDENT-P4, PCDENT-P5 and PPADENT-P6 are more pronounced relative 

to their thiophene equivalent polymers, PFDTNT-P1, PCDTNT-P2 and PPADTNT-P3 
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(Chapter 2- P 53-54); suggesting that incorporation of acetylene-spacers instead of 

thiophene repeat units next to the NT units reduces steric hindrance between these and 

adjacent units and enhance intramolecular charge transfer and π-overlap as well as the 

planarity of polymer chains. As a result, the absorption maxima for PFDENT-P4 and 

PCDENT-P5 and PPADENT-P6 are red-shifted compared to their analogous, 

PFDTNT-P1, PCDTNT-P2 and PPADTNT-P3. This would extend the absorption 

spectrum of the polymers synthesised although the presence of acetylene units may 

localise π-electron wave function on ethynylene spacers, thus, this decreases the 

electronic delocalisation between the electron acceptor and donor segments.
23

 

 

Figure 3-2: Normalised UV-vis absorption spectra of resulting polymers, (a) 

ethynylene-based polymers, (b) ethynylene-thiophene based polymers in chloroform 

solutions. 

The optical bandgap of PPADENT-P6 was estimated to be 1.67 eV, which is lower 

than that of its thiophene counterpart, PPADTNT-P3 (1.75 eV). However, the optical 

bandgap of PFDENT-P4 and PCDENT-P5 were calculated to be 1.83 and 1.81 eV, 

respectively. These bandgap values are wider than their polymer analogous, PFDTNT-
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P1 and PCDTNT-P2 (1.76, 1.74 eV, respectively), despite having broader absorption 

spectra. Incorporation of acetylene units in fluorene and carbazole-based alternate 

polymers (PFDENT-P4 and PCDENT-P5) display red-shifted absorption maxima 

compared to those of their analogous polymers, PFDTNT-P1 and PCDTNT-P2. 

However, it does not result in a lower optical bandgap. This can be attributed to the 

presence of acetylene units in the polymer chains, which adopt ordered structures and 

would show sharper absorption peaks owing to improved electronic delocalisation. 

The absorption maxima of PFDTENT-P7, PCDTENT-P8 and PPADETNT-P9 in the 

solid state (Figure 3-3-b) are located at 614, 620 and 702 nm, respectively. The red-

shifted spectra from solution to solid state can be attributed to more planar structures in 

films. The optical bandgaps (Eg) of PFDTENT-P7, PCDTENT-P8 and PPADETNT-P9 

from these spectra are estimated to be 1.71, 1.68 and 1.54 eV. The lowest optical 

bandgap for PPADETNT-P9 indicates a more extended electronic delocalisation on the 

anthracene-donor moieties compared to other donor units of the polymers, PFDTENT-

P7, PCDTENT-P8. Interestingly, PPADETNT-P9 displays shoulder absorption peaks 

in solution and solid state. We tentatively ascribe this to pure vibrational-electronic 

transitions. It is assumed that the anthracene-based polymer PPADETNT-P9 is able to 

provide a more planar arrangement of its polymer chains in the solid state due to better 

 stacking in comparison to its fluorene and carbazole counterparts (PFDTENT-P7 

and PCDTENT-P8), given the similar absorption wavelengths of all three polymers in 

solution but a larger difference of their absorption maxima in the solid state (Table 3-

3). The same observation was made on comparing the optical properties of polymers of 

class 2, and where anthracene-based polymer PPADENT-P6 has much extended 

electronic delocalisation than its carbazole and fluorene-based polymers PFDENT-P4 

and PCDENT-P5. 
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Figure 3-3: Normalised UV-vis absorption spectra of resulting polymers, (a) 

ethynylene-based polymers, (b) ethynylene-thiophene based polymers in solid films 

The ethynylene-thiophene based polymers, PFDTENT-P7, PCDTENT-P8 and 

PPADETNT-P9 (class 3) display red-shifted absorption maxima and reduced 

bandgaps, relative to their respective analogous, PFDENT-P4, PCDENT-P5 and 

PPADENT-P6 (class 2). The absorption maxima of the anthracene-based polymer 

PPADTENT-P9 (702 nm) is red-shifted relative to that of its anthracene analogue 

PPADENT-P6 (670 nm). The optical bandgap of PPADTENT-P9 is 0.13 eV lower 

than its analogue, PPADENT-P6.  

Another example, PCDTENT-P8, which has carbazole as donor moiety, has lower 

bandgap (Eg = 1.68 eV) relative to its carbazole analogue polymer PCDENT-P5 (Eg = 

1.81 eV). It is speculated that the absorption maxima of class 3 polymers, which have 

ethynylene-thiophene linkers, are higher than their ethynylene counterparts (class 2) 

owing to incorporation of additional thiophene units in the polymer chains. The 

additional electron rich thiophene units leads to overall stronger electron donating 

segments in class 3 polymers compared to class 2 polymers and as a result of stronger 
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ICT along polymer chains resulting in reduced bandgaps. A recent study by Ozel et al. 

has shown that incorporation of phenylene-acetylene units as spacers in D-A polymers 

does not add any extension of π-conjugation over polymer chains; suggesting that how 

the electron donating properties of thiophene are key in leading to the reduction of the 

band gaps of class 3 polymers compared to class 2 polymers.
38

 

The absorption coefficients of all resulting polymers (class 2, 3) in chloroform 

solutions are in the range 2.9 × 10
4
 to 4.4 × 10

4
 and all data are presented in Table 3-3. 

Clearly, the molar absorption of polymers with ethynylene-thiophene units is slightly 

higher compared to their ethynylene counterparts. This is probably because the electron 

donating ability of donor moieties into polymers (class 3) is stronger than their 

corresponding polymers without thiophene units. 

3.2.3 Electrochemical properties 

The electrochemical behaviour of the polymers was investigated by cyclic voltammetry 

(CV). The measurements were conducted using drop-cast polymer films in acetonitrile 

solutions with tetrabutylammonium perchlorate as an electrolyte. The cyclic 

voltammograms are presented in Figure 3-4. They show that most polymers present 

irreversible oxidation peaks and reversible reduction potential peaks.  

Details of the measurements are given in the experimental section. The frontier energy 

levels (vs. vacuum) of the polymers were calculated from their first onset of oxidation 

and reduction waves as summarised in Table 3-3. 

In the series of polymers (class 2), the potentials of first onsets of oxidation waves were 

estimated to be at 0.86, 0.83 and 0.67 V for PFDENT-P4, PCDENT-P5 and 

PPADENT-P6, respectively, which correspond to HOMO energy levels of -5.58, -5.55 

and -5.39 eV, respectively. The onsets of reduction potentials for PFDENT-P4, 

PCDENT-P5 and PPADENT-P6 were observed at -1.13, -1.18 and -1.04 V 

respectively and corresponding to LUMO energy levels of -3.59, -3.54 and -3.68 eV, 

respectively. Obviously, PPADENT-P6 with HOMO energy level (-5.39 eV) and 

LUMO energy level (-3.68 eV) displays less-positive oxidation and less-negative 

reduction potential compared to the other two polymers. The shallower HOMO level of 

PPADENT-P6, relative to both PFDENT-P4, PCDENT-P5, is a result of the increased 

electronic delocalisation in the anthracene-based polymer compared to the fluorene and 

carbazole-based polymers. Moreover, it can be seen from Table 3-3 that the change of 
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the electron donor moieties impacts the LUMO energy levels of this series of polymers 

to a greater extent. The LUMO level of PPADENT-P6 is deeper than the other two 

polymers in this series of polymers, despite all polymers having the same electron 

acceptor moiety. It is speculated that varying the electronic properties of donating 

ability of donor units can also disturb the electron accepting nature of the polymer main 

chains in this series. 

Comparison of the electrochemical properties of ethynylene-based polymers (class 2) to 

those of their corresponding thiophene-based polymers (class 1- Chapter 2), revealed 

that the ethynylene-based polymers have lower lying HOMO energy levels relative to 

the thiophene-based polymers. Indeed thiophene-based polymers, PFDTNT-P1, 

PCDTNT-P2 and PPADTNT-P3 (Chapter 2- P 55) display HOMO/LUMO level of -

5.36/-3.50 eV, -5.34/-3.44 eV and -5.40/-3.47 eV, respectively. As observed for 

example by comparing PFDENT-P4 and its thiophene-analogue PFDTNT-P1. The 

HOMO of the ethynylene polymer PFDENT-P4 is -5.58 eV while the HOMO of its 

thiophene counterpart, PFDTNT-P1 is -5.36 eV. It is hypothesised that the acetylene 

linkers on polymer chains in class 2 polymers, which incorporate sp-hybridised 

carbons, have a weakly electron withdrawing character when compared to the electron 

rich thiophene units on the polymer chains in class 1 polymers, which explains the 

shallower HOMO energy levels of the thiophene-based polymers. This is consistent 

with previous literature reported that has shown decreased HOMO and LUMO energy 

levels with incorporation of acetylene units over the polymer main chain.
25

 These 

findings indicates how the incorporation of ethynylene units induces intermolecular 

interactions and increase the planarity of the polymer chains while changing the 

electronic properties of this series of the resulting polymers and increasing their 

electrochemical energy bandgaps. 

The frontier HOMO energy levels (vs vacuum) of PFDTENT-P7, PCDTENT-P8 and 

PPADTENT-P9, as calculated from the onset of oxidation waves, were estimated to be 

at -5.46, -5.37 and -5.32 eV while the corresponding LUMO energy levels were 

determined to be at -3.60, -3.59 and -3.55 eV, respectively. Notably, the anthracene-

based polymer PPADTENT-P9 displays the shallowest HOMO energy level (closest to 

the vacuum level) compare to the other two polymers in the class 3 series of polymers; 

a consequence of more enhanced electronic conjugation compared to the fluorene and 

carbazole-based polymers. 
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Figure 3-4: Cyclic voltammetry curves of polymers (class 2 and 3) in 0.1 M a solution 

of tetrabutylammonium percolate with acetonitrile at a scan rate of 100 mV s
-1

 under 

argon atmosphere. 

A comparison of the electrochemical properties (Table 3-3) of the resulting polymers 

(class 3), PFDTENT-P7, PCDTENT-P8 and PPADTENT-P9 with their ethynylene 

analogues (class 2) reveals considerable increasing of the HOMO energy levels of the 

ethynylene-thiophene based polymers, resulting in lower bandgap polymers when 

compared to their ethynylene counterparts. It is believed that incorporation of thiophene 

units as electron-donating units in the main chain of conjugated polymers is responsible 

for lifting the HOMO energy levels of the resulting polymers in this series (class 3), 

upon increasing the electron donating ability of the donor segments on the polymer 

chains. Eventually, this leads to the decreased bandgap polymers. As an example, the 

HOMO energy level of ethynylene-thiophene based polymer PCDTENT-P8 is -5.37 eV 

while its ethynylene counterpart has a HOMO energy level at -5.55 eV. These results 

indicated that how the combined thiophene units could increase the electron donating 

ability on donor moieties of polymer chains, leading to change the positions of HOMO 

energy levels.  
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3.2.4 Thermal properties 

The thermal properties of the resulting polymers were measured by thermogravimetric 

analysis (TGA) (Figure 3-5). The TGA curves (a) indicate that the ethynylene-based 

polymers have thermal stability with decomposition temperatures, defined as the 5% 

weight-loss temperature, Td above 300 °C in a N2 atmosphere at heating rate of 10 

°C/min, suggesting their excellent thermal stability. The first onset of thermal 

degradation temperatures for PFDENT-P4, PCDENT-P5 and PPADENT-P6 were 

determined to be respectively at 328 °C, 316 °C and 303 °C. For all polymer 

synthesised in this series, the first weight loss in the degradation can be attributed to 

elimination of alkyl and alkoxy substituents from the electron donor moieties in the 

conjugated polymers. Above 500 °C, degradation of the polymer chains follows with a 

total weight loss of 94%, 96% and 94%, respectively for PFDENT-P4, PCDENT-P5 

and PPADENT-P6, that is observed when temperature above 590 °C. These results 

indicated that PPADENT-P6 displays a high thermal stability with one step 

degradation, while PFDENT-P4 and PCDENT-P5 exhibited the same thermal profile 

with two main step degradation processes. It is theorised that the different thermal 

behaviours of this series of polymer (class 2) correspond to varying electron donor 

moieties over the polymer main chains. 

These findings indicated that the thermal stabilities of the ethynylene-based polymers 

are adequate for their application in solar cells and other electronic devices. It can be 

noted that the thiophene-based polymers PFDTNT-P1, PCDTNT-P2 and PPADTNT-

P3 synthesised (Chapter 2- P 56-57), exhibited higher decomposition temperature (~ 

400 °C) relative to their ethenylene analogues, PFDENT-P4, PCDENT-P5 and 

PPADENT-P6 (class 2). We speculate that the high molecular weight of thiophene-

based polymers (class 1) decreased the molecular mobility and promotes chain 

entanglements, resulting in increased degradation temperature of polymers. These 

results are consistent with previous studies that show the relationship between 

molecular weight of polymers and degradation kinetics.
39
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Figure 3-5: (TGA) plots of ethynylene (a) and ethynylene-thiophene (b) linked 

polymers with a heating rate of 10 °C/min under N2. 

Figure 3-5, (b) shows the TGA curves of the thermal degradation of the ethynylene-

thiophene based polymers (class 3). TGA analysis of PFDTENT-P7, PCDTENT-P8 

and PPADTENT-P9 revealed that all polymers display moderate thermal stabilities 

with decomposition temperature (Td) above 230 °C. The Td values were determined to 

be respectively at 329 °C, 285 °C and 230 °C. For all polymers, the first step in the 

degradation is observed ranging from 230 °C to 500 °C, corresponding to the 

elimination of alkyl and alkoxy chains from the electron donor moieties of the 

polymers. Decomposition of the polymer chains follows with a total loss of 94%, 91% 

and 97% respectively for PFDTENT-P7, PCDTENT-P8 and PPADTENT-P9 that is 

observed when the temperature is above 550 °C.  

The thermal results of all synthesised polymers confirm that the polymers possess good 

thermal properties. Compared with the ethynylene counterparts (class 2), ethynylene-

based polymers (class 2) undergo degradation at higher temperature compared to their 
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ethynylene-thiophene counterparts. No further comparison can be drawn between 

ethynylene polymers and their analogues because of a lack of thermal analysis reported. 

3.2.5 Powder x-ray diffraction studies 

Figure 3-6 displays powder X-ray diffractions (XRD) of all resulting polymers. The 

XRD profile was studied to examine the molecular packing of polymer chains. 

PFDENT-P4, PCDENT-P5 and PPADENT-P6 displayed broad peaks in the wide-

angle region respectively at 2θ values of 19.95, 20.02 and 20.39°, corresponding to 

distances of 4.45, 4.43 and 4.35 Å, respectively. These broad peaks in this area revealed 

that ethynylene-based polymers adopt amorphous structures in solid states. However, 

PPADENT-P6 exhibited a more ordered molecular packing via more pronounced peak, 

which appeared in wide-angle region with a distance of 4.35 Å compared to the other 

two polymers. It is assumed that there is improved  stacking between the main 

chains of P6 as a consequence of the intermolecular interactions brought about by using 

planar anthracene-donor moieties. Generally, these results are consistent with previous 

results in the literature concerning the effect of ethynylene-spacers on the packing of 

polymer chains.
40

  

In comparison, it is interesting to compare the XRD studies of ethynylene-based 

polymers in this series (class 2) and their thiophene analogous polymer synthesised 

(Chapter 2- P 58). PFDTNT-P1, PCDTNT-P2 and PPADTNT-P3 did not show any 

pronounced diffraction peaks in this wide-angle region compared to PFDENT-P4, 

PCDENT-P5 and PPADENT-P6. We speculate that incorporation of acetylene units 

along the main chains of polymers slightly promote the packing of polymer chain via 

improving the coplanar interactions owing to decreased torsion angle between the 

electron donor and acceptor moieties.  
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Figure 3-6: Powder (XRD) patterns of PFDENT-P4, PCDENT-P5, PPADENT-P6, 

PFDTENT-P7, PCDTENT-P8 and PPADTENT-P9. 

Powder XRD pattern of ethynylene-thiophene based polymers (class 3) revealed that 

the broad peaks of PFDTENT-P7, PCDTENT-P8 and PPADTENT-P9 appeared 

respectively at values of 20.51, 20.58 and 20.11°. A comparison with the ethynylene 

analogue polymers synthesised, PFDENT-P4, PCDENT-P5 and PPADENT-P6 

indicate a little change in the XRD pattern. However, the ethynylene counterparts (class 

2) show more pronounced peaks in the wide-angle region compared to thiophene-

ethylene based polymers (class 3). It is assumed that incorporation thiophene-spacers 

with ethynylene results in an increased torsion angle and therefore, an indication of the 

polymers amorphous conformations. Unfortunately, further comparison cannot be 

drawn owing to a lack of XRD studies reported as supporting evidence. 
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3.3 Conclusion 

In this chapter, two series of acetylene-based polymers were synthesised using 

Sonogashira coupling reactions. The first series of conjugated polymers PFDENT-P4, 

PCDENT-P5 and PPADENT-P6 contains ethynylene units positioned between 2,1,3 

naphthothiadiazole (NT) repeat units as electron acceptor moieties and 2,7-linked 

fluorene, 2,7-linked-carbazole or 2,6-linked anthracene alternate units as electron donor 

moieties. Their optical, electrochemical, thermal and chemical structures were 

investigated. Clearly, the ethynylene-based polymers were obtained in low yields as 

they have low solubilities in common organic solvents. We tentatively attribute this low 

solubility to the incorporation of acetylene-spacers over the polymer main chains, 

which results in aggregation of polymer chains and formation much rigid polymers. 

PPADENT-P6 displays the lowest optical bandgap (1.67 eV) in this series of 

alternating polymers with ethynylene linkers. This is probably due to the extension of 

the conjugation length of the 9,10-functionilised anthracene polymer compared to 

fluorene and carbazole-based polymers. The HOMO/LUMO frontier energy levels of 

PFDENT-P4, PCDENT-P5 and PPADENT-P6 were estimated to be -5.58/-3.59 eV, -

5.55/-3.54 eV and -5.39/-3.68 eV, respectively. It can be seen that the change of the 

electron donor repeat units in this series of polymers affects the HOMO energy levels 

of the polymers to good extent. PFDENT-P4 displayed the deepest HOMO level in this 

series; suggesting that the fluorene repeat unit is the weakest electron donor unit 

relative to the other two donor moieties (carbazole and anthracene repeat units).  

The properties of this series of polymers (class 2) were compared with the first series of 

polymers described in Chapter 2 of this thesis (class 1), and which have thiophene 

linkers between NT repeat units and donor units to ascertain the effects of the acetylene 

units on the properties of the resulting polymers. UV-visible absorption spectroscopy 

revealed that (ICT) bands of PFDENT-P4, PCDENT-P5 and PPADENT-P6 are more 

pronounced and red-shifted when compared to their thiophene analogues polymers 

(Chapter 2), PFDTNT-P1, PCDTNT-P2 and PPADTNT-P3. It is believed that the 

insertion of acetylene π-linkers along the D-A polymers reduces the steric hindrance 

between electron accepting naphthothiadiazole repeat units and electron donors repeat 

units. This increases their aggregation and planarity due to promoting π-π interactions. 

Despite ethynylene-based polymers exhibiting a red-shifted and vibrational structure 

compared to their thiophene analogues, the optical bandgaps of this series are larger 
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with the exception of PPADENT-P6. This is attributed to the electronic effect of 

ethynylene spacers as weak electron withdrawing units, which may decrease the pull-

push character and ICT over polymer chains. The HOMO energy levels of ethynylene-

based polymers are deeper compared to their thiophene analogous polymers 

synthesised (class 1). It is ascribed that the incorporation of ethynylene units as weak 

electron acceptor units in the polymer chains instead of thiophene as electron donating 

units results in lowering the HOMO energy levels of the resulting polymers; a result of 

decreasing the electron donating ability of donor units along the polymer chains. The 

thermal properties were studied via TGA and showed that ethynylene-based polymers 

possess good thermal stability with decomposition temperature in excess of 300 °C. X-

ray diffraction studies revealed that PFDENT-P4, PCDENT-P5 and PPADENT-P6 

exhibit a certain degree of molecular ordering as a result of  stacking. 

The second series of polymers described in this chapter (class 3) includes three 

alternating polymers, comprising ethynylene-thiophene spacers between 2,1,3 

naphthothiadiazole (NT) electron accepting units and functionalised-fluorene, carbazole 

or anthracene electron donor alternate moieties. The novel conjugated polymers were 

synthesised via the Sonogashira coupling reactions to yield this series of polymers, 

PFDTENT-P7, PCDTENT-P8 and PPADTENT-P9. The resulting polymers were 

obtained in low yields as they have low solubilities and as result have moderate 

molecular weights which are comparable in their values to those of their ethynylene 

analogous polymers (class 2). Unsurprisingly, UV-visible absorption spectroscopy 

showed that PPADTENT-P9 showed the lowest optical bandgap in this series of 

polymer at value of 1.54 eV, which is expected to be efficient in harvesting solar light 

in bulk heterojunction devices. The optical bandgaps of this series of polymers (class 3) 

are lower compared to their corresponding ethynylene counterparts (class 2). We 

hypothesised that this is a result of incorporation of additional thiophene as electron 

donor units over the main chains of polymers, which increases delocalisation and the 

donating ability of the donor segments on the resulting polymers, resulting in the 

reduced bandgaps of polymers. TGA measurement revealed that ethynylene-thiophene 

based polymers have low onset of decomposition compared to their ethynylene 

counterparts. X-ray diffraction patterns revealed that PFDTENT-P7, PCDTENT-P8 

and PPADTENT-P9.showed broad and weak peaks in ranging of (15-25 °), an 

indication the polymers possessed an amorphous structure in solid state.  
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Chapter 4 

Impact of ethynylene linkers on the optoelectronic 

properties of benzothiadiazole based alternate conjugated 

polymers. 

 

 



97 
 

  Chapter 4

4.1 Introduction 

Solar cell technology is one of the potential methods to solve global energy needs. 

Considerable progress in plastic electronics technology, such as organic 

semiconducting materials used as main active layers in bulk heterojunction BHJ solar 

cells, would assist to reduce the cost of manufacture of such devices.
1-4

 Over the past 

decade, solution processed BHJ polymer solar cells (PSCs) have received increasing 

attention in the research community as a result of its potential advantages such as light 

weight, high flexibility, low manufacturing costs and ease of synthesis of the 

polymers.
5,6

 

Great success has been made with such PSC devices with efficiencies ranging from 1% 

to 12%.
7 

It is imperative for the conjugated polymers used in this area to absorb a broad 

part of the solar light spectrum in order to obtain high power conversion efficiencies 

(PCE). Consequently, a variety of conjugated polymers have been developed which 

have low energy bandgaps in order to efficiently harvest energy from sunlight.
8,9

 At the 

molecular level, the bandgap (Eg) and the HOMO and LUMO energy levels can be 

effectively tuned to achieve high performance in such organic polymer solar cells 

(OPSCs).
10,11

 One of the effective approaches in designing conjugated polymers with 

suitable energy bandgaps is to prepare polymers with alternating electron-releasing 

units and electron-withdrawing units over the same conjugated polymeric chain.
8,12 

It is 

well established that benzothiadiazole (BT) is one of the most commonly used electron 

acceptor units for the construction of low bandgap polymers, this is a result of its strong 

electron withdrawing ability in D-A systems.
13

 In previous reports, BT-based 

conjugated polymers have exhibited high performance (PCE) in solar cells up to 6% 

when these polymers are fabricated with fullerene derivatives as an acceptor in OPSC 

device.
 
Iraqi et al. explored a series of D-A polymers (Figure 4-1) with alternating 2,7-

linked carbazole or fluorene units flanked by thiophene as electron donor units and BT 

units as electron acceptors. These polymers displayed good efficiencies ranging from 

3.34 to 5.41% when used with fullerene derivatives in BHJ solar cells.
14,15

 Recently, 

Kuznetsov et al. reported that the PCE of PSCs based on polymers with alternate BT-

acceptor units reached up to 6% by the introduction of solubilising groups on thiophene 

units between donor and acceptor moieties.
16 
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Figure 4-1: Structures of PFDTBT and PCDTBT.
 

However, it was observed that BT-acceptor units lead to large twist angles between the 

BT units and their adjacent units in the resulting polymer, resulting in decreased 

packing and conjugation length in the D-A systems. Thus, this effect still remains as a 

challenge to improve the efficiency of D-A conjugated polymers.
17

  

In order to enhance the packing and rigidity of polymer chains, a linker is often 

employed between the electron donor and acceptor units along the conjugated polymer 

backbone.
 
Previous reports have shown that the incorporation of an ethynylene unit 

(weak electron withdrawing unit) into the main chain of conjugated polymers generally 

enlarges their electronic bandgaps and lowers their HOMO energy levels.
18,19 

Furthermore, some theoretical studies showed that ethynylene units along the 

conjugated polymer chains would reduce the barrier energy of rotation, resulting in low 

fluorescence quantum yields.
20

 Cremer et al. incorporated ethynylene units in a 

thiophene-based polymer. They found that ethynylene units lead to a polymer with a 

deeper HOMO level (~ 0.3 eV) but a slightly higher bandgap (~ 0.15 eV) than poly(3-

hexylthiophene) (P3HT). The ethynylene-based polymer showed a higher Voc value 

than that of P3HT (1.01 V vs. 0.62 V) in BHJ devices, it had a lower PCE than that of 

P3HT. This was explained by low charge mobility in devices as a result of a lower 

aggregation of polymer chains in blends with PCBM for the ethynylene-based polymer, 

even though it showed good aggregation of polymer chains in pristine films.
21

 

In this part of the thesis, we have decided to investigate the use of the ethynylene linker 

in alternate D-A polymers comprising alternate electron donating units such as 

carbazole, fluorene or anthracene units together with alternate BT units. The role of the 

ethynylene linker on the physical properties of the resulting polymers including their 

energy bandgaps and energy levels will be discussed. Three conjugated polymers have 

been synthesised in this part of the project using the Sonogashira coupling reaction. 

The structures of the new copolymers, PFDEBT-P10, PCDEBT-P11 and PPADEBT-

P12, are shown in Figure 4-2. The optical, electrochemical and thermal properties of 

these polymers which contain ethynylene linkers between donor and acceptor moieties 
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were investigated. Our results showed that the anthracene-based polymer P12 showed 

the lowest bandgap (Eg) at 2.18 eV relative to the other two polymers P10 and P11 in 

this series of polymers. On comparing this series of polymers which have ethynylene 

units between the donor and acceptor units (class 4) with analogous polymers with 

thiophene linkers, a blue shift of their peak absorptions was observed. The preparation 

of this series of ethynylene-based polymers along with a discussion of their properties 

and a comparison to the properties of analogous polymers with thiophene units is 

presented.  

 

Figure 4-2: Structures of PFDEBT -P10, PCDEBT -P11 and PPADEBT-P12. 

4.2 Result and discussion 

4.2.1 Synthesis and characterisation 

The synthetic routes for the preparation of the three conjugated polymers P10-P12 are 

outlined in Scheme 4-1. 4,7-Dibromobenzo[c]-1,2,5-thiadiazole (BT) (S5) is used as 

the electron-acceptor unit in the polymerisations. Polymerisations of S5 with 

respectively M1, M2 and M3 by the Sonogashira coupling reaction produced polymers 

PFDEBT-P10 (yield = 17 %), PCDEBT-P11 (yield = 8 %) and PPADEBT-P12 (yield 

= 21 %). The Sonogashira polymerisations were carried out using Pd(PPh3)2Cl2 as the 

catalyst and CuI as co-catalyst, along with diisopropylamine as the base in a mixture of 

anhydrous THF/toluene solvent under inert atmosphere. All polymerisations were 

conducted until precipitates of the polymers were observed. The time of polymerisation 

reactions varied between 3 to 12 hours. The obtained crude products formed were 

separated by precipitation in methanol then cleaned with different organic solvents 

using a Soxhlet apparatus in order to remove the catalyst impurities, unreacted 

monomers and low molecular weight oligomers. It was observed that the polymers 

displayed limited solubilities and only their toluene fractions were separated, and used 

for further analysis with large fractions of the product remaining behind in the thimbles 
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of Soxhlet apparatus. This explains the low yields observed from these polymerisations. 

The products obtained from the Soxhlet fractions were soluble in most common 

organic solvents such as chloroform and dichlorobenzene. The chemical structures of 

these polymers were confirmed by 
1
H NMR and elemental analysis. It should be noted 

that the deviations between actual values and expected values of the elemental analysis 

can be attributed to the incomplete combustion of the samples during analysis due to 

strong solvent retention inside sample structure which effects on degradation 

reactions.
22

 The mechanisms of these polymerisations proceed through the Sonogashira 

reaction scheme as described in (Scheme 1-5 –Chapter 1). Details of the synthesis of 

the polymers and their characterisation are given in the experimental section. 

 

Scheme 4-1: The synthetic route toward polymers PFDEBT-P10, PCDEBT-P11 and 

PPADEBT-P12. 

Gel permeation chromatography (GPC) data of all polymers is summarised in 

Table 4-1 with their number-average molecular weights (Mn), weight-average 

molecular weights (Mw) and polydispersity index (PDI) against polystyrene standards 

using 1,2,4-trichlorobenzene (TCB) as the eluent at 140 °C. These ethynylene-based 

polymers (class 4) were only separated in 20% yields or less from their toluene 

fractions. These toluene polymer fractions are the portions of the polymers that are 

soluble but at the limit of their processability. It is believed that incorporation of 

ethynylene units along the polymer chains results in their aggregation as a consequence 
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of more planar polymer conformations. This leads to a limit of their molecular weights 

and a lack of solubility of the portions with higher molecular weights. The Mn of 

PPADEBT-P12 was estimated to be 8,700 Da with a polydispersity of 2.5. These 

values are lower compared to those of PFDEBT-P10 and PCDEBT-P11 owing to the 

effect of a more extended conjugation and also the planarity of the anthracene repeat 

units.  

Table 4-1: The summary of the GPC analysis of PFDEBT-P10, PCDEBT-P11 and 

PPADEBT-P12. 

Polymer Fraction Yield % Mn (Da) Mw(Da) PDI 

P10 toluene 17 11,600 29,300 2.5 

P11 toluene 08 25,000 80,400 3.2 

P12 toluene 21 8,700 21,800 2.5 

Measurements conducted on the toluene fractions of polymers using a differential refractive index (DRI) 

detection method. 

4.2.2 Optical properties 

The optical properties of all polymers were measured by UV-vis absorption 

spectroscopy in dilute chloroform solutions and in thin solid films (drop cast from 

chloroform solution). The optical spectra as depicted in Figure 4-3. All the optical data 

of ethynylene-based polymers are summarised in Table 4-2. The values of the bandgap 

polymers are determined from their onsets of absorption in the solid state. 

Table 4-2: A summary of the optical and electrochemical data for PFDEBT-P10, 

PCDEBT-P11 and PPADEBT-P12. 

Polymer λmax 

solution 

(nm)  

λmax film 

(nm) 

ε 
a
 (M

-1
 cm

-

1
) 

Eg opt 
b 

(eV) 

HOMO 
c
 

(eV) 

LUMO 
d 

 (eV)  

Eg elec 
e
 

(eV) 

P10 468 481 25,100 2.31 -5.72 -3.21 2.51 

P11 480 492 27,900 2.22 -5.66 -3.31 2.35 

P12 491 510 40,000 2.14 -5.68 -3.34 2.34 

a 
Absorption coefficient measured (ε) at λmax = 324 for P12 and 358 for P10 and P11 nm in chloroform 

solutions. 
b 

Optical energy bandgap determined from the onset of absorption band in thin film. 
c
HOMO 

position (vs. vacuum) determined from the onset of oxidation. 
d
 LUMO position (vs. vacuum) determined 

from the onset of oxidation. 
e 
Electrochemical bandgap. 
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All polymers revealed two absorption bands in chloroform solutions in the range of 

300-380 nm and 400-550 nm. The shorter wavelength absorption bands can be 

attributed to π-π* transitions, whereas the longer wavelength bands can be ascribed to 

the intramolecular charge transfer (ICT) bands between donor and acceptor moieties 

along the D-A polymer backbones. The thin films (Figure 4-3-b) displayed red-shifted 

absorption bands relative to those observed in solutions (Figure 4-3-a). This 

phenomenon is caused by stronger π-π interactions and increased polymer chain 

aggregation in the solid state, which increases their planarity. Interestingly, the small 

bathochromic shift (~20 nm) from dilute solution to solid state indicates that these 

polymers (ethynylene linked polymers) adopt relatively similar conformations whether 

in solutions or as films. Polymer PPADEBT-P12 displays an absorption maximum at 

491 nm in solution and 510 nm films with shoulder absorption peaks in both states. The 

shoulder absorption comes from stacking and aggregation of polymer chains in dilute 

solution and when cast in films. The optical bandgaps, as determined from the onset of 

the film absorption, are 2.31, 2.22 and 2.14 eV for PFDEBT-P10, PCDEBT-P11 and 

PPADEBT-P12, respectively. It is evident from these results that the magnitude of the 

molecular weights of these polymers has no significant effects on their optical 

properties and absorption spectra.  

In comparison, the values of the absorption maxima of PPADEBT-P12 both in solution 

and in thin films are red-shifted compared to those of PFDEBT-P10 and PCDEBT-P11. 

PPADEBT-P12 has also a lower bandgap than those of PFDEBT-P10 and PCDEBT-

P11. This is probably due to a more extended electronic delocalisation on the 

anthracene moieties on P12 relative to other donor units in other polymers. 

Furthermore, incorporation of anthracene unit on ethynylene-based polymer leads to 

enhance coplanarity of polymer chains compared to the other two polymers 

synthesised. However, the intensity of the ICT band of PPADEBT-P12 is observed to 

be lower than the other two absorption bands for PFDEBT-P10 and PCDEBT-P11. It 

was hypothesised that the alkoxy bulky substituents, which were grafted onto the 

anthracene, effectively affected the ICT between the anthracene unit and the BT unit 

due to large twisting of the phenyl rings at the position 9,10 of anthracene that slightly 

impeding ICT. A wider bandgap of fluorene-based polymer P10 in comparison to the 

carbazole-based polymer P11 is attributed to the more electron donating nature of 

carbazole moiety than fluorene units; this would help in increasing the electron 

delocalisation in PCDEBT- P11 when compared to that in PFDEBT- P10. 
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Figure 4-3: Normalised absorption spectra of polymers (a) in solution and (b) as thin 

films. 

It is interesting to compare the optical properties of ethynylene-based polymers which 

incorporate acetylene unit as linker and their thiophene analogues; this will help to 

ascertain the effect of ethynylene units on the properties of polymers. The thiophene 

counterparts of these polymers, PFDTBT, PCDTBT and PPADTBT have been 

synthesised by Iraqi group and exhibit remarkable hypochromic shifts
 14,15,23 

in 

comparison with ethynylene-based polymers. As an example, ethynylene-based 

polymer PFDEBT-P10 displays a significant blue shift at λmax = 481 nm in film while 

its thiophene counterpart, PFDTBT
14

 has a λmax = 592 nm in drop cast films. 

Consequently, the optical bandgap of 2.31 eV for PFDEBT-P10 is wider than that of its 

thiophene analogue (1.86 eV).
14

 The same pattern is observed with other polymers for 

PCDEBT-P11 and PPADEBT-P12 by comparison with their thiophene equivalent 

polymers. We attribute the blue shift in the absorption of the resulting polymers in this 

series of polymers to a decrease of electron delocalisation and conjugation length 

between donor and acceptor moieties caused by the ethynylene linker.
24,25

 These results 

indicate that the acetylene π-spacers between alternating units have a profound effect 
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on the backbone of conjugated polymers and their properties. The ethynylene unit has 

slightly -accepting properties as a result of the sp hybridization of its carbon centres, 

which reduce the overall ICT between the strong -accepting benzothiadiazole repeat 

units and the arylene units flanked by the ethynylene spacers along the polymer chains 

in these polymers.  

The absorption coefficient data of the three polymers is summarised in Table 4-2. 

Obviously, PPADEBT-P12 reveals high molar absorption coefficient (ε) of 40,000 M
-1

 

cm
-1

 relative to PFDEBT-P10 and PCDEBT-P11. This phenomenon is probably due to 

the extension of the conjugation length of anthracene donor moiety compared to 

fluorene and carbazole systems. 

4.2.3 Electrochemical properties 

Cyclic voltammetry (CV) studies were used to investigate the electrochemical 

properties of the polymers. The CV measurements were conducted on the polymers 

using drop-cast films in acetonitrile with tetrabutylammonium perchlorate as the 

electrolyte at scan rate of 100 mV/s under inert conditions. The cyclic voltammograms 

are shown in Figure 4-4 and the HOMO and LUMO energy levels (vs vacuum) of the 

polymers, as calculated from their first onset of oxidation or reduction waves, are 

summarised in Table 4-2. PPADEBT-P12 displayed a HOMO energy level of -5.68 eV 

which is comparable in value to that of PCDEBT-P11; suggesting comparable electron 

donating ability of the 2,6-linked anthracene units and the 2,7-linked carbazole repeat 

units. PFDEBT-P10 displays a slightly lower lying HOMO energy level relative to the 

other two polymers at -5.72 eV due to the reduced electron donating properties of the 

fluorene repeat units. However, the variation in the position of the HOMO levels of this 

series of polymers is not majorly affected by the nature of their electron donating 

moieties. It can be seen from Table 4-2.that the change of donor moieties affects the 

LUMO energy levels of the polymers to a greater extent. The LUMO level of 

PFDEBT-P10 (-3.21 eV) is about 0.1 eV closer to the vacuum level than the other two 

polymers in this series of polymers (class 4).  PCDEBT-P11 and PPADEBT-P12 

display similar LUMO levels at -3.31 and -3.34 eV, respectively although this series of 

polymers possess the same acceptor (BT). These results indicate that varying the 

electron donor units can also perturb the electron accepting ability of the main chain of 

polymers in this series. 
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Figure 4-4: Cyclic voltammograms of the polymer films. 

A comparison of the electrochemical properties of the resulting polymers (class4), 

PFDEBT-P10, PFDEBT-P11 and PPADEBT-P12 with their thiophene analogues 

reveals considerable lowering of the HOMO energy levels of the ethynylene-based 

polymers, resulting in wider bandgap polymers when compared to their thiophene 

counterparts. Indeed, a series of thiophene analogues, PFDTBT, PCDTBT and 

PPADTBT reported by Iraqi et al. display shallower HOMO energy levels and smaller 

bandgap polymers
 14,15,23

 relative to the new synthesised ethynylene polymers in this 

series. It is believed that incorporation of ethynylene units as weak electron-

withdrawing units in the main chain of conjugated polymers instead of the electron 

donating thiophene units is responsible for lowering the HOMO energy levels of the 

resulting polymers. This is a result of decreasing the electron donating ability of the 

donor segments on the polymer chains,
24

 resulting in an enlarged bandgap. As an 

example, the HOMO level of the ethynylene polymer PFDEBT-P10 is -5.72 eV while 

the HOMO of its thiophene analogue PFDTBT is at -5.34 eV.
14

 A similar comparison 

indicates that the HOMO level of PPADEBT-P12 is at -5.68 eV while its 

corresponding thiophene analogue PPADTBT has a HOMO level at -5.44 eV.
23

 These 

findings indicate how the ethynylene units could increase the planarity of polymer 

chains while at the same time changing the electronic properties of the resulting 

polymers and increasing their energy bandgaps. 

4.2.4 Thermal properties and XRD studies 

Thermogravimetric analysis (TGA) studies were performed on the polymers under a N2 

atmosphere at a heating rate of 10 °C/min. The TGA plots (Figure 4-5) suggest that 

these polymers possess good thermal stability with decomposition temperature (Td) 
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(5% weight loss) over 240 °C. The TGA curves reveal that the 5% weight loss 

temperature (Td) for PFDEBT-P10, PCDEBT-P11 and PPADEBT-P12 were found to 

be respectively at 240 °C, 249°C and 330 °C,. For all polymers, the first step in the 

degradation can be ascribed to loss of alkyl and alkoxy chains from the donor moieties 

of the polymers. Above 500 °C, degradation of the polymer chains follows with a total 

weight loss of about 92%, 89% and 93% respectively for PFDEBT-P10, PCDEBT-P11 

and PPADEBT-P12, that is observed when the temperature is above 600 °C. The high 

thermal stability of these polymers is probably due to the high thermal stability of BT 

units in the resulting polymers. For the purpose of comparison, PPADEBT-P12 

exhibited a higher thermal stability with two step degradations, while PFDEBT-P10 

and PCDEBT-P11 showed an apparent three step degradation process. It was 

hypothesised that the different thermal behaviours of these polymers come from 

varying electro donor moieties of these polymers. Generally, these thermal stabilities of 

synthesised polymers are adequate for their applications in solar cells and other 

electronic devices.  

 

Figure 4-5: TGA plots of the resulting polymers with a heating rate of 10 °C/min under 

N2. 

Powder X-ray diffraction profiles of polymers PFDEBT-P10, PCDEBT-P11 and 

PPADEBT-P12 were recorded (Figure 4-6). A more pronounced diffraction peak 

appeared at 2θ value of 20.6° for PPADEBT-P12; suggesting the polymer adopt a more 

ordered structure in the solid state compared to the other two polymers. This 

corresponds to a π-π distance of 4.30 Å between polymer chains. PFDEBT-P10 and 

PCDEBT-P11 display weak and broad peaks in the wide-angle region at 2θ values of 

20.7° and 20.8°, respectively. Clearly the low intensity of these diffraction peaks 

indicate that these two polymers adopt more amorphous structures with a distance of 
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4.29 and 4.27 Å between polymer chains for PFDEBT-P10, PCDEBT-P11, 

respectively. Interestingly, all polymers do not display any apparent peaks in the low-

angle region. It can be seen that introduction of the anthracene-donor moiety in this 

series of polymers leads to more π-π stacking in the polymer backbones by increasing 

intermolecular interactions, thus increasing the planarity of polymer chains and 

reducing the bandgap of polymers. Improved molecular packing of polymer chains is 

required for efficient charge carriers in BHJ devices. Thus, we believe that device 

fabricated from PPADEBT-P12 should provide improved charge carrier transportation 

and Jsc value as a result of the enhanced π-π stacking of polymer chains. 

 

Figure 4-6: Powder XRD profiles of the target polymers. 

4.3 Conclusion 

In this study, a series of new D-A conjugated polymers PFDEBT-P10, PCDEBT-P11 

and PPADEBT-P12 containing acetylene π-spacers in the main backbone of conjugated 

polymers were synthesised based on 2,7-linked fluorene, 2,7-linked carbazole or 2,6-

linked anthracene repeat units as donor moieties and 1,2,5-benzothiadiazole (BT) 

alternate repeat units as acceptor moieties. The polymers were successfully prepared by 

Sonogashira coupling reactions. Moreover, their optical, electrochemical, thermal and 

structure properties were investigated systematically. The resulting polymers were 

obtained in low yields as they have low solubilities. The introduction of ethynylene 

units over the main chains of polymers results in their aggregation and formation of 

much rigid polymeric chains. Compared with the thiophene-based polymers, the 

ethynylene-based polymers displayed more pronounced blue-shifted absorption spectra 

and larger bandgaps owing to the incorporation of acetylene π-spacers into the alternate 

D-A polymers. It was speculated that this phenomenon is probably due to electronic 
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effects. The ethynelene units can be considered as weak electron acceptors and as they 

are incorporated between various electron donors and the strong electron accepting BT 

repeat units; they lead to lower intramolecular charge transfer along polymer chains 

and as a result to higher bandgap polymers. PPADEBT-P12 exhibits a lower bandgap 

relative to the other two polymers. It also exhibits the wider absorption bands and 

absorption shoulders owing to extended conjugated system in the anthracene-based 

polymer. Interestingly, the higher Mn values of the fluorene and carbazole-based 

polymers do not influence the optical and electrochemical properties. In spite of the 

further lowering the HOMO and LUMO level of the resulting polymers with 

incorporation of ethynylene units, the high photovoltaic performance could be expected 

through optimised morphology of these polymers with fullerene in BHJ. Further 

investigations into the use of this new class of polymers in BHJs are currently ongoing. 
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  Chapter 5

5.1 Conclusions  

A range of new electron donor-acceptor alternating conjugated polymers were 

successfully designed, prepared and characterised in this project. The polymers 

synthesised comprise either napthothiadiazole (NT) or benzothiadiazole (BT) as 

electron accepting units with 2,7-linked fluorene, 2,7-linked carbazole or 2,6-linked 

anthracene as donor repeat units flanked by thiophene, ethynylene or both as spacer 

units. These multiple classes of donor-acceptor copolymers were prepared for use in 

organic solar cell devices. The impacts of ethynylene and thiophene linkers over the 

polymer main backbones have been extensively discussed in this dissertation. Changing 

the linkers used in these D-A polymers have been investigated systematically on the 

optical, electrochemical and solubilities of the polymers. Attaching bulky alkyl chains 

on the donor moieties was aimed at increasing the solubility and molecular weights of 

the polymers synthesised. The main findings of characterisations of multiple families 

for each chapter are summarised and compared with other classes of polymers from 

both the literature as well as those from other chapters in this work. 

Chapter 2 describes the preparation of three NT-based D-A conjugated polymers 

PFDTNT-P1, PCDTNT-P2 and PPADTNT-P3, which were successfully synthesised 

using the Suzuki coupling reactions. The impact of replacing BT units with NT 

moieties in this series of polymers on the solubilities, optical, electrochemical and 

photovoltaic properties was investigated. The series of NT-based polymers were 

compared with their BT counterparts to help understand the effect of replacing their 

electron acceptor repeat units. BT-based polymers, which were synthesised by Iraqi 

group, are analogous polymers whose difference lies in the acceptor moiety. The BT 

equivalent polymers have shown a great promise with high efficiencies being achieved 

in solar cells. It was assumed that replacing 2,1,3-benzothiadiazole (BT) with 2,1,3-

naphthothiadiazole (NT) in this series of conjugated polymers would result in red-

shifted absorption maxima and narrow optical bandgaps, this hypothesis was proved 

correct. The donor moieties in these D-A alternating polymers were decorated with 

large alkoxy or alkyl chains to facilitate processability and allow the formation of 

higher molecular weight polymers. The optical bandgaps of PFDTNT-P1, PCDTNT-P2 

and PPADTNT-P3 were estimated to be 1.76, 1.74 and 1.75 eV. The lower optical 

bandgaps of the NT-based polymers were attributed to a more extended electronic 
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delocalisation on the NT units by virtue of an additional fused benzene ring. We find 

the incorporation of NT units decreases the intensity of intramolecular charge transfer 

bands in the visible absorption; a result of steric hindrance over the main backbones 

between adjacent units. The NT-based polymers displayed excellent solubility in 

common organic solvents relative to that of their BT analogues; a consequence of 

twisting of polymer chains out of planarity upon steric hindrance between NT units and 

adjacent thiophene rings. Furthermore, GPC showed that the NT based polymers 

prepared in this study had higher molecular weights than their BT analogues. PFDTNT-

P1 displays an Mn = 41,100 Da, while that of PFDTBT analogue which has a much 

limited solubility was Mn = 5,300. The HOMO levels of NT-based polymers are 

comparable relative to their BT analogues.  

The LUMO levels of polymers synthesised, with the exception of PPADTNT-P3, are 

however little shallower than their BT counterparts. In theory, NT moieties should be 

stronger acceptors owing to the fused ring on the thiadiazole system. However, the 

steric hindrance between thiophene unit and NT electron accepting unit results in a 

distorted main chain, which effectively reduces the electron withdrawing ability of the 

NT unit. Thermogravimetric analysis revealed that the onset of decomposition of these 

polymers are above 400 °C and display similar patterns, in spite of them containing 

different donor moieties. Powder X-ray diffraction studies revealed that all polymers 

adopt an amorphous structure in the solid state; suggesting a lack of regular packing of 

polymer chains as a result of steric hindrance between acceptor repeat units and 

adjacent thiophene rings which leads to a lack of close packing of polymer chains. 

Regrading to photovoltaic properties, organic photovoltaic devices based on NT-based 

polymer/ PC71BM blend films spin coated from co-solvents were investigated. The 

power conversion efficiencies (PCEs) varied from 1.74 to 2.17%. PCDTNT-P2 showed 

the best performance among this series of polymers with a Voc of 1.01 V, a Jsc of -6.25 

mA/cm
2
, an FF of 34.50, and a PCE of 2.17%. Comparison of the PCEs of the NT-

based polymers synthesised in this chapter to those of their BT equivalent polymers, 

indicated that the NT-based conjugated polymers displayed a lower performance even 

though the latter polymers showed lower bandgaps than the corresponding BT-

counterparts; a result of significant low FF that leads to an overall low photovoltaic 

performance. This may be attributed to the effect of the unfavourable morphology for 

given polymer/fullerene systems that did not yield efficient devices; this could have 

affected charge carrier motilities in devices. 
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In Chapter 3 two series of ethynylene-based polymers were synthesised using 

Sonogashira coupling reactions. It was hypothesised that incorporation of acetylene 

units over the main chains of polymers, relative to their analogues (Chapter 2), would 

promote the backbone planarity as a result of minimised steric hindrance, resulting in 

the formation of stronger π-π interchain stacking. In class 2 polymers (Chapter 3), the 

thiophene spacers used between donor and acceptor moieties in chapter 2 were 

substituted for ethynylene linkers; this has led to extremely planar conjugate polymers 

with strong π-π stacking between polymer chains in the solid state. Three ethynylene-

based polymers which were synthesised by copolymerising NT units with either 2,7-

linked diethynyl fluorene, 2,7-linked diethynyl carbazole or 2,6-linked diethynyl 

anthracene units yielded PFDENT-P4, PCDENT-P5 and PPADENT-P6, respectively. 

It was speculated that the extended conjugated π-system of anthracene, relative to 

fluorene and carbazole systems, would enhance the planarity of main chains resulting 

in increased electronic conjugation and charge transportation. Unsurprisingly, the 

yields of these polymers were low; a consequence of having acetylene groups as spacer 

units resulting in aggregation of polymer chains and formation of much rigid polymers. 

Consequently, certain polymers demonstrated poor solubility in common organic 

solvents even at elevated temperature. 

Comparing ethynylene-based polymers with polymers synthesised (Chapter 2) would 

help to ascertain the effects of ethynylene spacers on the properties of the resulting 

polymers. GPC analysis revealed that ethynylene-based polymers possessed moderate 

molecular weights; a consequence of having aggregations as a result of π-π stacking 

between polymer main chains. Despite their moderate molecular weights, PPADENT-

P6 displays the lowest optical bandgap (1.67 eV) and shows vibrational structure in its 

electronic spectra, a result that we interpret in terms of improved molecular ordering in 

the anthracene-based polymer. Both PFDENT-P4 and PCDENT-P5 display larger 

optical bandgaps (1.83 and 1.81 eV respectively). This is probably due to the extension 

of the conjugation length of the 9,10-functionalised anthracene polymer compared to 

fluorene and carbazole-based polymers. When comparing these polymers (class 2) to 

their analogous polymers in chapter 2 (class 1), ethynylene-based polymers displayed 

more pronounced ICT bands relative to their thiophene equivalent polymers. This 

suggests that incorporation of acetylene-spacers instead of thiophene repeat units next 

to the NT repeat units reduces steric hindrance between these and adjacent units, 

resulting in enhanced intramolecular charge transfer and π-overlap. However the UV-
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vis spectra of the polymers (class 2) display wider optical bandgaps than their 

thiophene analogous (class 1). It is speculated that this a consequence of their low 

molecular weights and the electronic effect of ethynylene spacers as weak electron 

withdrawing groups may decrease the pull-push character in this series of polymers. 

CV results revealed that the HOMO/LUMO frontier energy levels of PFDENT-P4, 

PCDENT-P5 and PPADENT-P6 were estimated to be -5.58/-3.59 eV, -5.55/-3.54 eV 

and -5.39/-3.68 eV, respectively. Obviously, changing the electron donor repeat units 

over the polymer chains has an impact on the energy levels of the resulting polymers to 

a good extent. In comparison, the lower HOMO levels of ethynylene-based polymers, 

relative to their thiophene corresponding polymers, are a consequence of incorporation 

of ethynylene units as weak electron acceptor units in the polymer chains instead of 

thiophene as electron donating units, resulting in decreasing the electron donating 

ability of donor units along the polymer chains.  

The thermal properties of the ethynylene-based polymers were investigated via TGA. 

PPADENT-P6 displays the lowest thermal degradation temperature as a result of 

incorporating octyloxy chains on the anthracene moieties. The ethynylene-based 

polymers did still demonstrate good thermal stability with degradation temperatures in 

excess of 300 °C. XRD studies confirmed that the introduction of acetylene groups 

exhibit a certain degree of molecular ordering as a result of π-π stacking in solid state. 

However, the effect is more pronounced in PPADENT-P6 relative to PFDENT-P4, 

PCDENT-P5; a consequence of having stronger intermolecular interactions brought 

about by the planar anthracene-donor moieties. All polymers show XRD peaks in wide-

angle area which corresponds to π-π stacking between polymer main chains. Clearly, 

XRD patterns revealed that polymers synthesised in chapter 2 did not show any 

pronounced diffraction peaks in this wide-angle region compared to their ethynylene 

counterparts; a consequence of decreased torsion angle and better π-π stacking between 

the electron donor and acceptor moieties. PPADENT-P6 shows more pronounced 

diffraction peak in wide-angle region compared to other polymers, which should 

benefit its charge transportation properties. 

The physical and electrochemical properties of the conjugated polymers in (class 2) 

have been further improved via adding thiophene units to the ethynylene linkers over 

the main chains of polymers. In the new series of polymers synthesised (class 3), the 

ethynylene used as linkers in class 2 were replaced for ethynylene-thiophene as spacer 
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units. Incorporation of additional thiophene as electron donor units increases the 

electron donating ability of the donor segments and results in narrower optical and 

electrochemical bandgaps. PFDTENT-P7, PCDTENT-P8 and PPADTENT-P9 in this 

chapter were synthesised via Sonogashira coupling reactions. This series of polymers 

displayed more desirable optical properties. The optical bandgaps of PFDTENT-P7, 

PCDTENT-P8 and PPADTENT-P9 were estimated to be 1.71, 1.68 and 1.54 eV, 

respectively. It is hypothesised that the significant lower optical bandgaps of this series, 

relative to their ethynylene counterparts (class 2), is a consequence of utilising 

additional thiophene units in the polymer chains. The additional electron rich thiophene 

units lead to stronger electron donating segments over the main chains. Consequently, 

polymers (class 3) should be highly efficient in solar cells as they should harvest a 

wider portion of the solar spectrum. PPADTENT-P9 has the lowest optical bandgap 

(1.54 eV) in all classes of polymers thus prepared in this project. It was speculated that 

this is a consequence of having extended conjugated anthracene units as donors with 

dodecyloxy phenyl on anthracene moiety. Furthermore, additional thiophene linkers 

used promote conjugation system over the polymer chains. GPC revealed that 

ethynylene-thiophene based polymers possessed moderate molecular weights ranging 

from 8,700 to 11, 500 Da, which are comparable to values of their ethynylene 

counterparts in this chapter. The HOMO levels of polymers (class 3) were shallower, 

relative to those polymers in class 2 series. It is expected that the introduction of 

additional thiophene as spacers increases the electron donating ability of the donor 

segments resulting in a shallower HOMO level. Consequently this should impact the 

oxidative stability of the resulting polymers. It is possible that this will negatively 

influence on the oxidative stability of the polymers synthesised (class 3). We find that 

varying of electronic properties of donating ability of donor units can also disturb the 

electron accepting nature resulting in an impact on the LUMO energy positions of the 

polymer main chains. X-ray diffraction patterns revealed that PFDTENT-P7, 

PCDTENT-P8 and PPADTENT-P9.showed broad and weak peaks in the range 15 to 

25°, an indication that the polymers possessed an amorphous structure in the solid state; 

a consequence of incorporation of additional thiophene spacers which disrupts the 

stacking interactions between polymer chains.  

Finally, the polymers synthesised in chapter 4 used acetylene π-spacers and BT 

acceptor moieties in the main backbone of conjugated polymers. The impact of 

ethynylene linker units on the molecular, optical and electrochemical properties of the 
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resulting polymers, which incorporated 2,7-linked fluorene, 2,7-linked carbazole or 2,6-

linked anthracene donor units, was investigated. The preparation of three ethynylene-

based polymers (class 4) was undertaken by copolymerising dibromo[1,2,5]-

benzothiadiazile (BT) with either 2,7-diethynylene fluorene, 2,7-diethynylene carbazole 

or 2,6-diethynylene anthracene to obtain PFDEBT-P10, PCDEBT-P11 and PPADEBT-

P12, respectively. PFDTBT, PCDTBT and PPADTBT are analogous polymers with 

thiophene linkers rather than acetylene linkers. The latter polymers were synthesised by 

Iraqi group and have shown great promise with high efficiencies being achieved in 

solar cells. It was believed that the use of ethynylene-donor moieties being weak donor 

units should display a higher Voc and oxidative stability of the resulting polymers. GPC 

analysis revealed that PPADEBT-P12 possessed the lowest molecular weight upon a 

more extended conjugation and also the planarity of the anthracene repeat units. 

Despite its low molecular weight, anthracene-based polymer exhibited the lowest 

optical bandgap (2.14 eV) and vibrionic resolution. However, PFDEBT-P10 and 

PCDEBT-P11 showed higher molecular weights of 11,600 and 25,000 Da, 

respectively, compared to PPADEBT-P12. Although both PFDEBT-P10 and 

PCDEBT-P11 having wider optical bandgaps of 2.31 and 2.22 eV. It is hypothesised 

that the molecular weights of these polymers has no effects on their optical properties 

and absorption spectra. The poor physical properties displayed by all polymers 

synthesised is a result of incorporation ethynylene units as spacer units between 

alternating moieties. When compared polymers in chapter 4, ethynylene-based 

polymers exhibited significant blue shifts and wider bandgaps, relative to their 

thiophene analogous. This is a consequence of decrease of electron delocalisation and 

conjugation length between donor and acceptor moieties caused by the ethynylene 

linker. XRD studies revealed that PPADEBT-P12 displays a more pronounced 

diffraction peak in the wide-angle region, relative to other polymers; suggesting 

anthracene-based polymer possesses improved molecular packing of polymer chains 

via more π-π stacking in the polymer backbones. CV analysis revealed that the 

HOMO/LUMO levels of PFDEBT-P10, PCDEBT-P11 and PPADEBT-P12 were 

estimated to be -5.72/-3.21 eV, -5.66/-3.31 eV and -5.68/-3.4 eV, respectively. It can be 

seen that varying the electron donor units has little impact on the resulting energy 

levels. The lower HOMO level of resulting polymers (class 4), relative to their 

thiophene counterparts, is a consequence of incorporation ethynylene linkers instead of 

thiophene units, resulting in decreased electron donating ability over the main chains of 
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polymers. All polymers demonstrated good thermal stability with decomposition 

temperatures in excess of 240 °C.  

In conclusion, a variety of electron donor moieties has been used to improve the 

physical and electrochemical properties of the resulting polymers. We found that the 

optical and molecular ordering properties of anthracene moiety with alkoxy phenyl 

substituents were the best. This is due to extended electronic delocalisation and 

planarity of polymers structures with anthracene units. Moreover, changing spacers 

used between alternating donor and acceptor repeat units has successfully improved the 

optical properties of the backbone polymer. Replacing thiophene with ethynylene units 

in conjugated polymers improved intermolecular charge transfer and minimised the 

steric hindrance between adjacent units. Moreover, using acetylene groups in 

alternating D-A polymers adopt more favoured and planar structures upon strong π-π 

interchain interactions. However, the aggregation and planarity of these polymers 

decreased the molecular weights and solubilities of the polymers synthesised. In 

addition, the optical bandgaps were relatively large as a result of incorporating 

ethynylene spacers as weak electron-withdrawing units. This decreased the electron 

donating ability over polymer backbone, which reduced the D-A character. Thus, 

acetylene linkers were changed for ethynylene-thiophene spacers to improve the 

electronic delocalisation in conjugated polymers. Additional thiophene units as linkers 

displayed excellent optical properties with low optical bandgaps for the resulting 

polymers. Presumably, this is a result of incorporation thiophene as donor units, which 

increased the donor ability of segments and extended electronic conjugation of the π-

system. Therefore ethynylene-thiophene based anthracene polymer (P9) displayed the 

lowest optical bandgap of all resulting polymers in this dissertation. The polymer has 

desirable properties for use in organic photovoltaic devices as it has excellent sunlight 

harvesting ability in virtue of its low bandgap and it should also have good charge 

transportation properties. The BT-polymers showed poor physical properties owing to 

incorporation BT acceptor units beside ethynylne spacers that decreased the electronic 

delocalisation over polymeric chains. In spite of poor optical properties of the polymers 

synthesised, a good photovoltaic performance could be expected from this series of 

polymers through an optimised study for their use in BHJ cells with fullerene 

acceptors. Further investigations into the use of this new class of polymers in BHJs are 

currently ongoing. 
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5.2 Future Work 

Considerable efforts have been achieved in this project to develop new polymers for 

application in organic solar cells. The photovoltaic results obtained on the polymers 

synthesised in Chapter 2 revealed that PCDTNT-P2 displays the highest power 

conversion efficiency (2.17%). Both PFDTNT-P1 and PPADTNT-P3 display power 

conversion efficiencies of 2.02% and 1.74%, respectively. In actuality, these 

performances of the polymer synthesised in BHJ devices are limited compared to of 

their BT analogous. It is recommended that a series of fluorinated selenophene-

naphthothiadiazole-alt-carbazole copolymers are synthesised as outlined in Figure 5-1. 

It is hypothesised that using selenophene rings into conjugated polymers would result 

in good optical and electrochemical properties of resulting polymers; suggesting that 

ionisation potential of the selenium atom is smaller relative to sulphur atom in its 

polymer counterpart. Furthermore, the polarisability of selenium is higher than that of 

the sulphur atom. Incorporation of fluorine substituents on the acceptor moiety aims to 

enhanced π-π stacking and intermolecular interactions brought about by the 

incorporation of fluorine, resulting in adopt more crystalline structures in solid state. 

This planarity of conformation facilitates delocalisation and reduces the bandgap. 

Increasing the regioregularity of polymers promotes the charge transportation 

properties and conductivity in BHJ device. Carbazole moieties into conjugated 

polymers should be attached by different size of alkyl chains to assist the formation of 

processable polymers with high molecular weights.  

 

Figure 5-1: Structures of suggested polymers that should be investigated. 

Relative to applications, a series of polymers (class 2 and 3) that were synthesised in 

Chapter 3, need to be fabricated into BHJ devices. It is worth mentioning that no 

research has been conducted on this type of polymer families. It is theorised that 

solubility of these polymers especially polymers class 3 can be significantly enhanced 

if alkyl chains are grafted on thiophene linkers as depicted in Figure 5-2. The 
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introduction of alkyl chains should help to address the limited molecular weights of 

these polymers. 

 

Figure 5-2: Structures of suggested ethynylene-thiophene based polymers that should 

be investigated. 

Chapter 4 involved that preparation of ethynylene-based polymers with BT acceptor 

units. Clearly, these polymers displayed significant large optical and electrochemical 

bandgaps owing to incorporation of ethynylene spacer units as weak withdrawing 

segment. Moreover, the resulting polymers demonstrated limited solubilities which can 

negatively effect on devices fabricated. It is recommended larger alkyl chains need to 

be used in order to promote processability and obtain high molecular weight polymers 

(Figure 5-3). Moreover, fluorination of the benzothiadiazole moiety is required to 

promote molecular ordering of the polymer backbones resulting in good photovoltaic 

performance when fabricated into BHJ devices. Previous works have shown that 

fluorinated BT-based polymers possessed strong π-π stacking and aggregation of 

polymer chains, leading to limited solubility and molecular weight polymers. 

Therefore, attaching large solubilising groups should help to address this issue.  

 

Figure 5-3: Structures of suggested BT-based polymers that should be investigated. 
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Chapter 6 

Experimental Section. 
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  Chapter 6

6.1 Materials 

All the chemicals were purchased from Aldrich, Alfa Aesar and Fisher Ltd and used as 

received without further purification. All reagent grade common organic solvents were 

obtained from internal chemical stores. Dry solvents such as toluene, chloroform and 

dichloromethane (DCM) were used for reactions unless otherwise stated. 

Tetrahydrofuran (THF) was distilled and dried over sodium benzophenone under an 

inert nitrogen atmosphere. Toluene was dried and distilled over sodium under an inert 

atmosphere. Acetonitrile was dried and distilled over phosphorus pentoxide under an 

inert argon atmosphere, then stored over molecular sieves (3 Å). 

2,3-Diaminonaphthalene (S1), 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-

propanediol) ester (S2), 2,7-dibromo-9,9-dioctylfluorene (S3), 2,6-diaminoanthracene-

9,10-dione (S4) and dibromobenzo[c]-1,2,5-thiadiazole (S5) (Figure 6-1) were 

purchased from commercial suppliers and used as received without further purification. 

 

Figure 6-1: Structures of purchased chemicals. 

9-(Heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole 

(S6) and 2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-

(dodecyloxy)phenyl) anthracene (S7) (Figure 6-2) were synthesised by the Iraqi group 

according to a modified procedure by Blouin et al.
1
and Zhang et al,

2
 respectively. 

Furthermore, 2,7-dibromo-9H-carbazole (S8) was prepared by Iraqi group according to 

a modified procedure by Sonntag et al.
3 
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Figure 6-2: Chemical structures of monomers synthesised by the Iraqi group. 

6.2 Measurement 

1
H and 

13
C nuclear magnetic resonance (NMR) spectra were recorded using on Bruker 

Avance 400 (MHz) NMR spectrometers at ambient temperature using chloroform-d 

(CDCl3) with tetramethylsilane (TMS) as an internal standard. The NMR shifts are 

described by using following abbreviations: singlet (s), doublet (d), double doublet 

(dd), triplet (t), multiple (m) and broad (br). Moreover, coupling constants (J) are 

calculated in Hertz (Hz) and chemical shifts in part per million (ppm). CHN analyses 

were performed on the Perkin Elmer 2400 CHN Elemental Analyzer. In addition, the 

flask combustion method was used for the analysis of halides and sulfur. Mass spectra 

of monomers were recorded on a Perkin Elmer Turbomass Mass Spectrometer 

equipped with auto system XL GC. It has ability to operate in both chemical ionization 

(CI) and electron ionization (EI) modes. GPC measurements were conducted on 

polymer solutions using chloroform or 1,2,4-trichlorobenzene (TCB) as eluents at a 

flow rate of 1 cm
3
 mintue

-1
. The system was calibrated against a series of narrow 

polystyrene standards (polymer laboratories) using a 1037 Differential Refractive 

Detector. UV-visible absorption spectra were performed using a Hitachi U-2010 

Double Beam UV/Visible Spectrophotometer. Solution samples of polymers in CHCl3 

were measured by using rectangular quartz cuvettes (light path = 10 mm). Thin films of 

the polymers were prepared for UV-visible absorption spectra measurements by dip 

coating quartz plates into approximately 1 mg cm
-3

 solutions in chloroform, then drying 

at room temperature. Measurements were performed under ordinary laboratory 

condition. The measurements of CV were obtained from a Princeton Applied Research 

Model 263A Potentiostat/Galvanostat. The electrochemical data was conducted under 

an inert pure argon atmosphere in a standard three-electrode cell system using (0.1 M) 
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tetrabutylammonium perchlorate in dry acetonitrile as the electrolyte solution. The 

electro system used consists of a platinum (Pt) disk as the working electrode, Pt wire as 

counter electrode and an Ag/Ag
+ 

(0.01 M in dry acetonitrile) reference electrode 

containing silver wire inside the capillary electrode. Polymer thin films were formed by 

drop casting (1.0 mg.cm
-3

) in chloroform (HPLC graded) onto the Pt disk, and then 

dried in air. All three electrodes were immersed in the electrolyte solution. The 

experiments were calibrated with ferrocene, a reference redox system according to 

IUPACs recommendation.
4
 Thermogravimetric analyses (TGAs) were recorded using a 

Perkin Elmer TGA-1 Thermogravimetric analyzer at a scan rate of 10 °C min
-1

 under 

inert conditions. Powder X-ray diffraction profiles of polymers were obtained using a 

Bruker D8 advance diffractometer with a CuK-α radiation source (1.5418 Å, rated as 

1.6 kW). The scanning angle was performed over the range (2-40°). 
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6.3  Preparation of the monomers and polymers (class 1)- Chapter 2 

 1,4-Dibromo-2,3-diaminonaphthalene (1).
5
 6.3.1

 

A solution of bromine (3.47 ml, 10.80 g, 67.50 mmol) in glacial acetic acid (90 ml) was 

added dropwise into a solution of 2,3-diaminonaphthalene (S1) (5.00 g, 31.60 mmol) in 

acetic acid (140 ml) under vigorous stirring at 5 °C for 0.5 hour, then stirred for 4 hours 

at room temperature. The precipitate was filtered off and washed with glacial acetic 

acid (50 ml) and 2% sodium carbonate solution (500 ml) respectively. The product was 

obtained as a brown precipitate (1) (8.20 g, 26.03 mmol, 82 %) then used in the next 

step without further purification despite the crude having a little trace of bromine. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.35 (dd, J = 7.0 and J = 3.0 Hz, 2H), 7.42 (dd, J 

= 7.0 and J = 3.0 Hz, 2H), 4.32 (s, 4H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 135.37, 126.72, 124.80, 124.19, 102.12. 

Mass (EI+): (m/z) (M
•⁺) 315 (50%), 316 (100%), 319 (50%).  

Elemental analysis calculated for C10H8Br2N2: C, 38.01; H, 2.55; Br, 50.57; N, 8.87; 

found: C, 38.61; H, 2.56; N, 8.54; Br, 49.43 %. 

 4,9-Dibromo-2,1,3-naphthothiadiazole (2).
6
 6.3.2

 

A mixture of thionyl chloride (12.7 ml, 20.8 g, 174.8 mmol), anhydrous CHCl3 (80 ml), 

pyridine (30 ml) was added dropwise into a solution of compound (1) (8.10 g, 25.63 

mmol) in anhydrous CHCl3 (280 ml) with vigorous stirring in an ice-water bath. After 

the dropwise addition, the mixture heated to reflux overnight. Upon completion, the 

reaction mixture was quenched with water. The product was extracted with DCM (3 × 

300 ml), washed with saturated brine (4 × 300 ml), dried (MgSO4) and the solvent 
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evaporated in vacuo. The crude product was purified using column chromatography on 

silica gel and eluted with toluene:petroleum ether (70: 30%). Further purification was 

carried out by recrystallisation from ethanol to afford orange solid crystals (2) (4.31 g, 

12.52 mmol, 49 % yield). The product gave a single spot on TLC plate (Rf = 0.5) 

(toluene: petroleum ether. 70: 30%). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.44 (dd, J = 7.0 and J = 3.0 Hz, 2H), 7.63 (dd, J 

= 7.0 Hz and J = 3.0 Hz, 2H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 150.50, 133.26, 128.68, 127.86, 112.64. 

Mass (EI+): (m/z) (M•⁺) 342 (50%), 344 (100%), 346 (50%). 

Elemental analysis calculated for C10H4Br2N2S: C, 34.91; H, 1.17; Br, 46.45; N, 8.14; 

S, 9.32; found: C, 34.66; H, 0.96; Br, 46.42; N, 7.90; S, 9.20%. 

  4,9-Di-2ʼ-thienyl-2,1,3-naphthothiadiazole (3).
7
 6.3.3

 

A mixture of dibromo compound (2) (2.50 g, 7.26 mmol) and 2-

(tributylstannyl)thiophene (3.6 ml, 5.99 g, 16.05 mmol) was dissolved in a mixture of 

dry toluene (65 ml) and DMF (14 ml) under an inert atmosphere of argon and then 

degassed. Tris(di benzylideneacetone)dipalladium(0) Pd2(dba)3 (0.167 g, 0.181 mmol) 

and tri-o-tolyl phosphine (0.441 g, 1.45 mmole) were added and the reaction mixture 

was degassed again. The mixture reaction was heated to reflux with vigorous stirring 

overnight. After being cooled to room temperature, the product was extracted with 

DCM (3 × 200 ml), washed with water (2 × 200 ml), dried over (MgSO4) and the 

solvent was removed in vacuo to yield the crude product. The crude material was 

purified over silica gel column chromatography, eluted with 4:6 (petroleum ether: 

toluene) then recrystallised from ethanol to obtain dark purple crystals (3) (1.39 g, 3.97 

mmol, 55 % yield). This gave one dark spot on the TLC plate (Rf = 0.26) in petroleum 

ether: toluene. (40: 60 %). 
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1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.32 (dd, J = 7.0 and J = 3.0 Hz, 2H), 7.71 (dd, J 

= 5.0 and J = 2.0 Hz, 2H), 7.49 (dd, J = 4.0 and J = 2.0 Hz, 2H), 7.46 (dd, J = 7.0 and J 

= 3.0 Hz, 2H), 7.36 (dd, J = 5.0 and J = 4.0 Hz, 2H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 151.35, 136.42, 133.00, 130.34, 127.91, 127.26, 

127.01, 126.97, 123.59. 

Mass (EI+): (m/z) (M•⁺) 350. 

Elemental analysis calculated for C18H10N2S3: C, 61.69; H, 2.88; N, 7.99; S, 27.44; 

found: C, 61.50; H, 2.47; N, 7.87; S, 25.58 %. 

 4,9-Di(2-bromothienyl-5-yl)-2,1,3-naphthothiadiazole (M).
6
 6.3.4

 

Dithienyl-NT compound (3) (1.30 g, 3.71 mmol) was dissolved in chlorobenzene (CB) 

(50 ml). A portion of N-bromosuccinimide (NBS) (1.30 g, 7.35 mmol) was added to 

the solution then the reaction system was degassed and placed under an inert 

atmosphere. The mixture was heated slowly to 55 °C with stirring for 3 hours, resulting 

in the formation of slurry as the reaction progressed. The mixture was heated up to 

130°C until all solids were dissolved. The mixture was cooled down to room 

temperature and the resulting precipitate was filtered off and washed with methanol. 

The crude product was purified via silica gel column chromatography and eluted with 

40-60 petroleum ether:toluene (30:70%) to obtain red crystals (M) (1.2 g, 63 %). This 

gave a dark red spot on TLC plate (Rf = 0.66), (toluene: petroleum ether. 70: 30%). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.34 (dd, J = 7.0 and J = 3.0 Hz, 2H), 7.49 (dd, J 

= 7.0 and J = 3.0 Hz, 2H), 7.31 (d, J = 4.0 Hz, 2H), 7.24 (d, J = 4.0 Hz, 2H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 151.35, 137.85, 132.84, 130.81, 130.20, 127.43, 

126.72, 122.80, 115.08. 

Mass (EI+): (m/z) (M•⁺) 506 (50%), 508 (100%), 510 (50%). 

Elemental analysis calculated for C18H8Br2N2S3: C, 42.54; H, 1.59; Br, 31.44; N, 5.51; 

S, 18.92 found: C, 42.75; H, 1.37, N, 5.36; Br, 31.20; S, 18.46 %. 
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 Poly(2,7-(9,9-dioctyl-fluorene)-alt-5,5(4,9-di-2-thienyl-2,1,3-6.3.5

naphthothiadiazole) PFDTNT-P1.
8
 

 

A single neck 100 ml round bottom flask under argon containing monomer (M) (0.186 

g, 0.36 mmol) and monomer (S2) (0.204 g, 0.36 mmol) in dry THF (9 ml) was 

degassed using standard Schlenk link techniques. To the mixture, a saturated solution 

of sodium bicarbonate (2.1 ml, 2.85 mmol) was added and the system degassed again. 

The flask was charged with a mixture of tri-o-tolyl phosphine (0.017 g, 0.056 mmol) 

and Pd(OAc)2 (0.0063 g, 0.028 mmol), the reaction system was degassed again and 

then heated to reflux for 24 hours. After cooling the reaction mixture to room 

temperature, 1-bromobenzene (0.1 ml, 0.94 mmol) and dry THF (5 ml) were added to 

the reaction solution for end-capping. The mixture was heated to 90 °C for 1 hour and 

then cooled to room temperature. Phenyl boronic acid (0.15 mg, 1.23 mmol) was added 

and the mixture was stirred at 90 °C for 3 hours. The mixture was then cooled to room 

temperature and poured into a mixture of CHCl3 (200 ml) and an ammonium hydroxide 

solution (28 % in H2O, 50 ml) then stirred vigorously overnight. The organic layer was 

separated via a separating funnel and washed with water, concentrated to roughly 20 ml 

in vacuo and poured into degassed methanol (300 ml). This mixture was stirred 

overnight and then filtered through a membrane filter. The obtained solid was 

fractionated using a Soxhlet extraction with organic solvents: methanol (300 ml), 

acetone (300 ml), hexane (300 ml), toluene (300 ml), chloroform (300 ml) and CB (300 

ml). The chloroform fraction was concentrated to 50 ml and then poured into degassed 

methanol (200 ml). The resulting mixture was stirred overnight and the solid was 

collected by filtration through a membrane filter to afford the product as a dark purple 

powder. 

Toluene fraction (29 % yield) GPC in CHCl3 at 40 °C (Mn = 9,900), (Mw = 16,800), 

(PDI = 1.7) 
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Chloroform fraction (43 % yield) GPC in CHCl3 at 40 °C (Mn = 41,100), (Mw = 

79,500), (PDI = 1.93). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.54 (m, 2H), 7.80 (br, 4H), 7.74 (br, 2H), 7.67 

(br, 2H), 7.55 (br, 4H), 2.11 (br, 4H), 1.26-1.06 (br, 20H), 0.85- 0.68 (m, 10H). 

Elemental Analysis calculated for C49H54N2S3: C, 76.71; H, 7.09; N, 3.65; S, 12.54%. 

Found: C, 76.40; H, 6.27; N, 3.73; S, 12.55%. 

 Poly(N-9-hepta-decanyl-2,7-carbazole-alt-5,5-(4,9-di-2-thienyl-2,1,3-6.3.6

naphthothiadiazole) PCDTNT-P2.
8
 

 

A mixture of monomer (M) (0.186 g, 0.36 mmol) and compound (S6) (0.241 g, 0.36 

mmol) was added to a single neck 100 ml round bottom flask and placed under argon 

using standard Schlenk link techniques. Dry THF (9 ml) and degassed solution of 

sodium bicarbonate (2.1 ml, 2.85 mmol) were added and degassed again. To this 

solution, tri-o-tolyl phosphine (0.017 g, 0.056 mmol) and Pd(OAc)2 (0.0063 g, 0.028 

mmol) were added, degassed and heated to 90 °C for 48 hour. The mixture was cooled 

to room temperature and then 1-bromobenzene (0.1 ml, 0.94 mmol) was added, 

degassed and heated at 90 °C for 1 hour. The mixture was cooled to room temperature 

and phenylboronic acid (0.15 mg, 1.23 mmol) was added, degassed and heated to reflux 

for 3 hours. The mixture was poured into a mixture of CHCl3 (200 ml) and an 

ammonium hydroxide solution (28 % in H2O, 50 ml) then stirred vigorously overnight. 

The organic layer was separated using a separating funnel and washed with distilled 

water, concentrated to roughly 20 ml in vacuo and poured into degassed methanol (300 

ml) under stirring. The mixture was then filtered through a membrane filter. The 

precipitate was cleaned using Soxhlet extraction with solvents in the order; methanol 

(300 ml), acetone (300 ml), hexane (300 ml), toluene (300 ml), chloroform (300 ml) 

and CB (300 ml). The chloroform fraction was concentrated (50 ml) and then poured 

into degassed methanol (300 ml). The resulting mixture was stirred overnight and the 
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solid was collected by filtration through a membrane filter to afford the product as a 

dark purple powder. 

Chloroform fraction (67 % yield) GPC in CHCl3 at 40 °C (Mn = 23,100), (Mw = 

89,600), (PDI =3.8) 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.56 (m, 2H), 8.18 (br, 2H), 7.95 (br, 1H), 7.78 

(br, 1H), 7.68 (br, 4H), 7.60-7.51 (br, 4H), 4.70 (br, 1H), 2.42 (br, 2H), 2.02 (br, 2H), 

1.4-1.10 (br, 24H), 0.83-0.77 (m, 6H). 

Elemental Analysis calculated for C49H55N3S3: C, 75.24; H, 7.09; N, 5.37; S, 12.30%. 

Found: C, 74.58; H, 6.29; N, 5.45; S, 12.51%. 

 Poly(9,10-bis (4-dodecyloxy) phenyl) anthracene-2,6-diyl-alt-(4,9-6.3.7

dithiophen-2-yl)-2,1,3-naphthothiadiazole-5,5-diyl) PPATNT-P3.
8
 

 

A solution of (M) (0.186 g, 0.36 mmol) and (S7) (0.350 g, 0.36 mmol) in dry toluene (9 

ml) was added to a single neck 100 ml round bottom flask and placed under argon 

using standard Schlenk link techniques. A 20% w/w aqueous hydroxide solution of 

tetraethylammonium hydroxide (2.1 ml, 2.85 mmol, degassed) was added and degassed 

under an inert atmosphere. Pd(OAc)2 (0.006 g, 0.028 mmol) and tri-o-tolyl phosphine 

(0.017 g, 0.056 mmol) were added to the mixture then the reaction system was 

degassed and heated up to 90 °C for 24 hours. After cooling to room temperature, 1-

bromobenzene (0.1 ml, 0.94 mmol) was added to end-cap and the solution was heated 

to reflux for 1 hour before cool to room temperature. Phenyl boronic acid (0.15 mg, 

1.23 mmol) was added to the reaction components and heated to 90 °C for 3 hours. 

After cooling the mixture to room temperature, the organic content was dissolved in 

CHCl3 (200 ml) and added to an ammonium hydroxide solution (28 % in H2O, 50 ml), 

followed by vigorous stirring overnight. The organic layer was separated and washed 

with distilled water then concentrated to about 20 ml in vacuo. The mixture was poured 

slowly into degassed methanol (300 ml) and stirred overnight. The resulting precipitate 



130 

 

was filtered off by membrane filter. The precipitate obtained was sequentially purified 

by Soxhlet apparatus with different solvents in the following order: methanol (300 ml), 

acetone (300 ml), hexane (300 ml), toluene (300 ml), chloroform (300 ml) and CB (300 

ml). The toluene and chlorobenzene fractions were concentrated to about 50 ml in 

vacuo and then separately poured into degassed methanol (200 ml). After stirring 

overnight, the precipitate was collected separately by membrane filtration and dried in 

vacuo to afford dark red-coloured powders.  

Toluene fraction (32 % yield) GPC in CHCl3 at 40 °C (Mn = 10,900), (Mw = 23,100), 

(PDI = 2.1). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.42 (br, 2H), 8.12, (br, 2H), 7.85-7.73 (br, 4H), 

7.56-7.37 (br, 8H), 7.22-7.13 (br, 6H), 4.18-4.12 (br, 4H), 2.37 (s, 1H), 2.19 (s, 1H), 

1.95-1.82 (br, 4H), 1.71-1.19 (br, 36H), 0.88 (t, J= 6.0, 6H). 

Elemental Analysis calculated for C70H78N2O2S3: C, 78.17; H, 7.31; N, 2.60; S, 8.94%. 

Found: C, 77.30; H, 6.89; N, 2.50; S, 8.10%. 

  



131 

 

6.4  Preparation of the monomers and polymers (class 2 and 3)-

Chapter 3 

 9,9-Dioctyl-2,7-[bis(2’-trimethysilyl)ethynyl)] fluorene (4).
9
 6.4.1

 

A two-neck 100 ml round bottom flask containing a solution of 2,7-dibromo-9,9-

dioctylfluorene (S3) (1.10 g, 2.01 mmol) in dry toluene (20 ml) and diisopropylamine 

(6 ml, degassed) was stirred and placed under an inert atmosphere. Copper (I) iodide 

(CuI) (0.016 g, 5%) and bis(triphenylphosphine) palladium(II) dichloride Pd(PPh3)2Cl2 

(0.052 g, 4%) were added to the solution reaction then the system was degassed. After 

stirring for 0.5 hour, a solution of trimethylsilyl acetylene (0.43 g, 0.62 ml, 4.40 mmol, 

d = 0.695 g/ml) in disopropylamine (4.0 ml, degassed) was added via syringe to the 

suspension. Purging of the inert gas was continued during and after the addition. The 

mixture was degassed and then heated to reflux overnight to give a reddish brown 

suspension. The reaction was monitored by TLC to verify the completion of the 

reaction. After cooling the mixture to room temperature, the solvent was removed in 

vacuo to produce a crude product. The material was purified via chromatography over 

silica gel using petroleum ether as eluent to give a pure product as white crystals (1.10 

g, 1.88 mmol, 94 %). The purity of the product was confirmed by TLC (single spot Rf 

= 0.5) in petroleum ether. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.61 (d, J = 8.0 Hz, 2H), 7.47 (dd, J = 8.0 and J 

= 2.0 Hz, 2H), 7.43 (s, 2H), 1.94 (m, 4H), 1.27-1.0 (m, 20H), 0.84 (t, J = 7.0 Hz, 6H), 

0.57-0.48 (br, 4H), 0.30 (s, 18H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 150.93, 140.85, 131.22, 126.21, 121.73, 119.83, 

106.07, 94.25, 55.23, 40.34, 31.79, 29.89, 29.24, 23.59, 22.60, 14.10, -0.06. 

Mass (EI+): (m/z) (M•⁺) 582. 

Elemental analysis calculated for C39H58Si2: C, 80.34; H, 10.03 found; C, 79.83; H, 

9.82. 
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 9,9-Dioctyl -2,7-diethynylfluorene (M1).
9
 6.4.2

 

A solution of compound (4) (1.00 g, 1.71 mmol) in dry THF (15 ml) was stirred under 

degassed conditions. KOH aqueous solution (2.5 ml, 25% wt) in methanol (10 ml) was 

slowly added to the above reaction mixture under an inert atmosphere. The reaction 

was left at room temperature for 2 hours. The mixture reaction was extracted with 

DCM (3 × 200 ml), washed with brine (2 × 200 ml) and dried over (MgSO4). The 

solvent was evaporated in vacuo to obtain white-yellow crystals as pure product (0.72 

g, 1.64 mmol, 96 %). The product gave a single spot on TLC (Rf = 0.36) in 100% 

hexane. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.65 (d, J = 8.0 Hz, 2H) 7.50 (dd, J = 8.0 and J = 

2.0 Hz, 2H), 7.48 (s, 2H), 3.17 (s, 2H), 1.97-1.93 (m, 4H), 1.27-1.05 (m, 20H), 0.84(t, J 

= 7.0, 6H), 0.60-0.53 (br, 4H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 151.05, 141.01, 131.25, 126.55, 120.84, 119.98, 

84.53, 55.22, 40.21, 31.77, 29.94, 29.20, 23.65, 22.59, 14.08. 

Mass (EI+): (m/z) (M•⁺). 438. 

Elemental analysis calculated for C33H42; C, 90.35; H, 9.65, found; C, 89.23; H, 9.59. 

 Heptadecan-9-ol (5).
10

 6.4.3

 

A two-neck 500 ml round bottom flask was charged with a fresh solution of octyl 

magnesium bromide, which was prepared from a reaction between 1-bromooctane 

(48.20 g, 250 mmol) and fresh magnesium (6.68 g) in dry THF (80 ml) at 0 °C under 

inert condition. The resulting mixture was heated to reflux for 2 hours to obtain 

octylmagnesium bromide as a grey solution (Grignard solution). The reagent was added 

dropwise to another flask containing a solution of ethyl formate (6.69 ml, 83.35 mmol) 

in dry THF (130 ml) at -78 °C. The reaction mixture was allowed to stir at -78 °C for 1 

hour then the suspension mixture was warmed to room temperature and stirred 
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overnight. Upon completion, the reaction was quenched by the addition of MeOH, 

followed by saturated aqueous NH4Cl was added. The product was extracted with 

diethyl ether (3 × 200 ml), washed with brine solution (2 × 200 ml) and dried over 

(MgSO4). After removal of the solvent in vacuo, the crude product was subjected to 

silica gel column chromatography using petroleum ether: ethyl acetate (13:1) to yield 

(1b) as white crystals (19.61 g, 76.60 mmol, 92 %). The purity of the product was 

confirmed by TLC (single spot Rf = 0.68) in 100% hexane. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 3.64-3.56 (br, 1H), 1.50-1.25 (br, 29H), 0.90 (t, J 

= 7.0 Hz, 6H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 72.03, 37.50, 31.88, 29.72, 29.60, 29.28, 25.66, 

22.67, 14.09. 

Mass (EI+): (m/z) (M•⁺) 256. 

Elemental analysis calculated for C17H36O; C, 79.61; H, 14.15, found; C, 79.69; H, 

14.14. 

 9-Heptadecane p-toluenesulfonate.(6).
11 

6.4.4

 

A two-necked flask was charged with a mixture of heptadecan-9-ol (5) (10.18 g, 39.69 

mmol), triethylamine Et3N (20 ml) and Me3N.HCl (2.13 g, 22.28 mmol) in DCM (50 

ml). The mixture was stirred at 0 °C, followed by solution of p-toluenesulfonyl chloride 

(13.82 g, 72.52 mmol) in DCM (50 ml) was added dropwise. The reaction mixture was 

stirred for 1.5 hour. Upon completion, water was added to quench the reaction. The 

product was extracted with DCM (3 x 200 ml), washed with brine (2 × 200 ml) and 

dried over (MgSO4). The solvent was evaporated in vacuo to produce a crude product. 

The resulting precipitate was purified through silica gel column chromatography and 

eluted with petroleum ether: ethyl acetate (90: 10%). The material was then 

recrystallised from methanol affording the compound (6) as white crystals (13.85 g, 
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33.73 mmol, 85 % yield). The progress of the reaction and the purity of the product 

were monitored by TLC (Rf = 0.57) in petroleum ether: ethyl acetate (90:10 %). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.81 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 

2H), 4.56 (m, 1H), 2.46 (s, 3H), 1.64-1.50 (m, 4H), 1.34-1.13 (m, 24H), 0.90 (t, J = 7.0 

Hz, 6H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 144.24, 129.60, 127.72, 84.65, 34.13, 31.83, 

29.35, 29.29, 29.15, 24.68, 22.64, 21.57, 14.08. 

Mass (EI+): (m/z) (M•⁺). 410. 

Elemental analysis calculated for C24H42O3S, C, 70.20; H, 10.31; S, 7.81, found; C, 

70.33; H, 10.34; S, 7.71. 

 2,7-Dibromo-9-(heptadecan-9-yl)-9H-carbazole.(7).
12 

6.4.5

 

A solution of 9-heptadecane p-toluenesulfonate (6) (4.84 g, 11.80 mmol) in dry THF 

(10 ml) was slowly added to a suspension containing 2,7-dibromo -9H-carbazole (S8) 

(1.92 g, 5.91 mmol) and a fresh powder of KOH (2.97 g, 53.1 mmol) in dry THF (17 

ml) under vigorous stirring. The reaction mixture was degassed and placed under an 

inert atmosphere. The reaction was left overnight at ambient temperature. Upon 

completion, the mixture was slowly poured into iced water (200 ml) to quench the 

reaction. The aqueous solution was extracted with hexane (3 x 200 ml), washed with 

brine solution (2 × 200 ml) and dried over (MgSO4). The solvent was evaporated in 

vacuo to obtain a crude product. The precipitate was chromatographed via silica gel, 

eluting with petroleum ether to obtain the pure product as white crystals (2.81 g, 4.98 

mmol, 85% yield). The purity of the product was confirmed by TLC (single spot. Rf = 

0.45) in 100 % petroleum ether. 

1
H NMR (400 MHz, CDCl3, (δ/ppm): 7.75 (m, 2H); 7.71 (s, 1H); 7.55 (s, 1H), 7.35 (m, 

2H), 4.43 (m, 1H); 2.27-2.16 (m, 2H), 2.06-1.86 (m, 2H); 1.37-1.09 (m, 20H); 1.04-

0.93 (br, 4H); 0.85 (t, J = 7.0 Hz, 6H). 
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13
C NMR (400 MHz, CDCl3) (δ/ppm): 122.32, 121.48, 121.23, 114.53, 112.16, 56.96, 

33.48, 31.74, 29.28, 29.27, 29.12, 26.73, 22.60, 14.07. 

Mass (EI+): (m/z) (M•⁺) 561 (50%), 563 (100%), 565 (50%). 

Elemental analysis calculated for C29H41Br2N; C, 61.82; H, 7.33; N, 2.49; Br, 28.36, 

found; C, 63.08; H, 7.73; N, 2.49; Br, 27.16. 

 9-(Heptadecan-9-yl)-2,7-bis((trimethylsilyl)ethynyl)-9H-carbazole.(8).
  

6.4.6

 

A single neck 100 ml round bottom flask containing compound (7) (0.50 g, 0.88 

mmol), CuI (0.008 g, 5%) and Pd(PPh3)2Cl2 (0.031 g, 4%) in dry toluene (10 ml), 

followed by diisopropylamine (6 ml, degassed) was added and placed under an inert 

condition. To this mixture, a solution of trimethylsilyl acetylene (0.19 g, 0.27 ml, 1.95 

mmol, d = 0.695 g/ml) in disopropylamine (4.0 ml, degassed) was slowly added via 

syringe to the reaction mixture. The mixture was then degassed again and heated at 70 

°C overnight. The reaction was monitored by TLC to verify the completion of the 

reaction. Upon completion, the mixture was cooled to room temperature and the solvent 

removed in vacuo to the crude product. The precipitate was purified over column 

chromatography using silica gel as the column material and petroleum ether as the 

eluent to yield the product (8) as a yellow powder (0.50 g, 0.83 mmol, 95 %). The 

product gave a single spot on TLC (Rf = 0.40) in 100 % petroleum ether. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.98 (m, 2H); 7.67 (s, 1H); 7.53 (s, 1H), 7.34 (br, 

2H)., 4.51 (m, 1H); 2.31-2.20 (m, 2H), 1.98-1.87 (m, 2H); 1.30-1.08 (br, 20H); 1.04-

0.93 (br, 4H); 0.85 (t, J = 7.0 Hz, 6H); 0.32 (s, 18H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 142.08, 138.64, 123.69, 123.18, 122.99, 122.25, 

120.32, 120.09, 119.82, 115.04, 112.62, 106.63, 93.55, 56.85, 33.67, 31.72, 29.37, 

29.30, 29.12, 26.84, 22.57, 14.03, -0.08. 

Mass (EI+): (m/z) (M•⁺). 597. 

Elemental analysis calculated for C39H59NSi2, C, 78.32; H, 9.94; N, 2.34; found; C, 

78.30; H, 10.14; N, 2.09. 
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 2,7-Diethynyl-9-(heptadecan-9-yl)-9H-carbazole. (M2).
  

6.4.7

 

An aqueous solution of KOH (2.5 ml, 25% wt) in methanol (4 ml) was added dropwise 

to a single neck 100 ml flask containing compound (8) (0.44 g, 0.73 mmol) in dry THF 

(10 ml) under argon atmosphere. The reaction system was degassed and stirred at 

ambient temperature for 3 hours. The progress of reaction was monitored by TLC to 

confirm the completion. Upon completion, the mixture was extracted with DCM (3 × 

200 ml), washed with water (2 × 200 ml) and dried over (MgSO4). The solvent was 

removed in vacuo to yield pure product (M2) as yellow viscous oil (0.31 g, 0.68 mmol, 

92 %). The product gave a single spot on TLC (Rf = 0.45) in petroleum ether. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.02 (br, 2H); 7.74 (s, 1H); 7.58 (s, 1H), 7.38 (br, 

2H)., 4.51 (m, 1H); 3.19 (s, 2H); 2.31-2.20 (m, 2H), 1.98-1.89 (m, 2H); 1.29-1.09 (m, 

20H); 1.04-0.93 (br, 4H); 0.85 (t, J = 7.0 Hz, 6H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 142.31, 138.62, 123.88, 123.05, 122.98, 122.44, 

120.59, 120.31, 119.93, 118.84, 115.46, 112.97, 85.07, 56.85, 33.63, 31.74, 29.32, 

29.28, 29.13, 26.80, 22.60, 14.07. 

Mass (EI+): (m/z) (M•⁺).453. 

Elemental analysis calculated for C33H43N, C, 87.36; H, 9.55; N, 3.09; found; C, 87.31; 

H, 9.62; N, 3.05. 

 1-Bromo-4-(dodecyloxy) benzene (9).
13 

6.4.8

 

Under an inert condition, 4-bromo-phenol (5.00 g, 28.90 mmol) and K2CO3 (11.98 g, 

8.67 mmol) in dry acetone (50 ml) were added to two-neck 100 ml flask. A solution of 

1-bromododecane (8.71 g, 34.9 mmol) in dry acetone (15 ml) was slowly added. After 

addition, the mixture was stirred at ambient temperature for 0.5 hour. The suspended 

mixture was then degassed and heated to reflux overnight. The mixture was cooled to 

room temperature and filtered off, the filtrate was concentrated in vacuo. The resulting 
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residue was subjected to silica flash column chromatography using petroleum ether: 

DCM (1:1) as eluent to afford white crystals as the pure product (9.66 g, 28.32 mmol, 

98 %). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.37 (d, J = 9.0 Hz, 2H); 6.79 (d, J = 9.0 Hz, 

2H), 3.94 (t, J = 7.0 Hz, 2H), 1.78 (m, 2H); 1.50-1.23 (br, 18H); 0.90 (t, J = 14.0 Hz, 

3H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 158.26, 132.19, 116.30, 112.55, 68.28, 34.08, 

32.87, 31.93, 29.67, 29.65, 29.60, 29.58, 29.46, 29.37, 29.18, 28.79, 28.20, 26.01, 

22.71, 14.14.  

Mass (EI+): (m/z) (M•⁺). 340 (50%), 342 (50%). 

Elemental analysis calculated for C18H29BrO, C, 63.34; H, 8.56, Br, 23.41, found; C, 

63.27; H, 8.57; Br, 24.69. 

 2,6-Dibromoanthracene-9,10-dione (10).
14 

6.4.9

 

Under an inert condition, 2,6-diaminoanthracene-9,10-dione (S4) (9.60 g, 40 mmol), 

anhydrous copper (II) bromide CuBr2 (17.8 g, 80 mmol), and tert-butyl nitrite t-

BuONO (11.89 ml, 100 mmol) in dry acetonitrile CH3CN (200 ml) were added to a two 

neck 500 ml round bottom flask. The reaction mixture was heated to 65 °C for 3 hours. 

Upon completion, the reaction mixture was cooled to room temperature and HCl aq 

(100 ml, 20%) was slowly added to quench the reaction, followed by water was added 

to produce light brown precipitate. The product was filtered and washed with water (3 

× 200 ml) and CH3CN (3 × 200 ml). The crude product was purified over a flash 

column of silica gel with CHCl3 as the eluent and then recrystallised from hot toluene 

as the solvent to obtain a pure product (10) as shiny yellow crystals (12.59 g, 34.40 

mmol, 86 %). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.46 (br, 2H), 8.19 (d, J = 8.0 Hz, 2H), 7.96 (dd, 

J = 8.0 and J = 2.0 Hz, 2H). 

Mass (EI+): (m/z) (M•⁺). 364 (50%), 366 (100%), 368 (50%). 
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Elemental analysis calculated for C14H6Br2O2, C, 45.94; H, 1.65, Br; 43.66, found; C, 

46.01; H, 1.69, Br; 43.74. 

 2,6-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (11).
15 

6.4.10

 

A two neck 500 ml round bottom flask containing a solution of 1-bromo-4-

(dodecyloxy)benzene (9) (2.80 g, 8.21 mmol) in dry THF (50 ml) was cooled to −78 
◦
C 

under vigorous stirring. The reaction was degassed and placed under an inert condition. 

N-butyl lithium (3.2 ml, 8.21 mmol) was added dropwise a using syringe then the 

reaction was left to stir for 3 hours, 2,6-dibromoanthracene-9,10-dione (10) (1 g, 2.37 

mmol) was added as one portion to the above suspension mixture. The mixture was 

then allowed to warm to room temperature and left to stir for 48 hours. The resulting 

mixture was poured into water (200 ml) and extracted with diethyl ether (3 × 200 ml). 

The organic phases were combined, washed with brine (2 × 200 ml), dried over 

(MgSO4) and the solvent removed in vacuo. The brownish residue was obtained as 

crude product and starting material for next reduction step. A mixture of the resulting 

material (2.53 g, 2.63 mmol), potassium iodide KI (3.77 g, 22.74 mmol) and sodium 

hypophosphite NaHPO2 (2.65 g, 30.71 mmol) in acetic acid (30 ml) was stirred 

vigorously. The reaction mixture was refluxed at 120 °C for 24 hours. Upon 

completion, the solution was allowed to cool to ambient temperature and the solvent 

removed in vacuo. The organic precipitate was dissolved with DCM (200 ml), washed 

with brine (2 × 200 ml) and dried (MgSO4). The solvent was removed in vacuo and 

recrystallised from methanol to afford the product as a yellow powder with a 

reasonable yield: (1.58 g, 1.82 mmol, 69 %). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.89 (br, 2H), 7.61 (d, J = 9.0 Hz, 2H), 7.38 (dd, 

J= 9.0 and J = 2.0 Hz, 2H), 7.33 (d, J = 9.0 Hz, 4H), 7.15 (d, J = 9.0 Hz, 4H), 4.14 (t, J 

= 7.0 Hz, 4H), 1.92 (m, 4H); 1.61-1.25 (br, 36H); 0.91 (t, J = 14.0 Hz, 6H). 



139 

 

13
C NMR (400 MHz, CDCl3) (δ, ppm): 158.98, 136.59, 132.21, 131.28, 129.48, 129.20, 

129.05, 128.95, 128.82, 128.40, 126.66, 120.05, 114.67, 68.20, 31.95, 29.72, 29.66, 

29.55, 92.43, 29.39, 26.20, 22.72, 14.15. 

Mass (EI+): (m/z) (M•⁺) 854 (50%), 856 (100%), 858 (50%). 

Elemental analysis calculated for C50H64Br2O2, C, 70.09; H, 7.53; Br, 18.65 found; C, 

71.16; H, 7.78; Br, 17.91. 

  ((9,10-Bis(4-(dodecyloxy)phenyl)anthracene-2,6-diyl)-bis(ethyne-2,1-6.4.11

diyl-bis (trimethylsilane)) (12).
 

 

A single neck 100 ml round bottom flask was charged with compound (11) (0.40 g, 

0.46 mmol), CuI (0.005 g, 5%) and Pd(PPh3)2Cl2 (0.018 g, 4%) in dry toluene (20 ml), 

followed by diisopropylamine (6 ml, degassed) were degassed and placed under an 

inert atmosphere for 0.5 hour. To this solution, trimethylsilyl acetylene (0.99 g, 0.14 

ml, 1.0 mmol, d = 0.695 g/ml) in disopropylamine (4.0 ml, degassed) was added. The 

system was degassed again and then refluxed at 70 °C for 48 hours. The reaction was 

monitored by spot TLC to verify the completion of the reaction. Upon completion, the 

solvent was removed from the reaction mixture in vacuo to obtain a crude product. The 

product was purified via silica gel chromatography column using petroleum ether: 

toluene (80: 20%) as eluent to yield a pure product 12 as a yellow precipitate (0.39 g, 

0.43 mmol, 95 %). The product gave a single spot on TLC (Rf = 0.5) in petroleum 

ether: toluene (80: 20%). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.89 (br, 2H), 7.64 (d, J = 9.0 Hz, 2H), 7.35 (d, J 

= 9.0 Hz, 4H), 7.31 (dd, J= 9.0 and J = 2.0 Hz, 2H), 7.16 (d, J = 9.0 Hz, 4H), 4.14 (t, J 

= 7.0 Hz, 4H), 1.92 (m, 4H); 1.62-1.25 (br, 36H); 0.91 (t, J = 7.0 Hz, 6H), 0.26 (s, 

18H). 
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13
C NMR (400 MHz, CDCl3) (δ/ppm): 158.79, 137.01, 132.42, 131.13, 130.22, 129.96, 

129.86, 127.69, 127.25, 119.84, 114.53, 105.85, 95.47, 88.94, 68.20, 31.95, 29.71, 

29.66, 29.51, 92.45, 29.39, 26.20, 22.72, 14.15, -0.05. 

Mass (EI+): (m/z) (M•⁺) 891. 

Elemental analysis calculated for C60H82O2Si2, C, 80.84; H, 9.27, found; C, 77.15; H, 

8.76%. 

 9,10-Bis(4-(dodecyloxy)phenyl)-2,6-diethynyl anthracene (M3).
  

6.4.12

 

Under an inert condition, a solution of compound (12) (0.34 g, 0.38 mmol) in dry THF 

(15 ml) was stirred vigorously. KOH (2.5 ml, 25 % wt, aqueous solution) in methanol 

(4 ml) was slowly added and the reaction system was degassed again. The resulting 

mixture was stirred at ambient temperature for 4 hours; the mixture was then extracted 

with DCM (3 × 200 ml), washed with water (2 × 200 ml) and dried over (MgSO4). The 

solvent was removed in vacuo to obtain the crude product. The material was purified 

via silica gel chromatography column using petroleum ether: toluene (80:20 %) as 

eluent to afford a pure product (M3) as yellow crystals (0.22 g,  0.29 mmol, 77 %). The 

product provided a single spot on TLC (Rf = 0.45) in petroleum ether: toluene (80: 20 

%). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.94 (br, 2H), 7.69 (d, J = 9.0 Hz, 2H), 7.36-7.32 

(br, 6H), 7.15 (d, J = 9.0 Hz, 4H), 4.13 (t, J = 7.0 Hz, 4H), 3.13 (s, 2H), 1.91 (m, 4H); 

1.62-1.25 (br, 36H); 0.91 (t, J = 7.0 Hz, 6H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 158.89, 137.18, 132.29, 131.85, 130.25, 129.95, 

129.72, 127.50, 127.41, 118.84, 114.57, 84.43, 78.14, 68.18, 31.95, 29.72, 29.66, 

29.50, 29.43, 29.39, 26.19, 22.72, 14.15. 

Mass (EI+): (m/z) (M•⁺) 746. 
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Elemental analysis calculated for C54H66O2, C, 86.81; H, 8.90, found; C, 85.22; H, 

8.78%. 

 Poly((9,9-dioctyl-fluorene)-2,7-diethynylene-alt-4,9-2,1,3-6.4.13

naphthothiadiazole) PFDENT-P4.
16

 

 

4,9-Dibromo-2,1,3-naphthothiadiazole (2) (0.120 g, 0.35 mmol) and monomer (M1) 

(0.153 g, 0.35 mmol) were added to single-neck 100 ml round bottom flask and placed 

under argon. Dry THF (2 ml), toluene (4 ml), followed by diisopropylamine (3 ml, 

degassed) were added and the system degassed. To this mixture, Pd(PPh3)2Cl2 (0.035 g, 

0.049 mmol, 14%) and CuI (0.015 g, 0.078 mmol, 23%) were added, degassed and 

refluxed at 75 °C for 5 hours. Upon completion, the reaction mixture was cooled to 

room temperature and precipitated in degassed methanol (300 ml), the polymer solution 

was then left to stir overnight. The solution was filtered through a membrane and 

cleaned using a Soxhlet extraction with different organic solvents in the following 

order: methanol, acetone, hexane and toluene for 24 hours. The toluene fraction was 

concentrated to 10 ml in vacuo and the solution precipitated in degassed methanol (300 

ml). The resulting precipitate was stirred overnight and the bright dark purple product 

collected by a membrane filter. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.78-8.71 (br, 2H), 7.92-7.65 (br, 6H), 7.92-7.65 

(br, 2H), 2.23-1.96 (br, 4H), 1.31-1.01 (br, 20H), 0.89-0.57 (br, 10H). 

Toluene fraction (18 % yield) GPC in TCB at 140 °C (Mn = 10,000), (Mw = 30,200), 

(PDI = 3.0) 

Elemental Analysis calculated for C43H44N2S: C, 83.18; H, 7.14; N, 4.51; S, 5.16. 

Found: C, 78.30; H, 6.98; N, 3.62; S, 3.38%. 
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 Poly(9-(heptadecan-9-yl)-9H-carbazole-2,7-diethynylene-alt-4,9-2,1,3-6.4.14

naphthothiadiazole) PCDENT-P5.
16

 

 

PCDENT-P5 was prepared according to the polymerisation method in PFDENT-P4. 

(M2) (0.13 g, 0.30 mmol) and (2) (0.10 g, 0.30 mmol) were added to a single neck 100 

ml round bottom flask under an inert condition. Dry THF (2 ml) and toluene (4 ml), 

followed by diisopropylamine (3 ml, degassed) were added and degassed. Pd(PPh3)2Cl2 

(0.029, 0.042 mmol, 14%) and CuI (0.013 g, 0.068 mmol, 23%) were then added, 

degassed and heated to reflux under for 5 hours. After carrying out the workup of the 

reaction mixture, the polymer was only obtained in the toluene fraction as a dark blue 

precipitate. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.82-8.73 (br, 2H), 8.27-7.64 (br, 4H), 7.79-7.64 

(br, 2H), 7.51-7.42 (br, 2H), 4.71 (br, 1H), 2.49-2.26 (br, 2H), 2.13-1.94 (br, 2H) 1.40-

1.00 (br, 24H), 0.93-0.74 (br, 6H). 

Toluene fraction (15 % yield) GPC in TCB at 140 °C (Mn = 8,800), (Mw = 22,900), 

(PDI = 2.5). 

Elemental Analysis calculated for C43H45N3S: C, 81.22; H, 7.13; N, 6.61; S, 5.04%. 

Found: C, 75.49; H, 8.18; N, 4.64; S, 3.14%. 

 Poly(9,10-bis(4-(dodecyloxy)phenyl)anthracene-2,7-diethynylene-alt-6.4.15

4,9- 2,1,3-naphthothiadiazole) PPADENT-P6.
16

 

 

PPADENT-P6 was synthesised according to the polymerisation method in PFBENT-

P4. Under inert atmosphere, (M3) (0.168 g, 0.25 mmol) and (2) (0.086 g, 0.25 mmol) 
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were added to single neck 100 ml round bottom flask. Dry THF (2 ml) and toluene (4 

ml), followed by diisopropylamine (3 ml, degassed) were added and degassed under 

vigorous stirring. Pd(PPh3)2Cl2 (0.024 g, 0.035 mmol, 14%) and CuI (0.011 g, 0.057 

mmol, 23%) were added and the system was degassed again. The polymerisation was 

left for 1 hour. Upon completion, the workup of the reaction was carried out; the 

polymer was then obtained in the toluene and chloroform fraction as a dark blue and 

green product, respectively. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.64-8.54 (br, 2H), 8.28-8.22 (br, 2H), 8.05-7.04 

(br, 10H), 4.21-4.10 (br, 4H), 1.99-1.86 (br, 4H) 1.50-1.07 (br, 36H), 0.89 (br, 6H). 

Toluene fraction (25 % yield) GPC in TCB at 140 °C (Mn = 7,900), (Mw = 16,000), 

(PDI = 2.0). 

Chloroform fraction (10 % yield) GPC in TCB at 140 °C (Mn = 9,200), (Mw =17,700), 

(PDI = 1.9). 

Elemental Analysis calculated for C64H68N2O2S: C, 82.72; H, 7.38; N, 3.01; S, 3.45%. 

Found: C, 75.87; H, 7.17; N, 2.19; S, 2.40%. 

 2,7-Dithienyl-9,9-dioctylfluoroene (13).
17 

6.4.16

 

2,7-Dibromo-9,9-dioctylfluorene (S3) (0.50 g, 0.91 mmol) was dissolved in dry CB (8 

ml). 2-(Tributylstannyl)thiophene (0.85 g, 0.72 ml, 2.27 mmol), Pd2(dba)3 (0) (0.042 g, 

5 %) and tri(o-tolyl)phosphine (0.028 g, 10 %) were added to the solution and refluxed 

at 120 °C under an inert atmosphere overnight. Upon completion, the mixture was 

cooled to room temperature the reaction, diethyl ether (100 ml) was added to the 

reaction mixture. The organic phases were combined, washed with brine (2 × 200 ml) 

and dried over (MgSO4). The solvent was removed in vacuo, the crude product was 

then purified via silica gel column chromatography using petroleum ether: DCM (13:1) 

to yield a pure product (13) as a faint blue oily material (0.46 g, 0.82 mmol, 91%). 
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1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.70 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 8.0 Hz, 

2H), 7.58 (s, 2H), 7.41 (d, J = 4.0 Hz, 2H), 7.32 (d, J = 5.0 Hz, 2H), 7.14 (t, J = 4.0 Hz, 

2H), 2.06-2.00 (m, 4H), 1.28-1.04 (m, 20H), 0.81(t, J = 7.0, 6H), 0.73-0.64 (br, 4H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 151.71, 145.17, 140.22, 133.28, 128.07, 124.98, 

124.54, 122.90, 120.17, 120.09, 55.30, 40.42, 31.79, 30.00, 29.22, 29.19, 23.76, 22.60, 

14.07. 

Mass (EI+): (m/z) (M•⁺) 554. 

Elemental analysis calculated for C37H46S2; C, 80.09; H, 8.36, S, 11.56, found; C, 

79.05; H, 8.14, S, 11.03%. 

 2,7-Bis(5-bromothiophen-2-yl)-9,9-di-n-octylfluorene (14).
18 

6.4.17

 

A solution of compound (13) (0.43 g, 0.77 mmol) in CHCl3 (10 ml) and glacial acetic 

acid (10 ml) was shielded from light and stirred. NBS (0.27 g, 1.53 mmol, freshly 

purified by recrystallisation from water) in CHCl3 (2 ml) and glacial acetic acid (2 ml) 

was slowly added. After addition, the mixture was refluxed at 70 °C for 2 hours; the 

progress of reaction was monitored by TLC plate. Upon completion, water (200 ml) 

was added and the organic layer was extracted with DCM (2 × 200 ml), dried (MgSO4) 

and the solvent evaporated in vacuo. The crude product was purified via column 

chromatography using petroleum ether as eluent to yield the product (14) as a yellow 

sticky product (0.47 g, 0.66 mmol, 85 %). The product gave a single spot on TLC (Rf = 

0.45) in 100% hexane. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.69 (d, J = 8.0 Hz, 2H), 7.53 (d, J = 8.0 Hz, 

2H), 7.47 (s, 2H), 7.14 (d, J = 4.0 Hz, 2H), 7.07 (d, J = 4.0 Hz, 2H), 2.07-1.98 (m, 4H), 

1.28-1.04 (m, 20H), 0.82 (t, J =7.0, 6H), 0.73-0.64 (br, 4H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 151.84, 146.51, 140.41, 132.36, 130.88, 124.67, 

123.06, 120.31, 119.80, 111.12, 55.31, 40.32, 31.80, 29.93, 29.22, 29.16, 23.72, 22.62, 

14.10. 

Mass (EI+): (m/z) (M•⁺), 710 (50%), 712 (100%), 714 (50%). 
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Elemental analysis calculated for C37H44Br2S2; C, 62.36; H, 6.22, Br, 22.42, S, 9.00, 

found; C, 61.12; H, 6.14, Br, 23.61 S, 8.04%. 

 [5,5'-(9,9-Dioctyl-9H-fluorene-2,7-diyl)bis(thiophene-6.4.18

5,2diyl))bis(ethyne-2,1-diyl)] bis(trimethylsilane) (15).
 19 

 

Compound (14) (0.40 g, 0.56 mmol), CuI (0.007 g, 5%) and Pd(PPh3)2Cl2 (0.015 g, 

4%) in dry toluene (20 ml), followed by diisopropylamine (6 ml, degassed) were added 

to a single neck flask and stirred under an inert atmosphere for 0.5 hour, followed by 

trimethylsilyl acetylene (0.12 g, 0.17 ml, 1.23 mmol, d = 0.695 g/ml) in 

disopropylamine (4.0 ml) was added. The system was degassed and refluxed at 70 °C 

for 24 hours. The reaction was monitored by spot TLC to verify the completion of the 

reaction. After cooling to room temperature, the solvent was removed from the reaction 

mixture in vacuo to yield a crude product. The material was purified via column 

chromatography over silica gel using petroleum ether as the eluent to obtain the desired 

product (15) as a yellow oil product (0.37 g, 0.47 mmol, 85 %). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.69 (d, J = 8.0 Hz, 2H), 7.57 (d, J = 8.0 Hz, 

2H), 7.53 (s, 2H), 7.28-7.22 (m, 4H), 2.04-1.95 (m, 4H), 1.29-1.02 (m, 20H), 0.81 (t, J 

= 7.0, 6H), 0.72-0.64 (br, 4H), 0.29 (s, 18H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 151.88, 146.52, 140.56, 133.67, 132.72, 124.98, 

122.64, 122.10, 120.27, 120.14, 99.67, 97.79, 55.31, 40.27, 31.75, 29.91, 29.16, 29.11, 

23.73, 22.57, 14.02, -0.12. 

Mass (EI+): (m/z) (M•⁺) 746. 

Elemental analysis calculated for C47H62Si2S2; C, 75.45; H, 8.36, S, 8.58, Si, 7.52, 

found; C, 75.52; H, 8.24, S, 8.37%. 

  5,5'-(9,9-Dioctyl-fluorene-2,7-diyl)bis(2-ethynylthiophene) (M4).
19,20

 6.4.19
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To a solution of compound (15) (0.30 g, 0.40 mmol) in dry THF (10 ml), an aqueous 

KOH (0.7 ml, 25 % wt) in methanol (4 ml) was slowly added and stirred at ambient 

temperature under an inert atmosphere. The mixture was degassed and left for 3 hours. 

The reaction was monitored by TLC to confirm the completion of the reaction. Upon 

completion, the mixture was extracted using a DCM (3 × 100) and washed with water 

(2 × 100 ml). The organic layers were combined, dried (MgSO4) and the solvent 

removed in vacuo. The desired product (M4) was obtained as a brown sticky product 

(0.22 g, 0.36 mmol, 91 %) which gave a single spot on the TLC plate in 100% 

petroleum ether.  

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.70 (d, J = 8.0 Hz, 2H), 7.59 (d, J = 8.0 Hz, 

2H), 7.54 (s, 2H), 7.31-7.25 (m, 4H), 3.43 (s, 2H), 2.04-1.99 (br, 4H), 1.29-1.02 (m, 

20H), 0.81 (t, J = 7.0, 6H), 0.72-0.64 (br, 4H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 151.91, 146.85, 140.66, 134.21, 132.62, 125.09, 

122.67, 120.84, 120.35, 120.16, 81.97, 77.23, 55.37, 40.30, 31.78, 29.93, 29.19, 29.15, 

23.74, 22.60, 14.06. 

Mass (EI+): (m/z) (M•⁺) 603.  

Elemental analysis calculated for C41H46S2; C, 81.67; H, 7.69, S, 10.64, Si, 7.52, found; 

C, 80.68; H, 7.53, S, 10.43 %. 

 2,7-Dithienyl-N-9’-heptadecanylcarbazole (16).
17

  6.4.20

 

A mixture of 2,7-dibromo-9-(heptadecan-9-yl)-9H-carbazole.(7) (1.50 g, 2.66 mmol), 

Pd2(dba)3 (0) (0.122 g, 5 %) and tri(o-tolyl)phosphine (0.081 g, 10 %) in dry CB (10 

ml) were stirred and degassed under argon. 2-(Tributylstannyl) thiophene (2.48 g, 2.1 

ml, 6.7 mmol) was added by syringe and the system degassed again. The reaction 

mixture was heated to reflux overnight. After cooling to room temperature, diethyl 

ether (100 ml) was added to the reaction suspension and washed with brine (2 × 200 

ml). The combined organic phase was extracted, dried over (MgSO4) and the solvent 

was removed in vacuo. The crude product was purified via silica gel column 

chromatography and eluted using petroleum ether: DCM (13:1) to obtain the desired 
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product (16) as a colourless sticky material (1.32 g, 2.31 mmol 87 %). The product 

gave a single spot on TLC (Rf = 0.55) in petroleum ether: DCM (13:1). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.02 (br, 2H); 7.81 (s, 1H); 7.62 (s, 1H), 7.52 (d, 

J = 8.0, 2H), 7.43 (br, 2H), 7.33 (dd, J = 5.0  and J = 1.0 Hz, 2H), 7.16 (dd, J = 5.0 and 

J = 4.0 Hz, 2H), 4.63 (m, 1H); 2.42-2.31 (br, 2H), 2.04-1.94 (m, 2H); 1.34-1.03 (m, 

24H); 0.83 (t, J = 7.0 Hz, 6H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 145.83, 142.98, 139.63, 132.17, 131.67, 128.07, 

124.56, 123.23, 123.02, 121.85, 120.69, 120.46, 117.71, 108.95, 106.26, 56.47, 33.79, 

31.76, 29.41, 29.31, 29.19, 26.79, 22.60, 14.06. 

Mass (EI+): (m/z) (M•⁺) 569. 

Elemental analysis calculated for C37H47NS2, C, 77.98; H, 8.31; N, 2.46; S, 11.25, 

found; C, 78.18; H, 8.42. ; N, 2.46; S, 11.02%. 

 

 2,7-Bis(5-bromothiophen-2-yl)-9-(heptadecan-9-yl)-9H-carbazole 6.4.21

(17).
18

 

 

To a solution of compound (16) (1.18 g, 2.07 mmol) in chloroform (10 ml) and glacial 

acetic acid (10 ml), NBS (0.27 g, 1.53 mmol) in 12 ml (1:1 CHCl3, glacial acetic acid) 

was slowly added under dark conditions. After addition, the reaction mixture was 

refluxed at 70 °C for 3 hours. Upon completion, the mixture was extracted with DCM 

(3 × 200 ml), washed with brine solution (2 × 30 ml) and dried (MgSO4). The organic 

solvent was evaporated in vacuo to yield the crude product. The resulting crude solid 

was purified via column chromatography using petroleum ether: DCM (13:1) as eluent 

to obtain the pure product (17) as yellow sticky product (1.32 g, 1.81 mmol, 87%). The 

product gave a single spot on the TLC (Rf = 0.45) in petroleum ether: DCM (13:1). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.06 (br, 2H); 7.68 (s, 1H); 7.50 (s, 1H), 7.41 (d, 

J = 8.0, 2H), 7.15 (br, 2H), 7.09 (d, J = 4.0 Hz, 2H), 4.59 (m, 1H); 2.37-2.26 (m, 2H), 

2.02-1.92 (m, 2H); 1.32-1.01 (m, 24H); 0.82 (t, J = 7.0 Hz, 6H). 
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13
C NMR (400 MHz, CDCl3) (δ/ppm): 147.91, 142.96, 136.61, 131.35, 131.05, 130.90, 

123.41, 123.17, 122.05, 120.91, 120.68, 117.32, 111.05, 108.67, 105.99, 56.55, 33.74, 

31.76, 29.37, 29.29, 29.18, 26.76, 22.61, 14.06. 

Mass (EI+): (m/z) (M•⁺) 725 (50%), 727 (100%), 729 (50%). 

Elemental analysis calculated for C37H45Br2NS2, C, 61.07; H, 6.23; N, 1.92; Br, 21.96; 

S, 8.81, found; C, 59.93; H, 6.15; N, 1.67; Br, 21.96; S, 8.47%. 

 9-(Heptadecan-9-yl)-2,7-bis(5-((trimethylsilyl)ethynyl)thiophen-2-yl)-6.4.22

9H-carbazole (18).  

 

To dried 100 ml round bottom flask, attached with condenser, was added compound 

(17) (1.03 g, 1.41 mmol), dry toluene (40 ml) and diisopropylamine (15 ml, degassed). 

The mixture was degassed and placed under an inert atmosphere using standard 

Schlenk line technique. CuI (0.013 g, 5%) and Pd(PPh3)2Cl2 (0.040 g, 4%) were then 

added above the reaction mixture, followed by trimethylsilyl acetylene (0.30 g, 0.43 ml, 

3.10 mmol, d = 0.695 g/ml) in disopropylamine (7.0 ml) was added. The mixture was 

degassed again under an inert condition and refluxed at 70 °C for 24 hours. The 

reaction was monitored by spot TLC to verify the completion of reaction. After cooling 

the reaction to room temperature, the organic solvent was evaporated in vacuo to obtain 

a crude product. The product was purified over silica gel chromatography using 

petroleum ether: toluene (10:1) as the eluent. The solvent was removed in vacuo to 

yield the pure product (18) as a yellow sticky precipitate (0.95 g, 1.24 mmol, 88%). 

The product gave a single spot on TLC (Rf = 0.3) in petroleum ether: toluene (10:1). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.06 (br, 2H); 7.75 (s, 1H); 7.57 (s, 1H), 7.48 (br, 

2H), 7.29-7.24 (br, 4H), 4.59 (m, 1H); 2.39-2.27 (m, 2H), 2.02-1.92 (m, 2H); 1.31-1.02 

(m, 24H); 0.83 (t, J = 7.0 Hz, 6H), 0.31 (t, J = 4.0 Hz, 18H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 147.21, 142.98, 139.64, 133.78, 131.57, 131.06, 

123.54, 122.77, 122.18, 122.03, 120.89, 120.66, 117.54, 108.92, 106.23, 99.60, 97.84, 

56.55, 33.74, 31.75, 29.36, 29.29, 29.17, 26.77, 22.61, 14.06, -0.08. 

Mass (EI+): (m/z) (M•⁺) 762. 
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Elemental analysis calculated for C47H63NS2Si2, C, 74.05; H, 8.33, S, 8.41, N, 1.84, 

found; C, 73.03; H, 7.90, S, 8.59, N, 1.63%. 

 2,7-Bis(5-ethynylthiophen-2-yl)-9-(heptadecan-9-yl)-9H-carbazole 6.4.23

(M5).  

 

Compound (18) (0.80 g, 1.05 mmol) was dissolved in dry THF (20 ml). The reaction 

system was degassed and an aqueous solution of KOH (3 ml, 25% wt) in methanol (4 

ml) was added dropwise. After addition, the suspension reaction was stirred, degassed 

and placed under an inert atmosphere at ambient temperature for 3 hours. The reaction 

was monitored by TLC to confirm the completion of the reaction. Upon completion, the 

mixture was extracted with DCM (3 × 200 ml), washed with water (2 × 200 ml) and 

dried (MgSO4). The organic layer was evaporated in vacuo to yield the brown sticky 

product (M5) (0.59 g, 0.95 mmol, 91 %). It gave single spot on TLC plate. (Rf = 0.2) in 

petroleum ether. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.07 (br, 2H); 7.76 (s, 1H); 7.57 (s, 1H), 7.48 (br, 

2H), 7.31 (d, J = 4.0 Hz, 2H), 7.29-7.26 (br, 2H), 4.60 (m, 1H), 3.44 (s, 2H), 2.38-2.27 

(m, 2H), 2.03-1.93 (m, 2H); 1.33-1.02 (m, 24H); 0.82 (t, J = 7.0 Hz, 6H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 147.55, 134.25, 122.76, 120.95, 120.85, 120.72, 

117.67, 108.99, 106.31, 81.90, 77.27, 56.57, 33.76, 31.75, 29.36, 29.29, 29.18, 26.76, 

22.61, 14.06. 

Mass (EI+): (m/z) (M•⁺) 617. 

Elemental analysis calculated for C41H47NS2, C, 79.68; H, 7.67, S, 10.38, N, 2.27, 

found; C, 79.65; H, 7.73, S, 10.28, N, 2.21%. 
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 2,2ʼ-(9,10-Bis(4-(dodecyloxy)phenyl) anthracene-2,6-diyl)dithiophene 6.4.24

(19).  

 

To solution of 2,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (11) (1.30 g, 

1.50 mmol), in dry CB (13 ml), Pd2(dba)3 (0) (0.096 g, 5 %) and tri(o-tolyl)phosphine 

(0.054 g, 10 %) were then added and the reaction mixture was degassed. 2-

(Tributylstannyl)thiophene (1.39 g, 1.19 ml, 3.75 mmol) was  slowly added by syringe 

then the system was degassed three times and placed under an inert atmosphere. The 

reaction mixture was heated to reflux for overnight. Upon completion, the mixture was 

cooled to room temperature and diethyl ether (100 ml) was added. The reaction 

suspension was washed with brine solution (2 × 200 ml), dried over (MgSO4) and the 

solvent removed in vacuo. The resulting precipitate was purified by a silica gel 

chromatography column using petroleum ether: toluene (80:20%) as the eluent to 

obtain a yellow powder (19) (1.20 g, 1.39 mmol, 93 %). The product provided a single 

spot on TLC (Rf = 0.6) in petroleum ether: toluene) (80: 20%). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.98 (br, 2H), 7.78 (d, J = 9.0 Hz, 2H), 7.61 (dd, 

J = 9.0 and J = 2.0 Hz, 2H), 7.43 (d, J = 9.0 Hz, 4H), 7.30 (dd, J = 4.0 and J = 1.0 Hz, 

2H), 7.27 (dd, J = 6.0 and J = 5.0 Hz, 2H), 7.18 (d, J = 9.0 Hz, 4H), 7.09 (dd, J = 5.0 

and J = 4.0 Hz, 2H)  4.15 (t, J = 7.0 Hz, 4H), 1.93 (m, 4H); 1.63-1.26 (br, 36H); 0.92 (t, 

J = 7.0 Hz, 6H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 158.73, 144.72, 137.01, 132.44, 130.64, 130.50, 

130.37, 130.04, 128.10, 127.89, 125.09, 124.11, 123.53, 123.10, 114.51, 68.21, 31.96, 

29.73, 29.68, 29.54, 29.47, 29.40, 26.21, 22.73, 14.16.  

Mass (EI+): (m/z) (M•⁺) 863. 

Elemental analysis calculated for C58H70O2S2, C, 80.69; H, 8.17; S, 7.43, found; C, 

79.20; H, 8.02; S, 7.02%. 
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 5,5ʼ-(9,10-Bis(4-(dodecyloxy)phenyl)anthracene-2,6-diyl)bis(2-6.4.25

bromothiophene) (20).  

 

A two neck round bottom flask was charged with compound (19) (1.00 g, 1.15 mmol), 

CHCl3 (13 ml) and glacial acetic acid (13 ml) was stirred and shielded from light at 

room temperature. NBS (0.27 g, 1.53 mmol) in CHCl3 (12 ml) and glacial acetic acid 

(12 ml) was added dropwise. After addition, the reaction mixture was refluxed at 70 °C 

for 3 hours. After cooling to room temperature, the reaction mixture was extracted with 

DCM (3 × 200 ml), washed with brine (2 × 200 ml) and dried (MgSO4). The organic 

solvent was evaporated in vacuo to produce the crude material. The crude product was 

recrystallised from methanol to yield a yellow powder (20) (1.10 g, 1.07 mmol, 93 %). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.86 (br, 2H), 7.76 (d, J = 9.0 Hz, 2H), 7.50 (dd, 

J = 9.0 and J = 2.0 Hz, 2H), 7.39 (d, J = 9.0 Hz, 4H), 7.17 (d, J= 9.0 Hz, 4H), 7.05-7.01 

(br, 4H), 4.16 (t, J = 7.0 Hz, 4H), 1.93 (m, 4H); 1.63-1.26 (br, 36H); 0.91 (t, J = 7.0 Hz, 

6H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 158.82, 146.08, 137.22, 132.35, 130.94, 130.49, 

130.12, 130.03, 129.98, 128.14, 123.68, 123.83, 123.01, 114.56, 111.76, 68.22, 31.96, 

29.73, 29.68, 29.54, 29.46, 29.40, 26.20, 22.72, 14.15.  

Mass (EI+): (m/z) (M•⁺) 1018 (40%), 1021 (100%), 1022 (60%). 

Elemental analysis calculated for C58H68Br2O2S2, C, 68.22; H, 6.71; S, 6.28; Br, 15.65, 

found; C, 68.04; H, 7.40; S, 4.92; Br, 11.03%. 
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 ((5,5ʼ-(9,10-Bis(4-(dodecyloxy)phenyl)anthracene-2,6-6.4.26

diyl)bis(thiophene-5,2-diyl))bis(eyhyne-2,1-diyl))bis(trimethylsilane) 

(21). 

 

A single neck 100 ml round bottom flask was charged with compound (20) (0.62 g, 

0.60 mmol), CuI (0.005 g, 5%), Pd(PPh3)2Cl2 (0.021 g, 5 %). Dry toluene (20 ml) and 

diisopropylamine (7 ml, degassed) were stirred and degassed under an inert 

atmosphere. Trimethylsilyl acetylene (0.13 g, 0.18 ml, 1.30 mmol, d = 0.695 g/ml) in 

disopropylamine (4.0 ml) was added, degassed and refluxed at 70 °C for 48 hours. The 

reaction was monitored by spot TLC to confirm the completion of reaction. Upon 

completion, the reaction mixture was cooled to room temperature. The organic solvent 

was removed in vacuo to produce a crude product. The resulting product was then 

purified through a silica gel chromatography column using petroleum ether: DCM 

(90:10 %) as the eluent to yield a brown sticky product (21) (0.53 g, 0.50 mmol, 84 %). 

The product gave a single spot on TLC (Rf = 0.25) in petroleum ether: DCM (90:10 

%). 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.94 (br, 2H), 7.76 (d, J = 9.0 Hz, 2H), 7.55 (dd, 

J = 9.0 and J = 2.0 Hz, 2H), 7.40 (d, J = 9.0 Hz, 4H), 7.19-7.14 (br, 8H), 4.16 (t, J = 7.0 

Hz, 4H), 1.93 (m, 4H); 1.63-1.26 (br, 36H), 0.91 (t, J = 7.0 Hz, 6H), 0.27 (s, 18H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 158.82, 146.03, 137.29, 133.82, 132.36, 130.53, 

130.20, 130.05, 128.10, 123.61, 123.83, 123.37, 123.30, 122.54, 114.56, 99.91, 97.75, 

68.22, 31.96, 29.73, 29.67, 29.54, 29.48, 29.40, 26.21, 22.72, 14.15. -0.12.  

Mass (EI+): (m/z) (M•⁺) 1054. 

Elemental analysis calculated for C68H86O2S2Si2, C, 77.36; H, 8.21; S, 6.07, found; C, 

71.26; H, 7.65; S, 5.19%. 
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 5,5ʼ-(9,10-Bis(4-(dodecyloxy)phenyl)anthracene-2,6-diyl)bis(2-6.4.27

ethynylthiophene) (M6).  

 

Under an inert atmosphere, a solution of compound (21) (0.34 g, 0.32 mmol) in dry 

THF (15 ml) was stirred and degassed at room temperature. To this mixture, an 

aqueous solution KOH (2.0 ml, 25% wt) in methanol (4 ml) was added dropwise and 

the system degassed again. The reaction was left to stir at ambient temperature for 3 

hours. Upon completion, the reaction mixture was extracted with DCM (3 × 200 ml), 

washed with water (2 × 200 ml) dried over (MgSO4). The solvent was removed in 

vacuo to produce dark brown solid. The crude product was purified via silica gel 

chromatography column using petroleum ether as the eluent to obtain a brown sticky 

product (M6) (0.25 g, 0.27 mmol, 85 %). The product gave a single spot on TLC (Rf = 

0.5) in 100% petroleum ether. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.94 (br, 2H), 7.77 (d, J = 9.0 Hz, 2H), 7.55 (dd, 

J = 9.0 and J = 2.0 Hz, 2H), 7.40 (d, J = 9.0 Hz, 4H), 7.23 (d, J = 4.0 Hz, 2H), 7.19-

7.15 (br, 6H), 4.15 (t, J = 7.0 Hz, 4H), 3.42 (s, 2H), 1.93 (m, 4H); 1.63-1.26 (br, 36H); 

0.91 (t, J = 7.0 Hz, 6H). 

13
C NMR (400 MHz, CDCl3) (δ/ppm): 158.83, 146.38, 137.35, 134.25, 132.37, 130.54, 

130.21, 129.96, 128.16, 123.62, 123.55, 123.27, 121.29, 114.56, 82.15, 77.19, 68.20, 

31.97, 29.74, 29.69, 29.56, 29.47, 29.42, 26.22, 22.74, 14.18. 

Mass (EI+): (m/z) (M•⁺) 910. 

Elemental analysis calculated for C62H70O2S2: C, 81.71; H, 7.74; S, 7.04, found; C, 

76.42; H, 7.65; S, 6.08%. 
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 Poly(5,5'-(9,9-dioctyl-fluorene-2,7-diyl)bis(ethynyl-2-thienyl)-alt-4,9-6.4.28

(2,1,3-naphthothiadiazole) PFDTENT-P7.
16

 

 

PFDTENT-P7 was prepared according to the polymerisation method in PFDENT-P4. 

A single neck 100 ml round bottom flask was charged with (M4) (0.180 g, 0.30 mmol) 

and (2) (0.103 g, 0.30 mmol) under inert atmosphere. Dry THF (2 ml) and toluene (4 

ml), followed by diisopropylamine (3 ml, degassed) were added and degassed at 

ambient temperature. To this mixture, Pd(PPh3)2Cl2 (0.029 g, 0.042 mmol, 14%) and 

CuI (0.013 g, 0.068 mmol, 23%) were added and the system was degassed again. The 

mixture was refluxed at 75 °C for 1 hour. After carrying out the extraction and 

purification using different organic solvents, the polymer was only obtained in toluene 

fraction to afford dark green product. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.64-8.58 (br, 2H), 7.80-7.37(br, 12H), 2.14-1.99 

(br, 4H), 1.31-1.06 (br, 20H), 0.86-0.68 (br, 10H). 

Toluene fraction (17 % yield) GPC in TCB at 140 °C (Mn = 11,500), (Mw = 29,700), 

(PDI = 2.5). 

Elemental Analysis calculated for C51H48N2S3: C, 78.02; H, 6.16; N, 3.57; S, 12.25%. 

Found: C, 72.91; H, 6.14; N, 2.46; S, 10.25%. 

 Poly(5,5'-(9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl)bis(ethynyl-2-6.4.29

thienyl)-alt-4,9-(2,1,3-naphthothiadiazole) PCDTENT-P8.
16

 

 

PCDTENT-P8 was synthesised according to the polymerisation method in PFDENT-

P4. A single neck 100 ml round bottom flask was charged with (M5) (0.136 g, 0.30 

mmol) and (2) (0.103 g, 0.3 mmol) under an inert atmosphere using standard Schlenk 
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line techniques. Dry THF (2 ml), toluene (4 ml), followed by diisopropylamine (3 ml, 

degassed) were added and degassed. To this mixture, Pd(PPh3)2Cl2 (0.029 g, 0.042 

mmol, 14%) and CuI (0.013 g, 0.068 mmol, 23%) were added and the system was 

degassed again. The mixture was heated to reflux for 0.5 hour. Upon completion, the 

mixture was cooled to room temperature. After carrying out the extraction and 

purification using different organic solvents, the desired polymer was only obtained in 

the toluene fraction, where it was present as a dark green product. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.65-8.60 (br, 2H), 8.16-8.03 (br, 2H), 7.90-7.18 

(br, 8H), 7.10 (m, 2H), 4.66 (br, 1H), 2.47-2.30 (br, 2H), 2.13-1.96 (br, 2H) 1.40-1.01 

(br, 24H), 0.93-0.71 (br, 6H). 

Toluene fraction (16 % yield) GPC in TCB at 140 °C (Mn = 8,700), (Mw = 17,000), 

(PDI = 1.9). 

Elemental Analysis calculated for C51H49N3S3: C, 76.56; H, 6.17; N, 5.25; S, 12.02%. 

Found: C, 65.76; H, 6.23; N, 3.31; S, 6.83%. 

 Poly(5,5ʼ-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-2,6-6.4.30

diyl)bis(ethynyl-2-thienyl)-alt-4,9-(2,1,3-naphthothiadiazole) 

PPADTENT-P9.
16

 

 

PPADTENT-P9 was synthesised according to the polymerisation method in PFDENT-

P4. A single neck 100 ml round bottom flask was charged with monomer (M6) (0.182 

g, 0.20 mmol) and (2) (0.068 g, 0.20 mmol) was placed under an inert atmosphere. Dry 

THF (2 ml) and toluene (4 ml), followed by diisopropylamine (3 ml, degassed) were 

added and the system was degassed at ambient temperature. Pd(PPh3)2Cl2 (0.019 g, 

0.027 mmol, 14%) and CuI (0.008 g, 0.042 mmol, 23%) were added and the system 

degassed a further three times and placed under an inert atmosphere. After addition, the 

reaction mixture was heated to reflux for 15 minutes. Upon completion, the polymer 
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solution was cooled to room temperature. The extraction and purification of polymer 

using different organic solvents were carried out sequentially. The final polymer was 

obtained in the toluene and chloroform fraction to afford dark green products. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.62-8.49 (br, 2H), 8.08-7.93 (br, 2H), 7.85-7.04 

(br, 18H), 4.25-4.09 (br, 4H), 2.02-1.87 (br, 4H) 1.51-1.14 (br, 36H), 0.90 (br, 6H). 

Toluene fraction (12 % yield) GPC in TCB at 140 °C (Mn = 10,400), (Mw = 23,300), 

(PDI = 2.2). 

Chloroform fraction (8 % yield) GPC in TCB at 140 °C (Mn = 11,300), (Mw = 20,600), 

(PDI = 1.8). 

Elemental Analysis calculated for C72H72N2O2S3: C, 79.08; H, 6.64; N, 2.56; S, 8.08%. 

Found: C, 67.43; H, 7.54; N, 1.46; S, 5.18%. 
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6.5 Preparation of polymers (class 4)-Chapter 4 

 Poly(9,9-dioctyl-2,7-diethynylene fluorene-alt-4,7-benzo[c]-1,2,5-6.5.1

thiadiazole) PFDEBT-P10.
16 

 

PFDEBT-P10 was synthesised according to the polymerisation method outlined in 

PFDENT-P4. A mixture of 4,7-dibromobenzo[c]-1,2,5-thiadiazole (S5) (0.058 g, 0.20 

mmol), 9,9-dioctyl -2,7-diethynylfluorene (M1) (0.087 g, 0.20 mmol), 

bis(triphenylphosphine) palladium(II) dichloride Pd(PPh3)2Cl2 (0.019 g, 0.027 mmol, 

14%) and copper (I) iodide CuI (0.009 g, 0.046 mmol, 23%) were added to a 100 ml 

one neck flask containing anhydrous THF (2 ml), toluene (4 ml) and diisopropylamine 

(3 ml, degassed) under inert conditions. The solution was stirred at reflux temperature 

(75 °C) in an oil bath for 6 hours. The reaction was stopped then the mixture allowed 

cooling to room temperature, then it was slowly added into degassed methanol (300 ml) 

before being stirred overnight to give a precipitate. The solid precipitate was collected 

through a membrane filter. Then it was cleaned using a Soxhlet extraction with 

different organic solvents in the following order: methanol, acetone, hexane, toluene, 

chloroform and chlorobenzene. The toluene fraction was obtained and concentrated to 

10 ml in vacuo then poured into degassed methanol (300 ml). The resulting solution 

was stirred overnight then the precipitate collected through membrane filtration to 

afford the final polymer as a dark orange colour product. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 7.89 (br, 2H), 7.80-7.54 (br, 6H), 2.13-1.97 (br, 

4H), 1.28-1.03 (br, 20H), 0.87-0.80 (br, 6H), 0.70-0.58 (br, 4H). 

Toluene fraction (17 % yield) GPC in TCB at 140 °C (Mn = 11,600), (Mw = 29300), 

(PDI = 2.5). 

Elemental Analysis calculated for C39H42N2S: C, 82.06; H, 7.42; N, 4.91; S, 5.62%. 

Found: C, 76.13; H, 7.63; N, 3.83; S, 4.11%. 
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 Poly((9-(heptadecan-9-yl)-9H-2,7-diethynylene carbazole)-alt-4,7-6.5.2

benzo[c]-1,2,5-thiadiazole) PCDEBT-P11.
16 

 

PCDEBT-P11 was synthesised according to the polymerisation method in PFDENT-

P4. 7,7-Dibromobenzo[c]-1,2,5-thiadiazole (S5) (0.058 g, 0.20 mmol) and 2,7-

diethynyl-9-(heptadecan-9-yl)-9H-carbazole (M2) (0.090 g, 0.20 mmol) were added to 

a single neck 100 ml round bottom flask and placed under argon using standard 

Schlenk line techniques. Dry co-solvents toluene (4 ml) and THF (2 ml), followed by 

diisopropylamine (3 ml, degassed) were added and the internal system was degassed 

again. Then Pd(PPh3)2Cl2 (0.019 g, 0.027 mmol,14%) and CuI (0.009 g, 0.046 mmol, 

23%) were added to the degassed solution and heated to 75 °C for 4 hours. Upon 

completion, the reaction was cooled to room temperature; then the mixture was added 

dropwise into degassed methanol (300 ml) and stirred overnight to give a precipitate. 

The solid precipitate was collected through a membrane filter. Then it was cleaned 

using a Soxhlet extraction with different organic solvents in the following order: 

methanol, acetone, hexane, toluene, chloroform and chlorobenzene. The toluene 

fraction was obtained and concentrated to 10 ml in vacuo then poured into degassed 

methanol (300 ml). The resulting mixture was stirred overnight and the polymer 

collected by filtration as an orange powder. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.20-8.06 (br, 2H), 7.96-7.75 (br, 4H), 7.65-7.40 

(br, 2H), 4.70-4.53 (br, 1H), 2.42-2.26 (br, 2H), 2.09-1.94 (br, 2H) 1.36-0.98 (br, 24H), 

0.84 (t, J = 7.0, 6H). 

Toluene fraction (8 % yield) GPC in TCB at 140 °C (Mn = 25,000), (Mw = 80,400), 

(PDI = 3.2). 

Elemental Analysis calculated for C39H43N3S: C, 79.96; H, 7.40; N, 7.17; S, 5.47%. 

Found: C, 76.85; H, 8.52; N, 4.23; S, 3.02%. 
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 Poly((9,10-bis(4-(dodecyloxy)phenyl-2,6-diethynylene anthracene)-6.5.3

alt-4,7-benzo[c]-1,2,5-thiadiazole) PPADEBT-P12.
16 

 

PPADEBT-P12 was synthesised according to the polymerisation method in PFDENT-

P4. A single neck 100 ml round bottom flask under argon was charged with 4,7-

dibromobenzo[c]-1,2,5-thiadiazole (S5) (0.058 g, 0.20 mmol) and 2,6-diethynyl-9,10-

bis(4-(dodecyloxy)phenyl)anthracene (M3) (0182 g, 0.20 mmol) in dry toluene (4 ml) 

and THF (2 ml), followed by diisopropylamine (3 ml, degassed) were added and 

degassed. To this mixture, Pd(PPh3)2Cl2 (0.019 g, 0.027 mmol, 14%) and copper (I) 

iodide CuI (0.009 g, 0.046 mmol, 23%) were added. After addition, the solution was 

stirred at reflux temperature (75 °C) in an oil bath for 3 hours. The reaction was 

stopped then the mixture allowed cooling to room temperature, then it was slowly 

added into degassed methanol (300 ml) before being stirred overnight to give a 

precipitate. The solid precipitate was collected through a membrane filter. Then it was 

cleaned using a Soxhlet extraction with different organic solvents in the following 

order: methanol, acetone, hexane, toluene, chloroform and chlorobenzene. The toluene 

fraction was obtained and concentrated to 10 ml in vacuo then poured into degassed 

methanol (300 ml). The resulting mixture was stirred overnight and the solid was 

collected by filtration through a membrane filter. The final polymer was obtained as a 

dark red powder after drying. 

1
H NMR (400 MHz, CDCl3) (δ/ppm): 8.14-7.96 (br, 2H), 7.85-7.34 (br, 10H), 7.20 (t, J 

= 8.0, 4H), 4.20-4.10 (br, 4H), 1.97-1.87 (br, 4H) 1.50-1.19 (br, 36H), 0.93-0.86 (br, 

6H). 

Toluene fraction (21 % yield) GPC in TCB at 140 °C (Mn = 8,700), (Mw = 21800), (PDI 

= 2.5). 

Elemental Analysis calculated for C60H66N2O2S: C, 81.96; H, 7.57; N, 3.19; S, 3.657%. 

Found: C, 70.80; H, 7.22; N, 2.14; S, 2.17%. 
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  Chapter 7

7.1 Supplementary Information 

 

 

Figure 7-1: 
1
H NMR of 4,9-dibromo-2,1,3-naphthothiadiazole (2) 
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Figure 7-2: 
1
H NMR of 4,9-di(2-bromothienyl-5-yl)-2,1,3-naphthothiadiazole (M) 
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Figure 7-3: 
1
H NMR spectra of PFDTNT-P1 in CDCl3 at R.T 
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Figure 7-4: 
1
H NMR spectra of PCDTNT-P2 in CDCl3 at R.T 
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Figure 7-5: 
1
H NMR spectra of PPADTNT-P3 in CDCl3 at R.T 
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Figure 7-6: 
1
H NMR spectra of 9,9-dioctyl -2,7-diethynylfluorene (M1) 
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Figure 7-7: 
1
H NMR spectra of 2,7-diethynyl-9-(heptadecan-9-yl)-9H-carbazole (M2) 
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Figure 7-8: 
1
H NMR spectra of 9,10-bis (4-(dodecyloxy)phenyl)-2,6-diethynyl 

anthracene (M3) 
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Figure 7-9: 
1
H NMR spectra of PFDENT-P4 in CDCl3 at R.T 
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Figure 7-10: 
1
H NMR spectra of PCDENT-P5 in CDCl3 at R.T 
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Figure 7-11: 
1
H NMR spectra of PPADENT-P6 in CDCl3 at R.T 
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Figure 7-12: 
1
H NMR spectra of 5,5ʼ-(9,9-dioctyl-fluorene-2,7-diyl)bis(2-ethynyl 

thiophene) (M4) in CDCl3 at R.T. 
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Figure 7-13: 
1
H NMR spectra of 2,7-bis (5-ethynylthiophene-2-yl)-9-(heptadecan-9-yl)-

9H-carbazole (M5) in CDCl3 at R.T 
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Figure 7-14: 
1
H NMR spectra of 5,5ʼ-(9,10-bis (4-(dodecyloxy)phenyl) anthracene-2,6-

diyl)bis(2-ethynylthiophene) (M6) in CDCl3 at R.T 
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Figure 7-15: 
1
H NMR spectra of PFDTENT-P7 in CDCl3 at R.T 
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Figure 7-16: 
1
H NMR spectra of PCDTENT-P8 in CDCl3 at R.T 
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Figure 7-17: 
1
H NMR spectra of PPADTENT-P9 in CDCl3 at R.T 
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Figure 7-18: 
1
H NMR spectra of PFDEBT-P10 in CDCl3 at R.T 
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Figure 7-19: 
1
H NMR spectra of PCDEBT-P11 in CDCl3 at R.T 
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Figure 7-20: 
1
H NMR spectra of PPADEBT-P12 in CDCl3 at R.T 

 

 


