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Abstract 

Renewable energy sources hold promise as environmentally benign sources of 

energy for the sustainability of our ecosystem, since the utilisation of traditional sources 

such as fossil fuels has damaged our planet by releasing toxic by-products and are 

dwindling. Solar energy is one of this kind which is abundantly available and has potential 

to replace the conventional energy sources. Silicon solar cells/ inorganic photovoltaics, 

invented in 1950s, were initially used in space programs. Later the field has rapidly grown 

due to the increased efficiencies, reliability and substantial decrease in the fabrication costs. 

Nevertheless, the solar electricity still remains expensive than the electricity from electrical 

grid.  

Organic electronics or organic photovoltaics, in particular are of great importance 

in this context due to the possibility of processing organic semiconductors (light absorbing 

conjugated polymers or small molecules) from solution at low temperature and for large 

area devices with substantially reduced cost. Moreover, they can be deposited on flexible 

plastic substrates and can find convenient applications in products such as organic solar 

cells (OSCs), organic field effect transistors (OFETs), and organic light emitting diodes 

(OLEDs); with lower cost, flexibility and lighter weight. The most interesting feature of 

organic electronics is the fine tuning of final properties of device by slight variation in the 

molecular structure of organic semiconductors. The past four decades have been marked 

by intensive research in the field of OSCs. A number of interesting conjugated polymeric 

materials, exhibiting band gap energies around and below 2 eV have been designed and 

synthesized for organic solar cell applications. High power conversion efficiencies have 

been reported by various research groups using different conjugated polymers as donor 

materials in conjunction with fullerene derivatives (PC61BM or PC71BM) as acceptors in a 

bulk hetero-junction construct. 

The present research work deals with the design, synthesis, characterization and 

evaluation of various conjugated polymers with anticipated solar light absorption and with 

appropriate band-gap engineering. The structure-property relationship was established. 

The new polymers were investigated for their performance in devices such as organic solar 

cells and organic field effect transistors. In yet another approach of the present work, non-

covalent interactions, such as hydrogen-bonding were introduced in the polymer structure 



                                                        Abstract 

 

Savitribai Phule Pune University                         ii                              CSIR-National Chemical Laboratory 

 

to guide polymer self-assembly and its influence on optoelectronic properties was studied.  

The chapter-wise contents are presented below in brief. 

 Chapter 1 presents a brief account of different types of π-conjugated polymers 

utilised in devices such as OSC and OFET. Their structure-property relationship is 

discussed along with the relevant literature search. The working principle and fabrication 

of organic solar cell device is discussed. 

Chapter 2 enumerates the scope and objectives of the present work. 

 Chapter 3 has been divided into two sections. 

 Chapter 3a describes the synthesis of anthracene-containing poly(-p-arylene-

ethynylene)-alt-poly(-p-arylene-vinylene)s (PAE-PAV) polymers and provides a study of 

the influence of π - π stacking distance on the morphology and performance of solar cells. 

The side chains on the polymers were systematically varied between linear, branched and 

asymmetric substitution. Photo-physical and electrochemical characterizations revealed 

typical band-gap energies of 2 eV (optical) and 1.8 eV (electrochemical), respectively.  

Structure investigation in the bulk and in filaments yielded information about crystallinity 

and order with respect to the interlayer distance and the π-π stacking distance. Polymers 

with linear side chains on PAE unit showed improved ordering during and after annealing 

at 80-100°C. Relatively high open circuit voltage values (0.9 V) were achieved due to 

lower LUMO levels of the polymers. Solar cell efficiencies up to 3.1 % were achieved. 

 Chapter 3b describes the synthesis of donor-acceptor low band gap small 

molecules comprising anthracene-containing (p-phenylene ethynylene) (AnPPE) as a 

donor unit; and diketopyrrolopyrrole (DPP) or benzothiadiazole (BTDA) as acceptor units, 

respectively by Pd-catalyzed Heck reaction. The small molecules were characterized by 

1H-NMR and UV-Visible spectroscopy. UV-Visible absorption spectra of AnPPE-Th-

DPP(EH) and AnPPE-Th-BTDA showed absorption maximum at 676 nm and 535 nm, 

respectively. Electrochemical bang-gap energies of AnPPE-Th-DPP(EH) and AnPPE-Th-

BTDA were 1.29 eV and 1.55 eV, respectively. AnPPE-Th-DPP(EH) showed hole 

mobility value of 4.19x 10-6 cm2V-1s-1 in OFET devices.  

 Chapter 4 describes the synthesis of bi(thienylene-vinylene)thiophene based PAE-

PV polymers (BTE-PVs) and provided the study on the modulation of charge carrier 

mobility by side-chain engineering. The four polymers differ in the side-chain nature 
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(linear/branched). The drift mobility of holes in polymer BTE-PVba, reached a quite 

impressive value of 10-2 cm2 V-1 s-1 among the amorphous polymers. Polymers having 

linear side chains (BTE-PVaa, BTE-PVab) at BTE unit showed higher efficiencies in solar 

cells. The highest efficiency of 2.0 % was obtained for polymer BTE-PVab bearing linear 

side chains at PAE unit and branched side chain at PV unit. This result correlates well with 

previous results reported for AnE-PPV polymers. 

 Chapter 5 describes the synthesis of benzo[1,2-c:4,5-c′]dithiophene-4,8-dione-

containing copolymers and terpolymers. Two copolymers and four terpolymers comprising 

cyclopentadithiophene (CPDT), bithiophene (BT), benzo[1,2-b:4,5-b′]dithiophene (BDT) 

as electron donor units and diketopyrrolopyrrole (DPP), benzo[1,2-c:4,5-c′]dithiophene-

4,8-dione (BDD) as electron acceptor units were synthesized and characterized by 1H and 

13C-NMR spectroscopy. Terpolymers showed much broader absorption in visible and near 

IR region of solar spectrum and improved solubility in organic solvents as compared to 

copolymers. CPDT-BDD copolymer was used as donor material in active layer of bulk 

hetero-junction solar cells. It showed maximum power conversion efficiency of 1.63 % 

and 1.39 % in inverted and conventional device architecture, respectively. Terpolymers- 

BDT-DPP(EH)-BDD and BDT-DPP(HD)-BDD exhibited temperature dependent UV-Vis 

absorption spectra, which indicated aggregation behaviour of these polymers. This 

property can be utilised to manipulate morphology of active layer during the fabrication of 

solar cell devices. The terpolymer BDT-DPP(EH)-BDD exhibited power conversion 

efficiency of 1.57 % in conventional device. The longer side chain analogue- BDT-

DPP(HD)-BDD exhibited negligible power conversion efficiency. The high side chain 

density in BDT-DPP(HD)-BDD was found to cause steric hinderance, and disrupts 

planarity of molecule. The unfavorable morphology (as demonstrated by AFM studies) of 

this polymer when blended with PC70BM, hampered the exciton dissociation due to the 

reduced donor-acceptor interfacial area and hence the inferior photovoltaic performance. 

The absence of PL quenching in the blend film further supported the observed results. 

 Chapter 6 describes the synthesis and characterization of DPP-based spacer 

polymers functionalised with urethane linker containing side chain. Their self-assembly in 

solution was studied. Two diketopyrrolopyrrole (DPP) based polymers with either alkyl 

chain or urethane linkage containing alkyl chain on DPP unit, namely- DPP-alkyl-Th-C4-
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Th and DPP-urethane-Th-C4-Th, were synthesized and characterized by 1H and 13C-NMR 

spectroscopy. These polymers were completely soluble in chloroform but insoluble in 

cyclohexane and methyl cyclohexane at room temperature. At higher temperature (80°C), 

they were found to dissolve in both of the solvents as confirmed by 1H-NMR spectroscopy. 

This indicated that the polymers form self-assembly in cyclohexane or methyl cyclohexane 

at room temperature. Variable temperature 1H-NMR spectra demonstrated the presence of 

hydrogen-bonding and self-assembled behavior in these polymers. These supramolecular 

interactions have been known to modify the thin film morphology and potentially affect 

the charge transport in the solid state.  

Chapter 7 summarises the results and describes salient conclusions along with 

future prospects of the investigations reported in this thesis. 
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1.1 Introduction 

1.1.1 Energy crisis and renewable energy resources 

Energy remains a critical issue for the survival and prosperity of human civilization. 

Since the beginning of journey of human development, the energy consumption has been 

increasing and it is projected to increase with population and economic growth in the world. 

Currently, the energy consumption mainly originates from fossil resources (e.g., 

petroleum, coal and natural gas). In 2016, worldwide energy consumption was 18 TW and 

80 % of that energy came from fossil fuel such as coal, oil and natural gas. The 

predicted energy consumption for 2050 will amount to as much as 28-35 TW. So, the main 

issue of fossil resources is sustainability, especially with the continuous increase of the 

demand for energy. Figure 1.1 represents percent usage of different energy resources. 

 

Figure 1.1 Percent usage of different energy resources 

After 1950, the CO2 emission due to fossil fuel has been increased rapidly and after 

2000, the CO2 emission has crossed 10000 million tons. Thus, fossil fuel usage has a 

detrimental effect on environment causing greenhouse gas emission, air pollution, water 

and soil contamination and recent climate change. In addition to the environmental and 

climate impacts (e.g., environmental pollutions and global warming) caused by the 

production and combustion of fossil fuels, these non-renewable resources are also 

becoming increasingly shorter in supply. Due to this reason, worldwide there is a fear of 

the exhaustion of conventional sources of energy. Thus, the energy crisis is the concern 

that the world’s demands on the limited natural resources that are used to power industrial 
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society are diminishing as the demand rises. To avoid an energy crisis, secure, clean and 

renewable energy sources are believed to be the eventual solution for sustainable energy. 

Renewable energies are energy sources that are continually replenished by nature.1  These 

include- solar energy (thermal, photo-chemical, and photo-electric), wind energy, tidal 

energy,  hydro energy, geothermal energy and bioenergy (photosynthetic energy stored in 

biomass). Renewable energy technologies turn these natural energy sources into usable 

forms of energy i.e. electricity, heat and fuels. Renewable energy provides the dual goals 

of reducing greenhouse gas emissions, thereby limiting future extreme weather and climate 

conditions, and at the same time, ensures reliable and cost-efficient supply of energy.   

Figure 1.2 provides an overview of renewable energy sources.2 

 

Figure 1.2 An overview of renewable energy sources2 

1.1.2  Solar energy technology 

Among above mentioned renewable energy resources, only three renewable energy 

sources (i.e., biomass, geothermal, and solar) can be utilized to yield sufficient heat energy 

for power generation. Out of these three, solar energy exhibits the highest global potential, 

since- i) The geothermal sources are limited to a few locations and ii) the supply of biomass 

is not ubiquitous in nature. The intensity of the solar influx that passes through Earth's 

atmosphere varies with number of factors such as- latitude, diurnal variation, climate, and 

geographic variation. The average amount of solar energy received at Earth's atmosphere 

is around 342 W m−2, of which ca. 30% is scattered or reflected back to space, leaving ca. 

70% (239 W m−2) available for harvesting and capture. The annual effective solar 

irradiance varies from 60 to 250 W m−2 worldwide. The whole solar energy concept is 

regarded as the harvesting and utilization of light and/or heat energy generated by the Sun 

and technologies (passive and active) involved in it. A classification of present solar energy 

technologies is shown in Figure 1.3.  
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Figure 1.3 Classification of solar cell technologies3 

1. Passive solar technology: Passive solar technology involves the accumulation of solar 

energy without transforming thermal or light energy into any other form. Solar energy 

collection, storage, and distribution in the form of heat for the heating of homes during the 

winter season, can be considered as a form of passive solar technology. 

2. Active solar technology: Active solar system collects solar radiation and uses 

mechanical and electrical equipment (e.g., pumps and fans) for the conversion of solar 

energy into heat and electric power. The most well-known application of this system is the 

solar water heater system. 

In general, active solar energy technology can be further grouped into two 

categories: (i) photovoltaic technology and (ii) solar thermal technology. In recent years, 

photovoltaic technology which involves the use of semiconductors to convert sunlight 

directly into electrical energy has become potential option. The intense research in this 

field has resulted into an improved efficiency of photovoltaic technology; for example, a 

promising achievement in hybrid perovskite solar cells ((CH3NH3)PbI3), (an efficiency of 

about 18 %) has been reported.4 Apart from this, the photovoltaic technology involving 

wafer-based cells (traditional crystalline silicon or gallium arsenide), commercial thin-film 

cells (cadmium telluride, amorphous silicon, copper indium gallium diselenide), and new 

thin-film technologies (perovskites, organic materials, quantum dots) are also progressing 

as a result of intense R & D efforts.5 

In solar thermal technology, solar energy is harnessed into thermal energy for 

domestic and/or commercial applications such as drying, heating, cooling, cooking, etc. 
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However, on the industrial scale, concentrated solar thermal (CST) technologies are used 

to fulfill heating requirements and concentrated solar power (CSP) technologies are used 

to generate electricity. CSP technology involves the use of high-magnification mirrors to 

concentrate solar energy prior to converting it into heat energy to power a steam turbine. 

Four types of CSP technologies are currently available in the market: (i) parabolic troughs 

(these concentrate sunlight onto a receiver tube containing a working liquid); (ii) Fresnel 

mirrors (use multiple flat mirrors to concentrate solar sunlight onto a receiver tube); (iii) 

power towers (an array of thousands of sun-tracking reflecting mirrors positioned in a field 

to concentrate solar radiation to a single point), and (iv) solar dish collectors (concentrate 

power by focusing solar energy onto a single point situated above a reflector dish). 

Presently, a number of CSP projects are coming online and are under progress in both 

developed and developing countries, although the system is more expensive than PV 

technology. PV technologies for the time being may continue to be the primary source of 

solar power generation. 

1.2 Photovoltaics 

Photovoltaics technology can convert solar energy into electricity by using 

photovoltaic cells (solar cells) constructed with semiconducting materials. The first 

practical solar cell based on a Si (silicon) p-n junction was fabricated by Daryl Chapin et 

al. in 1954 at Bell Laboratories. This solar cell exhibited a power conversion efficiency of 

~ 6%.  Since then, solar cell technology has been rapidly developing in both academia and 

industry. Unfortunately, this solar cell was very much expensive and its initial applications 

were restricted to space programs (space laboratories, communication satellites and 

orbiting astronomical observatories). Thus, due to cost related issues, these solar cells had 

less potential for terrestrial applications. The thrust to search affordable alternatives gave 

rise to the development of thin-film solar cells mostly incorporating inorganic materials. 

The thin-film technologies included amorphous Si (a-Si),6 cadmium telluride (CdTe),7 and 

copper indium gallium diselenide (CIGS)8 which benefited in terms of reduction in 

material consumption and elimination of the use of expensive wafers. These solar cells 

have been successfully applied in power supplies for remote locations, for example for 

lighting, communications, weather monitoring systems, water pumping systems used in 

developing countries and in consumer products such as, electronic calculators and garden 
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lights. Although these thin film technologies reduced the manufacturing cost to some 

extent, it still required high-temperature processes and high-cost vacuum evaporation 

techniques. These drawbacks resulted into further evolution of solution-processed thin-film 

solar cells, as described below, which significantly lowered the production cost by high 

material utilization and use of techniques such as roll-to-roll processing, and spin casting. 

These solution-processed solar cells include- 

1. Organic solar cells  

  Organic solar cells will be discussed in details in upcoming sections. 

2. Dye-sensitized solar cells (DSSCs),  

The concept and architecture of dye sensitized solar cell (DSSC) was first 

discovered by Grätzel et al. in 1991.9 DSSCs are considered as potential alternative to the 

silicon based solar cells on account of their facile processing techniques, attractive 

performance to cost ratio, applicability under diffused light and possibility of their 

functioning even on flexible substrates. The four major components present in DSSC 

include: semiconducting electrode, dye sensitizer, redox mediator and counter electrode 

(Figure 4c.9).10 

 

Figure 1.4 Schematic representation of the components of DSSC 

 The redox electrolyte is one of the important components of DSSCs and is very 

crucial for the performance and long-term stability of DSSCs. The redox reactions involved 

for commonly used iodide/tri-iodide redox couple are:  

I3
- + 2e- ↔ 3I- 
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I3
- ↔ I2 + I- 

This redox couple is generally prepared by dissolving iodine and lithium iodide in 

a suitable solvent. The liquid nature of the redox electrolyte ensures intimate contact of 

TiO2/dye and electrolyte forming a good interface which facilitates the dye regeneration 

process.11 The fabrication and sealing procedure of DSSCs involves tedious task of 

injecting liquid redox electrolyte in DSSC assembly followed by sealing the hole from 

where the liquid electrolyte was injected. The liquid nature of redox electrolyte is 

unsuitable due to its evaporation and leakage issues, over a period of time.12,13 Thus, despite 

the fact that liquid electrolytes form good interface, DSSCs suffer from drawbacks in terms 

of long-term use and practicality. To address these issues, efforts have made towards 

replacing liquid electrolyte with solid state electrolytes such as p-type semiconductors,14 

hole-conductors,15 and polymeric materials incorporating the redox couple I3
-/I-.16–18 

However, the power conversion efficiencies of DSSCs involving these types of electrolytes 

are still lower due to poor TiO2/dye/electrolyte interface and lower ionic mobility. 

3. Hybrid perovskite solar cells (PSCs),  

Perovskite solar cells based on hybrid organic–inorganic metal halides as the light 

absorber are considered promising material in thin film photovoltaic technology due to 

their high efficiency, cost effective fabrication techniques, and low material cost.19 

Perovskite-based photovoltaic technology is a potential alternative to the technologies such 

as organic photovoltaics and dye-sensitized solar cells due to rapid improvement in its 

device performance which is attributed to the unique characteristics such as a broad spectral 

absorption range, very high absorption coefficient, high carrier mobility, longer diffusion 

length, and longer carrier lifetime.  

Perovskites, named after the mineral CaTiO3, have a generic chemical formula 

ABX3 and a cubic structure. The A and B sites can accommodate inorganic cations of 

various valency and ionic radius. Alternatively, suitable organic species can replace cation 

A and create organic–inorganic hybrid materials (Figure 1.5).  
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Figure 1.5 Crystal structure of the hybrid perovskite CH3NH3PbI3-xClx.
20 

Recently, organic–inorganic hybrid perovskites (in particular CH3NH3PbX3, where 

X = I, Cl, Br) have been intensively investigated as result of their high performance in 

converting solar light into electrical power, with power conversion efficiencies (PCE) 

exceeding 20 %.21–23 This result is even more impressive considering that the first 

perovskite solar cells were only reported in 2009, and displayed PCE values as low as 3.8 

%.24 These initial prototypes were based on the classical architecture of dye-sensitized solar 

cells, with the organic– inorganic compounds deposited on top of a mesoporous TiO2 

structure (Figure 1.6 a). More recent works demonstrated that a simpler geometry- a 

perovskite layer sandwiched between a compact thin film of TiO2 and a hole-conducting 

organic compound (Figure 1.6 b)- is also able to convert light with efficiencies higher than 

10 %, provided that a uniform and dense morphology is achieved in the deposited layer. 

However, the understanding of the mechanisms underlying such exceptional performance 

has not grown at the same pace. 

 

Figure 1.6 Architectures of perovskite solar cells- a) Hybrid perovskite solar cell on 

mesoporous TiO2, b) Planar hybrid perovskite solar cell.20 
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Perovskite solar cells are the fastest-advancing solar technology to date, with the potential 

of achieving even higher efficiencies and very low production costs, perovskite solar cells 

have become commercially attractive. 

Figure 1.7 depicts the brief history (evolution) of solar cell. 

 

 

Figure 1.7 Brief history of solar cells25 
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 The present thesis mostly deals with the organic solar cells (OSC). Hence, in the 

section, we will focus mostly on materials and strategies utilized in the development of 

OSC. 

1.3 Organic Solar Cells (Organic Photovoltaics) 

1.3.1  Inorganic Photovoltaics vs. Organic Photovoltaics 

Organic solar cells (OSC), utilising organic semiconductors have recently attracted 

extensive attention due to the possibility of processing organic semiconductors from 

solution, at low temperature and for large area devices with low cost. Moreover, organic 

semiconductors can be deposited on various substrates including flexible plastic substrates, 

which opens the way for their applications in products with lower cost, optical 

transparency, flexibility and light weights. The most useful feature of organic 

semiconductors is the structural versatility. Their properties can be tuned by slight change 

(incorporation of functionalities) in molecular design which in turn result in tuning the 

targeted device properties. These properties of organic semiconductor are hard to achieve 

for inorganic semiconductors. This superiority of organic semiconductors has led to the 

enormous growth in the field of organic electronics in particular in organic photovoltaics. 

The electronic structure of organic semiconductors constitute alternation of single 

(σ-bonds) and double (one σ-bond and one π-bond) bonds to form a π -conjugated system. 

The π-electrons are much more mobile than the σ-electrons. In a conjugated system, π 

orbitals overlap mutually along the conjugation path, which causes the wave functions to 

delocalize over the conjugated backbone. The π-bands are either empty (referred as the 

Lowest Unoccupied Molecular Orbital - LUMO) or filled with electrons (referred as the 

Highest Occupied Molecular Orbital - HOMO). The energy difference between the HOMO 

and LUMO determines the band-gap of these materials. This π-electron system has all the 

essential electronic features of organic materials, such as, light absorption and emission, 

charge generation and transport. 

Some of the limitations of organic semiconductors include- 

i) the charge carrier mobility of organic materials26 is significantly lower than the

 mobility of inorganic materials since the intermolecular charge transport in organic

 materials is much difficult and normally limited by charge hopping from one molecule 

 to the other. 
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ii) organic materials after photoexcitation, form tightly bound excitons (electron−hole 

 pairs) with short lifetime due to their low dielectric constant.27 The exciton binding

 energy is much higher than the kinetic energy of electrons and holes at room

 temperature limiting the dissociation of the excitons into free charges.  

Nonetheless, there are several advantages of organic semiconductors over inorganic 

semiconductors which include- 

i) high absorption coefficient,28 which require a very thin layer of the material to fully

 absorb the incident photons, for their application in photovoltaics and photodetectors.  

ii) high photoluminescence quantum efficiency (less rate of nonradiative decay) for light 

 emitting diode applications. 

iii) the small band-gap allows easy charge injection of electrons into LUMO and/or holes 

 into HOMO 

iv) enables effective charge transport of both negative and positive charges as a result of 

 strong molecular polarity. Thus, the materials exhibit p-type and n-type charge

 transport and show great promise for ambipolar field effect transistors. 

1.3.2  Small molecular semiconductors vs. Polymeric semiconductors 

Organic semiconductors are broadly classified into two categories, viz.-1) small 

molecular semiconductors and, 2) polymeric semiconductors. 

Small molecular semiconductors have well-defined molecular structure, definite 

molecular weight, and high purity without batch-to-batch variations. Small molecules also 

exhibit a greater tendency to form ordered domains, affording higher charge carrier 

mobilities.  

Polymer semiconductors possess following superior properties than small 

molecular semiconductors. 

1.  Thin films of polymeric materials are generally very smooth and uniform which 

enables a great control over the structural and morphological characteristics of film, on 

large scale. Printing requires good control of the solution rheological properties. These 

properties can be effectively tuned for polymer-based solutions. 

2.  Polymer crystalline domains are typically much smaller than the length scale of several 

optoelectronic devices resulting in isotropic transport characteristics. This allows low 
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device-to-device performance variability, which is important requirement for thin film 

transister (TFT) integration into circuits. 

3.  Fabrication of multilayers from solution deposition processes requires that each stacked 

layer is inert to the solvents and processing temperatures, that it is subsequently 

exposed to, during deposition of the next layer. The reduced solubility parameter 

window of polymers, and their large bulk viscosity, typically increases the options to 

find orthogonal solvents for solution deposition on top of polymer layers, thus 

expanding the choice of materials that can be used in the devices.  

4.  Polymers do not vaporize before decomposition and thus have negligible vapor 

pressure. Hence, they are not susceptible to interlayer diffusion during the typical 

device-fabrication thermal cycles. They exhibit robust mechanical properties, due to 

which the nanometer-thick semiconductor films are compatible with roll-to-roll 

fabrication on flexible substrates. 

 Organic solar cells (OSCs) are generally referred as polymer solar cells (PSCs) due 

to enhanced use of polymeric materials as an active layer material in solar cell device. 

1.3.3 Organic solar cells device structure and working principle 

1.3.3.1 Organic solar cell device structure- 

Photoactive layer (donor-acceptor blend layer) is sandwiched between an indium 

tin oxide (ITO), a positive electrode (anode) and a metal negative electrode (cathode). 

Organic and/or inorganic interlayers are also used to improve hole collection to the anode 

and electron collection to the cathode. Poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) is a buffer layer, which improves the electrical 

contact between an active layer and an indium tin oxide (ITO) electrode and therefore 

makes hole extraction easier. Lithium fluoride (LiF) layer facilitates the electron collecting 

to the cathode. Figure 1.8 a depicts the typical device structure of organic solar cell (OSC). 
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Figure 1.8 a) Schematic diagram of OSC device, b) energy level diagram for a donor-

acceptor heterojunction in OSC device and c) picture of typical OSC device on lab 

scale. 

In a typical solar cell, a low band gap conjugated polymer donor and a soluble 

molecular acceptor are used. Typical acceptors are soluble fullerene derivatives such as 

[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM). As a component in the active layer, 

a conjugated polymer donor serves as the main absorber to solar photon flux, as well as the 

hole transporting phase. Therefore, wide optical absorption to match the solar spectrum 

and large hole (bulk) mobility are basic requirements to design an ideal polymer donor. 

  Fullerene derivatives have been demonstrated as the most effective acceptor 

materials due to several advantages listed below- 

1. Fullerenes (C60) can stabilize negative charges very well because of their low-lying

 triply degenerate LUMO energy levels.29  

2. Photoinduced electron transfer from a donor polymer to a fullerene in a BHJ blend film 

 occurs in femtoseconds. It is much faster than the other competing relaxation processes

 such as photoluminescence (~1 nanosecond).  
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3. Fullerene derivatives usually exhibit high electron mobility. For example, C60 showed 

 a mobility of about 1.0 cm2 V-1 s-1 in an organic field effect transistor.30  

Some of the drawbacks of fullerene which obviously can be overcome are- 

1. Fullerene tend to crystallise and shows poor solubility in organic solvents which

 hamper their application in solution processable devices. After functionalization of C60 

 and C70 with solubilising groups, [6,6]-phenyl-C61 (or C71) -butyric acid methyl esters 

 (PC61BMs/ PC71BMs) have been extensively used as acceptor materials in solar cells. 

2. Fullerenes absorb less in the visible region due to their structural symmetry which

 forbids low-energy transitions. The efficiency of BHJ devices can be improved by

 replacing acceptor PC60BM with its higher fullerene analogue PC71BM31 and indene

 fullerene bisadduct (ICBA)32 which has lower symmetry and higher absorption in

 visible region. 

1.3.3.2 Working principle- 

The π- conjugated materials (organic semiconductors) used in OSC, possess small 

energy gap between highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) as a result of alternate single bond and double bond 

character in the material. Thus, absorption of light by these materials causes electrons in 

the HOMO level to photo-excite to LUMO level, leaving behind the hole in HOMO. Thus, 

photo-excitation of organic semiconductors produces bound electron-hole pairs, also 

known as excitons. These excitons have a large binding energy (typically 0.2–1.0 eV) that 

drives the electron and hole to recombine after photoexcitation.33 The pioneering work by 

Tang et al in 1986,34 provided the solution to this problem which involves combining two 

organic semiconductors with slightly offset HOMO and LUMO energy levels, such that 

the photoexcited electron in the first material (donor) is transferred to the second material 

(acceptor), allowing the charges to be separated at the junction between these two 

materials. 

The general operating mechanism of D–A type organic solar cells is shown in 

Figure 1.9. 
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Figure 1.9 Operating mechanism of D–A type organic/ polymer solar cells 

The process of conversion of light into electricity by an OSC is as follows: 

1. Absorption of a photon leading to the formation of exciton (coulombically bound 

 electron-hole pair) 

2. Exciton diffusion to the donor-acceptor interface 

3. Exciton dissociation into free charge carriers at the donor-acceptor interface 

4. Transport of fully dissociated charge carriers to the respective electrodes with the aid 

 of internal electric field; consequently, generating photocurrent and photovoltage. 

1.3.3.3 Organic Solar Cell Architectures 

 Figure 1.10 depicts various architectures of organic solar cell device 

1. Single layer devices-  

 Active layer is sandwiched between two dissimilar electrodes with different work 

functions. In this case, the built-in potential is derived either from the difference in 

work function of the electrodes or from a Schottky-type potential barrier at one of the 

metal/organic contacts. The major drawback for the single layer device is that the 

photovoltaic properties are strongly dependent on the nature of the electrodes or the 

interface contact between the electrode and organic layer, which leads to a very low fill 

factor and low power conversion efficiency. 

2. Double layer (bilayer) devices-    

 In bilayer heterojunction architecture, the donor and acceptor materials are 

deposited successively layer by layer on the ITO coated glass substrate, then the metal 

anode is finally deposited on top of the acceptor layer. The introduction of the donor–

acceptor heterojunction interface in the active layer facilitates the efficient charge 

separation into electrons and holes after excitation by incident light, and then the free 
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electrons and holes transfer to the metal anodes and ITO cathodes with the help of an 

internal electrical field, and finally form output voltage. However, the performance of 

OPV based on such bilayer device structure is limited by the short exciton diffusion 

length in organic materials (typically 10-20 nm).28 Since exciton dissociation process 

is confined to the D/A interfacial zone, only excitons produced at a distance shorter 

than their diffusion length have a good probability to reach the interfacial zone and 

generate free charge carriers. So, the exciton diffusion length limits the maximum 

thickness of the active layer consequently lowering the absorption of light resulting in 

reduced power conversion efficiency. 

3. Bulk-heterojunction devices  

 Bulk-heterojunction device (BHJ) is the most successful architecture for organic 

photovoltaic cells. BHJ architecture uses a blend of donor and acceptor materials 

forming bi-continous and interpenetrating network in a bulk volume. In donor-acceptor 

BHJ blend, an interpenetrating network with nanoscale phase separation can be formed 

throughout the bulk which enables a greater degree of interfacial contact between the 

donor and the acceptor. The enhanced interfacial contact ensures efficient exciton 

dissociation leading to the generation of free electrons and holes. Bi-continous and 

interpenetrating network connecting to the two electrodes allows the dissociated free 

electrons and holes to efficiently move to the respective electrodes (efficient charge 

transport) resulting in efficient charge generation.  

4.  Tandem Devices  

 In the tandem architecture two or even four solar cells with different absorption 

characteristics are linked together in series or in parallel. Tandem structure resolves 

two limiting factors existing intrinsically among organic semiconductors viz.-i) poor 

charge carrier mobility and, ii) narrow absorption range. 
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Figure 1.10 Various architectures of organic solar cell device (adapted from reference35) 

1.3.3.4 Characterisation of solar cells 

Figure 1.11 depicts J-V curve and various device parameters for the 

characterisation of solar cells. From the current density-voltage curve, it is possible to 

derive the ability of the solar cells to convert photons to electrons under irradiation with 

certain wavelengths and intensities. The important performance parameters such as power 

conversion efficiency (PCE or η) and the open circuit voltage (Voc) can be extracted from 

the solar cell J-V curves measured under the simulated AM1.5 solar light. Thus, the overall 

PCE is calculated according to the following equations: 
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Figure 1.11 J-V curve and various device parameters for the characterisation of solar cells. 

Where Pout is the maximum output electrical power (in W/m2) of the device under 

illumination, Pin (in W/m-2) is the light intensity incident on the device and Voc is the open 

circuit voltage. Other important parameters which can be extracted from the photocurrrent-

photovoltage plots are the short circuit current density (Jsc) and the fill factor (FF). Jsc is 

the current extracted from the device under illumination when no bias is applied. The 

parameter FF is defined as the voltage (Vmax) and current (Jmax) at the maximum power 

point in the J-V curve, respectively. Thus, an ideal device would have a rectangular shaped 

J-V curve and therefore a fill factor (FF) value approaching unity. 

1.3.3.5 Low band-gap materials in organic solar cells 

The overall efficiency is an important parameter for evaluating the performance of 

the device. It is important to note that besides experimentally characterizing the 

performance of the organic solar cells, a key parameter, the Voc, can be estimated from 

electrochemical measurements and given by the difference between the donor HOMO level 

and the acceptor LUMO level. It is now well-accepted that for a given acceptor Voc 

correlates linearly with the donor HOMO level and vice versa. To achieve an organic BHJ-

solar cell with large power conversion efficiency and stability, the materials have to be 

designed carefully to fulfill key parameters such as HOMO/LUMO energy levels, solar 
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light absorption, and blend morphology/ microstructure to maximize light absorption, 

charge separation, and charge transport/collection.    

 

Figure 1.12 a) Energy level diagram for device operation b) Solar photon flux 

A proper driving force for electron transfer should be higher than the coulombic 

binding energy of the exciton and can be compensated for, by utilizing the energy offset 

between the LUMO levels of the donor and acceptor. It is reported that the LUMO level of 

the donor should be at least 0.3 eV higher than that of the acceptor.36 As discussed above, 

Voc is correlated with the difference between the HOMO energy level of the donor and the 

LUMO energy level of the acceptor. Narrowing the band-gap of the donor polymer while 

trying to maintain the driving force for charge separation (Figure 1.12a) leads to reduction 

of the theoretically achievable maximum value of Voc. Therefore, it is crucial to engineer 

the energy levels of the donor conjugated polymers to achieve a balance between pursuing 

the narrow band-gap of the donor and matching HOMO/LUMO energy levels to that of  



 

Chapter 1                                                                                        Introduction and Literature Survey 

Savitribai Phule Pune University                         19                             CSIR-National Chemical Laboratory 

 

acceptor with minimizing a loss in Voc. All of these processes and parameters must be 

synergistically optimized to maximize the efficiency of polymer/fullerene BHJ solar cell. 

The solar photon flux (Figure 1.12b) distributes over a wavelength range from 280 

nm to 4000 nm and its maximum density is located at about 700 nm. In order to effectively 

harvest the solar energy, optical absorption of the active layer in polymer BHJ solar cells 

must be optimally matched with the region of maximum photon flux. Thus, it is essential 

to develop low/narrow band-gap polymers with high absorption coefficients in the red to 

near-infrared regions. For effective absorption of light, the overall extinction coefficients 

of the polymers should be high and should not be sacrificed as the optical band gaps 

become smaller. The low band gap conjugated polymers have been intensely studied for 

more than two decades to realize the ultimate goal of developing organic semiconducting 

materials.37–47 

1.3.3.6 Strategies for band-gap engineering of conjugated materials 

 Figure 1.13 depicts various strategies for band-gap engineering of conjugated 

polymers. 

1.  Increasing quinoid form of aromatic moieties in the backbone 

Compared to the aromatic form, the quinoid form is energetically less stable and hence has 

a smaller band gap because adopting a quinoid structure requires destruction of the 

aromaticity and a loss in the stabilization energy. A reduction in aromaticity of the aromatic 

units in the conjugated main chain allows a greater tendency to adopt the quinoid form 

through π-electron delocalization. 

The ratio of the aromatic to quinoid population in a polyaromatic conjugated system 

can be correlated and represented by a geometrical parameter, i.e., bond length alternation 

(BLA). The more the aromatic form prevails in the ground state, the larger the BLA value 

obtained. Overall, the HOMO-LUMO band gap decreases linearly as a function of the 

increasing quinoid character with concomitant decrease in BLA value. 

The perfect example to increase the quinoid character of polythiophene is given by 

constructing the polymer polyisothianaphthene (PITN).48 The main chain of PITN tends to 

favor the quinoid form by selectively maintaining the benzene aromaticity. PITN the first 

conjugated polymer with a narrow band gap energy of 1 eV. 



 

Chapter 1                                                                                        Introduction and Literature Survey 

Savitribai Phule Pune University                         20                             CSIR-National Chemical Laboratory 

 

 

Figure 1.13 Various strategies for band-gap engineering 

2.  Chemical rigidification: 

Planar arrangement of adjacent aromatic units results in improved p-orbital 

interactions with extended conjugation and thus facilitates the electron delocalization. This 

leads to a decrease in the BLA and reduction of the band-gap. Thus, to minimize the 

rotational disorder due to steric hindrance it is important to tie the two adjacent aromatic 

units through covalent chemical bonding and making the structure rigid. For example, 

bithiophene polymer was converted into a rigid polymer P1, by tying the two thiophene 

units with the sp3 carbon bridging with the ketal group.49 The band-gap is lowered to 1.2 

eV. 

The effect of bridging atom was also studied. It was demonstrated that adjacent 

rings bridged by Si or Ge generate more ordered structures of polymer chains than their 

carbon analogs, due to the longer covalent bond and orbital interactions of Si or Ge with 

the two aromatic rings.50,51 

3. Electron donating and electron withdrawing effects: 

The incorporation of electron-donating or electron-withdrawing substituents 

directly onto the aromatic unit in the main chain represents another effective way of 
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perturbing the molecular orbitals. In general, electron-donating groups raise the HOMO 

energy, while electron-withdrawing groups lower the LUMO energy, resulting in a 

decreased band gap. For example, in case of poly(ethylenedioxy)thiophene (PEDOT), 

attachment of electron-donating alkoxy groups to the parent polythiophenes leads to the 

reduction of the band-gap to 1.5 eV, which is about 0.5 eV lower than that of 

polythiophene.52 

Hou et al. incorporated a strong electron-withdrawing sulfonyl group on the 

thienothiophene (TT) unit of PBDTTT polymer to obtain a new copolymer PBDTTT-S 

which shows a narrow bandgap of 1.65 eV, lower HOMO energy levels at -5.12 eV and 

high Voc of 0.76 V.53 The polymer demonstrated a PCE of 6.22% with fullerene acceptor. 

4. Alternating D-A arrangement: 

The most successful strategy in designing low band gap conjugated polymers is to 

alternate a conjugated electron rich donor (D) unit and a conjugated electron-deficient 

acceptor (A) unit in the same polymer backbone. Through the introduction of push-pull 

driving forces to facilitate electron delocalization and the formation of quinoid mesomeric 

structures over the conjugated main chain, the BLA can be significantly reduced. 

 The principle of band gap and energy level manipulation by ICT interaction in 

push–pull conjugated polymers can be easily understood by molecular orbital theory. As 

depicted in Figure 1.13, the HOMO of the donor segment will interact with that of the 

acceptor segment to generate two new occupied molecular orbitals after covalent bond 

connection of two different moieties, one of them is higher and the other one is lower than 

the two initial HOMOs before molecular orbital hybridization. Two new unoccupied 

molecular orbitals would also be generated in a similar manner after molecular orbital 

hybridization, where one is lower and the other is higher than the two initial LUMOs of 

the two moieties. Hence the overall effect of this redistribution of frontier molecular 

orbitals is the formation of a higher-positioned HOMO and a lower-positioned LUMO in 

the whole conjugated main chain, and this accordingly leads to the narrowing of the band 

gap. 
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1.3.4 Approaches for the design of high-performance conjugated polymers 

The following sections describe various approaches for the design of high- 

performance conjugated polymers for organic/ polymer solar cells (OSCs/PSCs) 

applications. 

1.3.4.1 Low band gap donor-acceptor copolymers 

As described above, low band gap donor-acceptor copolymers are widely studied 

materials for photovoltaic applications. This topic is thoroughly covered in the excellent 

reviews by various authors.54–61  

Several other novel aspects such as- 1) two-dimensional (2-D) conjugation, 2) 

design of terpolymeric systems, 3) introduction of non-covalent interactions and 4) 

incorporation of flexible linker (aliphatic spacer) are important in the design of highly 

efficient polymeric systems for their practical applications in organic solar cells. These 

aspects are described in the following sections.  

1.3.4.2 Two-dimensional (2-D) conjugated systems 

The variety of LBG polymers synthesised in the past decade suffer from a major 

drawback- i.e. their capacity to absorb solar radiations. Most of the LBG polymers absorb 

near-IR to IR-region of solar spectrum, lacking the absorption in visible region. This has 

seriously limited short circuit current density (Jsc) achievable from these materials which 

has resulted in lower photovoltaic performance in many cases. So, there is a need to 

develop conjugated polymers having strong and broad absorption through-out the solar 

spectrum to maximise photon harvesting which leads to improved Jsc and consequent 

enhancement in power conversion efficiency. 

Most of conjugated polymers are designed with a conventional linear structure 

having π-conjugation along the backbone. However, the extension of the conjugation in 

the lateral direction to form two-dimensionally conjugated systems or side chain 

conjugated system are expected to have a considerable impact on electronic properties of 

these polymers. The charge carrier mobility of conjugated system constitutes an important 

factor for their applications in organic electronic devices, such as OSCs, OLEDs and 

OFETs. Both intramolecular and intermolecular charge transport of conjugated polymers 

are found to be crucial to achieve high charge carrier mobilities. Among these, 
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intermolecular charge transport in conjugated polymers is known to occur by hopping 

mechanism wherein π-electrons tend to hop between the overlapping π-electron orbits of 

adjacent conjugated chain. Thus, in order to improve intermolecular charge transport, it is 

highly desirable to enhance the conjugation of backbone to increase the probability of 

formation of effective interchain π- π overlaps. With additional lateral conjugation, 2-D 

conjugated polymeric systems are known to fulfill this criterion. Figure 1.14 depicts the 

structures of reported 2-D conjugated polymers which have shown significant performance 

in OSC devices. The various solar cell device parameters for 2-D-conjugated polymers are 

summarized in Table 1.1. 

Li et al. first utilised the strategy of attaching a conjugated side group to the main 

polymeric chain to improve the degree of electronic interaction in the solid state. They 

synthesised various polythiophene derivatives with different conjugated side chains, which 

show a broad absorption in the visible region and a high field effect mobility.62,63 In order 

to further improve the visible absorption and intensify the absorbance, Li et al synthesized 

polythiophene derivatives with conjugated bi(thienylenevinylene) side chains (biTV-PT) 

which display a strong and broad absorption plateau in the visible region from 350 nm to 

650 nm. In addition, the HOMO energy level of the PTs with bi(thienylenevinylene) 

conjugated side chains is dropped by about 0.2 eV in comparison with that of P3HT without 

the conjugated side chains. The polymer exhibits maximum power conversion efficiency 

of 3.18 %.64 Further attempts have been reported to improve intermolecular electronic 

interaction by linking polymeric chains either by conjugated bridges65 or by using 

tetrafunctional branching agent.66  

 Wei et al. synthesised a series of regioregular 3-hexylthiophene-based copolymers 

incorporating octylphenanthrenyl-imidazole moiety (P3HT-co-Tph-Im) directly conjugated 

with the main thiophene chain.67 Electron withdrawing nature of this particular moiety 

facilitates intramolecular charge transfer from donor thiophene main chain to the 

conjugated acceptor side chain. High short-circuit current density of 13.7 mA/ cm2 and 

power conversion efficiency of 3.45 % was observed for the copolymer with 90 mol % 

incorporation of octylphenanthrenyl-imidazole moieties. 

Recently, benzo[1,2-b:4,5-b’]dithiophene (BDT) containing D-A low band gap 

polymers are extensively studied.68,69 BDT unit has large planer structure which promotes 
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cofacial π-π stacking which in turn result into high charge carrier mobility in the co-

polymers involving BDT unit as donor component. Two alkyl70 or alkoxy side chain were 

incorporated into 4 and 8 positions of the BDT ring to improve solubility of BDT 

containing polymers.68,71 Based on two-dimensional conjugation concept, Huo et. al. 

designed a new BDT monomer containing two 2-alkylthienyl conjugated side chains, 

(BDT-T) and copolymerised with various other acceptor units to form highly efficient 

copolymers, namely- PBDTTBT, PBDTTTZ and PBDTDTQx-T. The research group 

further demonstrated that the copolymers based on 2-alkylthienyl substituted BDT units 

exhibit better thermal stabilities, slightly red shifted absorption spectra, higher hole 

mobilities and significantly improved photovoltaic properties, in comparison with their 

corresponding alkoxy substituted analogues.72 

Yang et al. synthesised 2-D-conjugated polymer PBDTDPP-T containing 

alkylthienyl substituted BDT as donor unit and DPP as acceptor unit. In this polymer, 

HOMO has been lowered to -5.30 eV as compared to the analogous polymer with alkoxy 

substitution on BDT (-5.16 eV) and exhibited superior photovoltaic performance (= 6.6 

%).73 Changing the substituent on BDT, from alkyl thienyl to p-alkylphenyl in a polymer 

PBDTDTBT-P resulted in lowering of HOMO and power conversion efficiency (PCE) of 

8.07 % was achieved for this polymer by Hou et al. The position of alkoxy chain on side 

chain also affected molecular energy levels and thus photovoltaic performance. For 

example, Hou et al. used meta-alkoxyl-phenyl substituted BDT in a polymer PBT-OP with 

much reduced HOMO (-5.17 eV) and enhanced PCE of 7.5 %.74 Molecular energy levels 

of D-A conjugated polymers can also be tuned by introduction of fluorine atom into the 

structure. The Voc of the polymer solar cell based on trifluorinated polymer, PBT-3F was 

0.22V higher than the nonfluorinated analogue and exhibited efficiency of 8.6 %.75 More 

linear backbone structure is found to be helpful in improving photovoltaic properties of the 

polymer as observed in the polymer PDT-S-T (= 7.79%).76 Recently, Yang et al. 

synthesized alkylthienyl substituted asymmetric 2D polymer, PBDTThDTffBT with 

PCE=9.2 % taking advantage of different types of side chains which simultaneously 

improved Jsc and Voc.77 
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Figure 1.14 Structures of representative 2-D conjugated polymers 

Table 1.1 Photovoltaic properties of reported 2-D-conjugated polymers 

Polymer Acceptor HOMO 

(eV) 

LUMO 

(eV) 

Eg 

(eV) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF  

(%) 

Ref 

biTV-PT PC61BM -4.93 -2.96 1.97 10.3 0.72 43 3.18 64 

P3HT-co-Tph-Im PC61BM - - 1.80 13.7 0.68 37 3.45 67 

PT5TPA PC61BM -5.15 -3.10 2.05 - 0.55 47 2.01 63 

B-P3HT IC60BA -5.10 -3.08 2.02 6.55 0.94 58 3.60 66 

PBDTDPP-T PC71BM -5.30 -3.86 1.44 14.0 0.73 65 6.6 73 

PBDTDTBT-P PC71BM -5.35 -3.65 1.70  12.94 0.88 70.9 8.07 78 

PBT-OP PC71BM -5.17 -3.47 1.70 13.4 0.78 71.8 7.5 74 

PBT-3F PC71BM -5.20 -3.56 1.64 15.2 0.78 72.4 8.6 75 

PBDTBDD PC61BM - - - 10.68 0.86 72.3 6.67 79 

PDT-S-T PC71BM -5.21 -1.08 1.59 16.63 0.73 64.1 7.79 76 

PBDTThDTffBT PC71BM -5.37 -3.47 1.76 15.66 0.87 70.4 9.22 77 

IC60BA- Indene-C60 bisadduct 

Thus, the available literature reports emphasised that the polymers with conjugated 

side-groups exhibit a higher hole-mobility and a broader absorption spectrum, due to an 

improved degree of electronic interaction between polymer chains in the solid state 



 

Chapter 1                                                                                        Introduction and Literature Survey 

Savitribai Phule Pune University                         26                             CSIR-National Chemical Laboratory 

 

provided by the two-dimensional conjugated system. Consequently, they exhibited 

enhanced photovoltaic performance. 

1.3.4.3 Terpolymer approach 

Although donor-acceptor polymers (or low band-gap polymers) have been 

successfully employed as a donor material in the bulk heterojunction solar cells, their 

power conversion efficiency is mainly limited by smaller current densities (Jsc values). 

This is because, most of the D-A polymers absorb strongly in near IR region but they 

exhibit very low absorption in the visible region. In the present scenario, designing and 

synthesizing novel structures of D and A units for new, more efficient D-A copolymers 

requires tedious and lengthy synthetic procedures along with the time required for their 

optimisation and development for photovoltaic applications.  Thus, development of new 

D-A polymers has now became limited,  and non-economic.80 In this regards, design of 

terpolymers based on the knowledge of existing D-A polymers is considered as important  

approach in the development of new materials with improved photovoltaic performance in 

polymer solar cells.  

In this regard, terpolymers, which consist of three different units in the polymer 

backbone, are promising candidates. The incorporation of a third component (donor D or 

acceptor A) into D–A copolymers affords either D–A–A or D–D–A type terpolymeric 

system.81–84 With added new D or A unit, there exists a possibility of tuning solar 

absorption, solubility, HOMO-LUMO energy levels and π-π stacking of terpolymers.83–88 

In general, terpolymers show a broader absorption range compared to their corresponding 

D–A copolymers. The extended light absorption favours more photon harvesting, resulting 

in more exciton generation which mainly contribute to high photocurrent.85,89 Interestingly, 

side chains on the new D or A unit, apart from enhancing solubility, also play important 

role in manipulating π-π stacking and thus the molecular packing.87,88,90 Furthermore, in 

random terpolymers, the ratio of monomers can be carefully optimised to get large current 

densities91 and desired crystallinity with superior performance in PSCs.92 Therefore, the 

design of terpolymers based on knowledge of existing promising D-A copolymers, is found 

to be attractive strategy for tailoring polymers with superior opto-electronic properties by 

proper selection of the third component.  
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Figure 1.15 summarizes the structures and Table 1.2 summarizes the various solar 

cell device parameters for some representative D-D-A type terpolymers.  

 

Figure 1.15 Structures of representative D-D-A type terpolymers 

Table 1.2 Photovoltaic properties of representative D-D-A type terpolymers 

Polymer 

 

Acceptor HOMO 

(eV) 

LUMO 

(eV) 

Eg 

(eV) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF  (%) Ref 

PP-BDT-PP-CPDT PC70BM -5.20 -3.28 1.60 6.41 0.71 52 2.35 93 

DTT-Th-DPP PC71BM -5.14 -3.77 1.37 12.76 0.58 67 5.02 94 

CBZ-FL-

TTBTBTT 

PC70BM -5.56 -3.89 1.65 13.5 0.79 63 6.70 95 

PADPP2 PC71BM -5.28 -3.29 1.36 15.50 0.61 66 6.24 96 

PDPP2T-Se-Th PC60BM -5.22 -3.53 1.33 16.22 0.67 66 7.20 92 

TPTI-T PC71BM -5.44 -2.79 1.85 18.3 0.83 71 9.91 97 

PTB7-Th-T2 PC71BM -5.28 -3.67 1.61 15.40 0.79 67 8.19 98 

BT-BTf PC71BM -5.42 -3.80 1.62 18.92 0.74 73 10.31 99 

DPP-Ph-DPP-Th PC70BM -5.16 -3.73 1.43 15.9 0.75 67 8.00 100 

 



 

Chapter 1                                                                                        Introduction and Literature Survey 

Savitribai Phule Pune University                         28                             CSIR-National Chemical Laboratory 

 

Figure 1.16 summarizes the structures and Table 1.3 summarizes the various solar 

cell device parameters for some representative D-D-A type terpolymers.  

 

Figure 1.16 Structures of representative D-A-A type terpolymers  

Table 1.3 Photovoltaic properties of representative D-A-A terpolymers 

Polymer Acceptor HOMO 

(eV) 

LUMO 

(eV) 

Eg 

(eV) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF  

(%) 

Ref 

PBDTT-DPP-

TPD 

PC71BM -5.35 -3.51 1.40 13.99 0.74 54 5.61 101 

PBDT-TID-TPD PC71BM -5.59 -3.96 1.52 13.86 0.81 65 7.30 102 

BDT-BT-DPP PC71BM -5.28 -3.00 1.52 18.45 0.73 67 9.01 103 

PBTCl25 PC71BM -5.36 -3.71 1.57 15.31 0.82 66 8.31 104 

PTB7-Th-Pt PC71BM -5.28 -3.43 1.54 16.21 0.80 65 8.45 105 

BT-TDPP-PyDPP PC71BM -5.30 -3.93 1.37 16.44 0.69 71 8.11 106 

BDT-TTE-

DTzTT 

PC71BM -5.36 -3.69 1.67 15.98 0.78 73 9.09 107 
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Recently, several research groups demonstrated that conjugated terpolymers with 

one donor and two acceptor units (D-A-A) is an effective strategy for designing high-

performance solar cell materials as compared to that of D-D-A terpolymers.85,102,108 

1.3.4.4 Incorporation of non-covalent interactions  

 Yet another strategy for rational design of conjugated polymers with improved 

electronic properties includes incorporation of non-covalent interactions apart from usual 

π- π and hydrogen bonding interactions. These non-covalent interactions comprise 

interactions between sulfur-oxygen, sulfur-nitrogen, fluorine-hydrogen, nitrogen-

hydrogen etc.109–111 These interactions induce intramolecular locks which help in 

improving polymer backbone planarity, π-delocalization and thus charge carrier mobility 

in OFETs. Hydrogen bonds have also known to influence polymer self-assembly and the 

solid-state morphology of conjugated materials.112–121 Recently, Zhang et al. reported DPP-

quarterthiophene conjugated polymers in which part of branching alkyl chains were 

replaced by urea containing alkyl chains.122 Incorporation of urea groups in the side chains 

promoted hydrogen bonding and induced inter-chain interactions in the polymer resulting 

in improved photovoltaic performance (Power Conversion Efficiency = 6.8 %) in solar cell 

devices and an outstanding value of hole mobility (13.1 cm2 s−1 V−1) in Field Effect 

Transistor (FET) devices. The same research group further synthesized new thiazole-

flanked DPP-based polymers with urea containing linear side-chains.123 Ambipolar 

semiconducting properties of thin films of these polymers, including the hole and electron 

mobilities were enhanced compared to those of the polymer without urea groups. In 2018, 

Rondeau-Gagné et al. synthesized DPP based conjugated polymers with amide group 

containing alkyl side chains.124 They demonstrated that the intermolecular hydrogen bonds 

formed between adjacent amide moieties affected the lamellar packing of the polymer and 

aggregation, but the π-conjugation remained unaffected. The charge carrier mobility in 

organic field-effect transistor (OFET) devices using these materials achieved a maximum 

value of 2.46 cm2 s−1 V−1 for 5 mol % of amide containing polymer. They further 

demonstrated that the introduction of hydrogen bonding influenced the mechanical 

properties of this class of DPP-polymers. It improves their stretching ability, reduces the 

elastic modulus of the polymers and facilitates the molecular alignment after stretch.  
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1.3.4.5 Flexible Linker strategy 

 In bulk heterojunction solar cells, the inherent thermodynamic immiscibility of the 

donor and acceptor phases promotes phase separation and thus decreases device 

performance. Crystallization of donor phase is found to be another driving force for blend 

separation. Thus, the improvement of morphological stability of BHJ film for longer time 

is one of the major challenges in the photovoltaics. Various strategies such as, volatile 

additives like diiodooctane, non-volatile nucleation promotors, or insulating polymers have 

been employed to address the issue. But these approaches were unsuccessful to offer the 

control over donor crystallization or the stability of blend morphology. Introduction of a 

“flexible linker” or “conjugation break spacer” in which conjugated segments are 

covalently linked with flexible aliphatic chains in a polymer, was found to be an interesting 

approach to overcome above mentioned problems.125–127  

Since the non-conjugated spacer interrupts the continuous conjugation typical of most 

semiconducting polymers, the spacers are often referred to as “conjugation-break spacers.” 

Alternatively, since the spacers also add a degree of conformational freedom to the 

otherwise rigid conjugated backbone, they have also been referred to as “flexible linkers.” 

Apparently, the incorporation of non-conjugated linkers along the polymer backbone could 

be expected to disrupt intramolecular charge carrier transport and create a high degree 

disorder in the material in the solid state. Even though, this may be thought to only 

negatively impact the optoelectronic properties, recent demonstrations have highlighted 

the usefulness of this approach in easing backbone rigidity to enhance processability, and 

offering unique self-assembly motifs for efficient device performance.128,129 

 Nonetheless, this strategy is already known to modulate molecular arrangement in 

solid state and resulting opto-electronic properties of small organic materials;130–132 and 

poly phenylene-vinylene (PPV) based polymers.133 The incorporation of flexible aliphatic 

linkers/spacers in the conjugated backbone provides unique control over solution 

processability of semiconducting polymers,134,135 morphology,129 thermal stability,136,137 

and mechanical properties128,138,139 of solution processed polymer thin films without 

negatively affecting charge transport properties. The superior mechanical properties of this 

class of conjugated systems possessing flexible linkers in their backbone make them 

potential candidates for stretchable electronics applications.139–141  
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 Figure 1.17 summarises the structures of representative polymers comprising 

flexible linkers. 

 

Figure 1.17 The structures of representative polymers comprising flexible linkers. 

1.4 Summary 

The tremendous progress has been achieved for conjugated polymer-based solar 

cells in last three decades. The power conversion efficiency (η) has reached ~14 % in 

academic labs, making polymer solar cells a viable counterpart of amorphous silicon solar 

cells (~13 %). This triumph is a result of synergistic efforts among chemists, physicists, 

and engineers, a true testimony to the necessity of having interdisciplinary approaches to 

tackle complex problems. A polymer solar cell, typically consisting of a polymer:fullerene 

blend in a bulk heterojunction (BHJ) configuration for converting light into electricity, is 

a complex system. Though the material properties of the active layer (i.e., optoelectronic 

properties of polymers and fullerenes) determine the efficiency of photovoltaic device, 

many other factors need to be optimized and function synergistically to maximize the 

device characteristics (i.e., short circuit current, Jsc; open circuit voltage, Voc; and the fill 

factor, FF). The intrinsic complexity of BHJ solar cells thus requires a variety of expertise 

in synthesis, morphology, and device physics.  
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Design and synthesis of materials has primarily focused on the polymers, given that 

there is a limited amount of functionalization one can apply to the synthesis of fullerenes. 

Still, there are numerous factors to be considered in the synthetic design of these polymers. 

From a molecular engineering point of view, choosing the right conjugated repeating unit 

decides the energy levels and the band gap; selecting the appropriate side chains largely 

determines the solubility in the processing solvent; both conjugated backbone and the side 

chains have a significant impact on the aggregation and intermolecular interactions in the 

active layer. From a polymer engineering point of view, one needs to carefully balance the 

molecular weight, dispersity, solubility in the processing solvents, and viscosity of the 

resulting solution (i.e., the “active ink”). The polymer:fullerene blend in a processing 

solvent, the “active ink”, then goes through one of several solution-processing methods 

(e.g., spin coating, slot-die, doctor-blading, etc.), to become a thin film (i.e., the active 

layer) that has the optimal morphology to maximize the device output. Given the 

significance of the morphology, a variety of methods have been applied to control the 

morphology of the active layer, including weight ratio of polymer vs fullerene, processing 

additives, solvent annealing, and thermal annealing. The device efficiency of 

polymer:fullerene bulk heterojunction solar cells has recently surpassed 14 %, as a result 

of synergistic efforts among chemists, physicists, and engineers. Since the conjugated 

polymers are unequivocally the “heart” of this emerging technology, their design and 

synthesis have consistently played the key role in the device efficiency enhancement. Thus, 

it is crucial to elucidate the fundamental, underlying principles that govern the device 

characteristics and to establish structure-property correlations. Such correlations are crucial 

to the design and synthesis of next generation materials to further improve the device 

efficiency. 
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2.1 SCOPE AND OBJECTIVES 

The increasing demand of various types of energy, particularly electrical energy, in 

a civilized world has put tremendous pressure on non-renewable energy sources such as 

fossil fuels along with the possibility of their exhaustion in near future. The pressing need 

for alternative renewable energy sources ushered the world of photovoltaics (PV). The 

traditional inorganic photovoltaics is based on silicon and silicon dioxide which require 

high processing temperatures. Due to this reason, this technology became much expensive. 

Also, the modules made with inorganic semiconductors are relatively heavy and brittle. 

Organic photovoltaics (OPV) which employ organic semiconductors (light absorbing small 

molecules or polymers) to generate electricity from light, have emerged as a 

complementary alternative to silicon/ inorganic photovoltaics. Since polymeric materials 

can be melt or solution processed, OPV utilises low-temperature, solution processed 

fabrication techniques such as roll-to-roll and ink-jet printing which tremendously reduces 

their manufacturing cost. Moreover, the potential for large-area, light weight and 

mechanically flexible modules, with options for semi-transparent and coloured films 

provide novel opportunities in building-integrated photovoltaics.1,2 Another fascinating 

feature of OPVs is the fine tuning of the device properties by the slight change in the 

structure of the organic semiconductor.3  Furthermore, OPVs give better operation at low 

light levels i.e. indoor applications, which is an important advantage over inorganic PV.4–

6 The OPV technology has enormously evolved in last few decades, with frequent reports 

delivering power conversion efficiency values > 10 %.  Majority of this progress can be 

attributed to the development of new π-conjugated organic semiconductors. 

The π-conjugated organic semiconductors are basically grouped into two classes- 

i) small molecular semiconductors and ii) polymeric semiconductors. Small molecular 

semiconductors for OPVs exhibit advantages over their polymer counterparts which 

include well-defined molecular structure, definite molecular weight, and high purity 

without batch-to-batch variations, resulting in improved reproducibility of fabrication.7 

They show greater tendency to form ordered domains leading to high charge carrier 

mobilities.8 Thus, small molecular semiconductors have attracted considerable attention as 

a promising alternative to polymeric semiconductors.9–14 Nonetheless, excluding few 

exceptions of solution processible molecular semiconductors, most of them require high 
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temperature vacuum deposition techniques for their integration into a device which is a 

limiting parameter for molecular semiconductors. Polymeric semiconductors, on the other 

hand, exhibit isotropic charge transport, great control over large scale of the film structural 

and morphological characteristics (solution rheological properties) which is a prerequisite 

for printing technique. Moreover, polymers are not susceptible to interlayer diffusion 

during the typical device-fabrication and exhibit robust mechanical properties, making 

nanometer-thick semiconductor films potentially compatible with roll-to-roll fabrication 

on flexible substrates. With all these favourable parameters, on certain accounts, polymers 

are considered far more superior than small molecules in organic electronics. This has led 

to intensive research in the development of π- conjugated polymers for their applications 

in various organic electronic devices such as- organic photovoltaic cells (OPVs),15,16 

organic light emitting diodes (OLEDs),17 organic field-effect transistors (OFETs),18,19 

organic lasers,20 and memory cells.21  

The overall objective of the present work was to synthesize π-conjugated materials 

for organic solar cell applications using various synthetic strategies and study their 

structure-property relationship. Figure 2.1 suitably illustrates the theme of the thesis. 

 

 

Figure 2.1 The theme of the thesis. 
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1)  Synthesis of anthracene containing PAE-PV polymers and to study the 

influence of π - π stacking distance on the morphology and performance of solar cells

 Poly(-p-arylene-ethynylene)-alt-poly(-p-arylene-vinylene)s (PAE-PAVs) are 

known to combine the interesting intrinsic properties of both of their constituents (PAE 

and PAV) within a single polymeric backbone and in addition exhibit novel promising 

structure-specific properties.22 Incorporation of anthracene moiety into PAE-PAV 

polymers, lowered the band-gap of polymer and improved the film absorption coefficient. 

Considering interesting properties of anthracene, following objectives were chosen for the 

study: 

i) To synthesize anthracene-containing dialdehydes and bisphosphonates. 

iii) To synthesize anthracene-containing PAE-PV copolymers by Horner-Wadsworth-

Emmons olefination reaction of corresponding dialdehydes with bisphosphonates. The 

side chains on PAE and PAV units were systematically varied between linear, branched 

and asymmetric substitution. 

iv) To study photo-physical and electrochemical properties of polymers. Structural 

investigations were performed on powder and on filaments by wide-angle X-ray 

scattering analysis (WAXS) to obtain information about crystallinity and order with 

respect to the interlayer distance and the π-π stacking distance. 

v) To study charge carrier mobility by Charge Extraction by Linearly Increasing Voltage 

(CELIV) method. To investigate thin film morphology of polymer films and polymer 

blends with PCBM by atomic force microscopy experiments (AFM). 

vi)  To fabricate solar cell devices and establish a correlation between the ability to form π-

π-stacking, the absorption behavior, the charge carrier mobility, the active layer 

nanoscale morphology, and the photovoltaic performance. 

2. Synthesis of donor-acceptor low band gap small molecules containing 

anthracene-based donor unit and diketopyrrolopyrrole and benzothiadiazole as 

acceptor units and investigation of charge carrier mobility by OFET devices 

Low (narrow) band gap (LBG) conjugated polymers/small molecules which absorb 

in near IR region are interesting candidates for optoelectronic applications due to 

possibility of obtaining higher open circuit voltage values and efficient charge separation 
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in solar cell devices.23 Combining donor unit with acceptor unit to form donor-acceptor 

kind of systems is an important approach to design high performance low band-gap 

materials. The objectives of the present work are as follows- 

i) Synthesis of anthracene-containing (p-phenylene ethynylene) (AnPPE) monomer,

 diketopyrrolopyrrole (DPP) monomer and benzothiadiazole (BTDA) monomer. 

ii) Synthesis of low band gap donor-acceptor small molecules by palladium-catalysed

 Heck coupling reaction. 

iii) To study photophysical and electrochemical properties for the determination of band-

 gap energy and HOMO-LUMO energy levels of the small molecules. 

iv) To investigate charge carrier mobility of the small molecules in OFET devices. 

3.  Synthesis of bi(thienylenevinylene)thiophene-containing PPE-PPVs and 

investigation of the influence of side-chain engineering on modulation of charge 

carrier mobility and photovoltaic performance  

 Two-dimensional conjugated polymeric systems comprising of the conjugated 

main chain along with conjugated side chain have emerged as an attractive approach for 

the design of conjugated polymers with improved optoelectronic properties.24 The two-

dimensional conjugated polymeric systems exhibit broad absorption and deep-lying 

HOMO levels beneficial for high photovoltaic performance. The objectives of the present 

work are as follows- 

i) Synthesis of bi(thienylenevinylene)thiophene-containing dialdehydes and

 bisphosphonates. 

ii) Synthesis of bi(thienylenevinylene)thiophene-containing PPE-PPVs by Horner- 

Wadsworth-Emmons olefination reaction of corresponding dialdehydes with 

bisphosphonates.  

iii) To study photophysical and electrochemical properties of the polymers to evaluate 

 band-gap energy and HOMO-LUMO energy levels of the polymers. 

iv) To investigate charge carrier mobility by time of flight measurements. 

v) To fabricate solar cell devices for determination of photovoltaic performance. 
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4.  Synthesis of benzo[1,2-c:4,5-c′]dithiophene-4,8-dione containing copolymers 

and terpolymers; and an investigation of implications of active layer morphology on 

photovoltaic performance 

The design of terpolymers by proper selection of the third component, based on 

knowledge of existing D-A copolymers, is found to be promising strategy for finely 

tailoring polymers with superior optoelectronic properties.25 In general, terpolymers show 

a broader absorption range and higher photocurrent compared to their corresponding D–A 

copolymers.26 Recently a new acceptor viz., 1,3-bis(thiophen-2-yl)-5,7-bis(2-

ethylhexyl)benzo-[1,2-c:4,5c′]dithiophene-4,8-dione (BDD)27–29 was evolved as a 

promising unit for the synthesis of  high performance D-A copolymers with impressive 

photovoltaic properties. Inspired by excellent properties of BDD molecule, the following 

objectives were chosen. 

i) To synthesize BDD monomer, diketopyrrolopyrrole monomer with 2-ethylhexyl

 side chain (DPP (EH)), diketopyrrolopyrrole monomer with 2-hexyldecyl side chain

 (DPP (HD)), cyclopentadithiophene (CPDT) monomer, bithiophene (BT) monomer,

 and benzodithiophene (BDT) monomer. 

ii) Synthesis of random copolymers and D-A-A type terpolymers involving CPDT,

 BT and BDT as donor units; and DPP and BDD as acceptor units. 

iii) To study photophysical and electrochemical properties of the polymers to

 determine band-gap energy and HOMO, LUMO energy levels of the polymers. 

iv) To study active layer morphology by atomic force microscopy experiments. 

v) To investigate solar cell performance of the copolymers and terpolymers. 

5. DPP-based spacer polymers functionalized with urethane linker containing 

alkyl side chains: Study of self-assembly behaviour 

The incorporation of non-covalent interactions in the polymer chains is known to 

create intramolecular conformational locks which help to improve polymer backbone 

planarity, π-delocalization and thus charge carrier mobility in OFETs.30 Hydrogen bonds 

have also known to influence polymer self-assembly and the solid-state morphology of 

conjugated materials. Urethane linkage is an interesting moiety to incorporate non-covalent 

interactions in the polymers. 
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The objectives of the present work are as follows- 

i) To synthesize urethane linker containing alkyl side chain, urethane linker

 containing DPP monomer (DPPurethane), DPPalkyl monomer and spacer monomer. 

ii) Synthesis of random copolymers of DPPurethane and DPPalkyl with C4 alkyl spacer

 monomer. 

iii) To study photophysical and electrochemical properties of the polymers to

 determine band-gap energy and HOMO, LUMO energy levels of the polymers. 

iv) To study hydrogen-bonding interactions by variable temperature 1H-NMR

 spectroscopy and UV-Vis spectroscopy. Further, to study self-assembly in cyclohexane 

 by high temperature 1H-NMR spectroscopy. 
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3a.1  INTRODUCTION 

The interest in π-conjugated polymers as active materials in organic electronic 

devices has increased over the years from the time of discovery of electrical conductivity 

in the doped polyacetylene by Shirakawa et al in 1977.1,2 Since then, tremendous 

progress has been made in the design, synthesis and application of π-conjugated polymers 

in various organic electronic devices such as chemical sensors,3,4 light emitting diodes,5,6 

field effect transistors7 and photovoltaics.8 π-Conjugated polymers have advantages like 

solution processability, transparency, flexibility, lower cost and fabrication of large area 

devices (spin coating, doctor blade techniques), over traditional inorganic 

semiconductors. As a result, considerable research has been devoted in designing and 

studying structure- property relationship of various conjugated polymeric systems. 

 Electroluminescence in conjugated polymers was first discovered in the polymer 

poly(1,4-phenylene vinylene) (PPV) by Cavendish group.9 The focus on PPV polymer 

was much enhanced after the discovery of ultrafast (femtosecond) photoinduced charge 

transfer from alkoxy-substituted PPV to the Buckminsterfullerene by Sariciftci and 

Heeger.10 PPV type materials are predominantly hole-conducting materials with high-

lying lowest unoccupied molecular orbital (LUMO). The unbalanced charge carrier 

transport properties and the relative high barrier for electron injection from electrode 

metals such as aluminium lead to low efficiency mono-layered LED devices.6,9,11 In 

contrast, (phenylene-ethynylene)s (PPEs) have comparatively lower-lying LUMO due to 

enhanced electron affinity, which is ascribed to the electron-withdrawing nature of triple 

bonds (-C≡C-). PPEs moreover exhibit a highly rigid conjugated system with differences 

in polarization, molar extinction coefficients, and especially higher fluorescence quantum 

yields in dilute medium.12,13  

Several approaches have been explored to improve the electron affinity of PPVs. 

One approach is to attach electron-withdrawing groups either on vinylene position, like in 

CN-substituted PPVs,14 or onto the phenyl ring, like in halogen-(Cl-, Br-) substituted 

PPVs,15 and  in CF3-substituted PPVs.16 Another approach is to insert electron-deficient 

aromatic rings in the polymer backbone, like in oxadiazole-,17,18 quinoline-,19 

quinoxaline-20 or pyridine-containing poly-(arylene vinylene)s (PAVs).21 Inserting weak 
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electron-withdrawing triple bonds (-C≡C-) within PPV-backbone leading to hybrid PPE-

PPVs, is regarded as important approach of enhancing the electron affinity of PPVs. 

Poly(-p-arylene-ethynylene)-alt-poly(-p-arylene-vinylene)s (PAE-PAVs) are conjugated 

systems, which combine the interesting intrinsic properties of both of their constituents 

within a single polymeric backbone and in addition exhibit novel promising structure-

specific properties. Bunz et al developed alkyl-substituted PPE-PPV hybrid polymers of 

general chemical formula: (-C≡C-Ph-CH=CH-Ph-)n, which were synthesized by 

Mo(CO)6-catalyzed acyclic diyne metathesis.22 The work by Egbe et al constitute solely 

alkoxy-substituted as well as mixed alkyl- and alkoxy-substituted PPE-PPVs of various 

conjugated patterns.23–25 The appended alkyl and/or alkoxy chains on the polymeric 

backbone not only fulfill the function of solubilising agents and enabling the 

processability of the polymers into thin films for various applications, but also lead to 

dramatic changes in the optical, electronic and transport properties in their primary 

molecular structure.26 For example, the absorption spectra of alkyl-substituted polymers 

are hypsochromically shifted compared to their corresponding alkoxy-substituted 

counterparts due to less electron-donating nature of alkyl groups and strong steric 

hindrances.  

Thin film morphology of active layer is an important parameter in the design of 

high-performance polymer-fullerene bulk heterojunction solar cells. The optimized 

nanoscale morphology of active layer provides good contact between donor and acceptor 

phases and provide efficient percolating path for both electrons and holes to the 

corresponding electrodes. Various approaches to improve the solar cell performance by 

tuning the morphology of the active layer include the use of specific solvents or solvent 

mixtures for film deposition,27 annealing28  and changing the drying conditions of the 

active layers as well as the use of additives.29 On the basis of poly(arylene-ethynylene)-

alt-poly(arylenevinylene)s PAE-PAV,30 Egbe et al were able to demonstrate that the  

solubilizing alkoxy side chains are a further significant aspect to be considered in the 

control of the active layer nanomorphology as a result of their hydrophobic nature.31,32
  

High side chain density is disadvantageous in the construct of solar cells, since it dilutes 

the concentration of the absorbing conjugated species per volume unit and also reduces 

the interfacial area between donor and acceptor components leading to strong phase 
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separation and concomitant poor photovoltaic performance. On the other hand, the nature 

(linear or branched) and length of the alkoxy side chains can be useful in the control of 

the π-π-stacking of rigid conjugated polymers and their photoluminescent behavior.23  

This chapter is dedicated to a series of anthracene-containing PAE-PAV 

copolymers. The side chains of these polymers were systematically varied among only 

linear, only branched and mixed linear and branched in order to tune - stacking ability 

of materials. Polymers with strong tendency to - stacking showed well resolved thin 

film absorption peak, stronger phase separation and better photovoltaic performance than 

the polymers with less or no intrinsic stacking ability. Thus, a correlation was established 

between the ability to form π-π stacking, the absorption behaviour, the charge carrier 

mobility, the active layer nanoscale morphology and the photovoltaic performance. 

3a.2  EXPERIMENTAL 

3a.2.1  Materials:  

Bromine, n-butyllithium solution (2.7 M in n-heptane), ethynyl trimethyl silane, 

bis (triphenylphosphine) palladium (II)dichloride (Pd(PPh3)2Cl2), 

tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4), copper iodide (CuI), diisopropyl 

amine, potassium tert-butoxide, 1-octyl bromide, 2-ethylhexyl bromide and 1-decyl 

bromide (Aldrich Chemicals) were purchased and were used as received.  Potassium 

hydroxide powder, paraformaldehyde, sodium bromide, potassium fluoride, glacial acetic 

acid, triethyl phosphite, benzyl bromide, hydroquinone and benzaldehyde (Merck) were 

purchased and were used as received. 

N,N-Dimethylformamide (DMF), dimethyl sulphoxide (DMSO), diethyl ether, 

tetrahydrofuran (THF) and toluene (Aldrich Chemicals) were purchased and were dried 

and distilled according to standard procedures and stored under argon.33 Methanol, 

chloroform, n-hexane and ethyl acetate (Merck) were purchased and were used as 

received. If not otherwise specified, solvents or solution were degassed by bubbling with 

nitrogen 1 h prior to use. 

3a.2.2  Characterisation and techniques 

Different techniques were used for characterization of monomers and polymers 

and are listed below. 



 

Chapter 3a                                                         Anthracene containing poly(-p-arylene-ethynylene)-alt… 

Savitribai Phule Pune University                         53                             CSIR-National Chemical Laboratory 

 

NMR Spectroscopy: 1H and 13C NMR spectra of monomers and polymers were recorded 

using a Bruker-AV spectrometer at operating frequency of 200 MHz, 400 MHz and 500 

MHz in CDCl3 or DMSO-d6 with tetramethylsilane as an internal standard.  

Gel permeation chromatography (GPC): Molecular weights and dispersity values of 

polymers were determined on Knauer make GPC using chloroform as an eluent at a flow 

rate of 1 mL min-1 at 25 °C. Sample concentration was 2 mg mL-1 and narrow dispersity 

polystyrenes were used as calibration standards. 

Differential scanning calorimetry (DSC): DSC measurements were carried out on a 

Mettler DSC 30 with a cell purged with nitrogen. Calibration for temperature and 

enthalpy changes was performed using an Indium standard. The temperature was varied 

between 0 and 250°C with a heating/cooling rate of 10 K/min. In total two heating-

cooling cycles were performed on each sample.  

Thermogravimetric analysis (TGA): TGA was performed on a Mettler TA-300-thermal 

analyzer operating under nitrogen atmosphere. The samples were heated from 0 to 700 °C 

with a heating rate of 10 K/min.  

Wide-angle X-ray scattering (WAXS): WAXS experiments were performed on Bruker 

HI-STAR, 1024 x 1024 pixels. The WAXS measurements were performed on the powder 

samples as well as on aligned fiber samples as described in literature.25  

Absorption and emission spectroscopy: The absorption spectra were recorded in dilute 

chloroform solution (c ≈ 10-6 mol l-1) on a Perkin–Elmer UV/VIS-NIR Spectrometer 

Lambda 19. The absorption spectra of thin films spin coated from chlorobenzene solution 

were recorded on Varian UV/Vis spectrophotometer and the corresponding emission 

spectra were recorded on a home-built photoluminescence setup. Thin films were spin 

coated on glass substrates using chlorobenzene solution (0.6-0.8 wt %).  

Cyclic voltammetry (CV): CV was performed with a PA4 polarographic analyzer 

(Laboratory Instruments, Prague, CZ) with a three-electrode cell. Platinum (Pt) wire 

electrodes were used both as working and counter electrodes, and a non-aqueous Ag/Ag+ 

electrode (Ag in 0.1 M AgNO3 solution) was used as the reference electrode. CV 

measurements were made in solutions of 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) in acetonitrile under nitrogen atmosphere. Typical scan 

rates were 20, 50 and 100 mVs−1, respectively. Polymer thin films were prepared onto Pt 
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wire electrodes from chlorobenzene solution. All measurements and film preparations 

were performed in a nitrogen atmosphere within a glove box. 

Charge Extraction by Linearly Increasing Voltage (CELIV): The CELIV method was 

used for the measurement of charge carrier mobility.34 The charge carriers were 

photogenerated with laser pulse. After delay time of 100 ns, the applied triangle-shaped 

rising voltage pulse extracts the photogenerated charge carriers toward back electrode 

and CELIV current transients were measured for all polymers. The carrier mobility was 

estimated from the extraction maxima. 

Atomic Force Microscopy: The surface morphology of the samples was studied by 

Atomic Force Microscopy (AFM). The AFM images were obtained by means of a Digital 

Instruments Dimension 3100 microscope working in tapping mode. The samples were 

prepared by spin-coating from chlorobenzene solution. 

3a.2.3 Fabrication and characterization of the photovoltaic cells 

Anthracene-containing poly(-p-arylene-ethynylene)-alt-poly(-p-arylene-vinylene) 

(AnE-PV) as donor and phenyl C61 butyric acid methyl ester (PCBM, Solenne 99.5%) as 

an acceptor were used. AnE-PV was blended with PCBM in chlorobenzene and stirred at 

40 °C for 24-48 h. The donor: acceptor (D: A) ratio was varied from 1:1 to 1:2 (w/w) and 

total concentrations of (D+A) in chlorobenzene solution was ~10 mg/mL. Indium tin 

oxide (ITO) coated glass (Merck KgaA, Darmstadt) was used as substrate for device 

fabrication.  A part of ITO layer on glass was etched using aqua regia for selective 

contacting of back electrode. These glass substrates were thoroughly cleaned by 

subjecting them to ultrasonication in soap, deionized water, acetone and in isopropyl 

alcohol. The substrates were then dried for several hours in an oven at 120 °C. A hole 

transporting layer- PEDOT:PSS (Baytron/Clevios PH H.C. Starck) was spin coated at 

3000 rpm for 60 sec. Then the photoactive layer was spin coated with polymer: PCBM 

blend solution at 4000 rpm for 60 sec. The final thickness of each active layer film was 

100~110 nm. Finally, aluminum (~100 nm) was thermally deposited under high vacuum 

(~10-7 torr). The active area of solar cells was 0.5 cm2 for all the devices. The 

photovoltaic performance of the devices was measured using a solar spectrum simulator 

with an air-mass (AM) 1.5 G filter. The intensity of the solar simulator was carefully 
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calibrated using an AIST-certified silicon photodiode. The current-voltage behavior was 

measured using a Keithley 2400 SMU. 

3a.3  SYNTHESIS  

3a.3.1  Synthesis of anthracene-containing dialdehydes 

3a.3.1.1 Synthesis of 9,10-bis[(4-formyl-2,5-dioctyloxy)phenylethynyl]anthracene 

(6a) 

3a.3.1.1.1 Synthesis of 2,5-dibromo-hydroquinone (1a) 

Into a 250 mL single-necked round bottom flask equipped with an addition funnel 

and a magnetic stir bar were added hydroquinone (50 g, 0.454 mol) and glacial acetic 

acid to form a suspension. Bromine (47 mL, 0.454 mol) dissolved in acetic acid (60 mL) 

was added dropwise into the suspension. The colour of reaction mixture became greenish 

yellow. The reaction mixture was stirred overnight at room temperature. It was then 

filtered, washed with water several times and dried to obtain off-white coloured crystals.  

Yield: 65.2 g, (54 %) 

1H-NMR (200 MHz, DMSO-d6, δ/ppm):  9.88 (-OH), 7.04 (Ar-H). 

3a.3.1.1.2 Synthesis of 1,4-dibromo-2,5-bis(octyloxy)benzene (2a) 

Into a 500 mL three-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar were added KOH (39.76 g, 0.708 mol) and dimethyl sulphoxide 

(200 mL) to form a suspension. This suspension was degassed for 30 min. To it 2,5-

dibromo hydroquinone (20 g, 0.0746 mol) was added and stirred for about 15 minutes. 

Then octyl bromide (50.4 g, 0.2612 mol) was added and reaction mixture was stirred 

overnight. Next day the oily suspension was filtered and washed several times with water 

and allowed to dry. The crude product was recrystallised from acetone.  

Yield: 16.40 g (80.1 %) 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.09 (s, 2H, Ar-H), 3.95 (t, 4H, -O CH2-), 1.8 

(quintet, 4H, -OCH2-CH2-(CH2)5-CH3), 1.48 (m, 4H, -OCH2-CH2-CH2-(CH2)4-CH3), 

1.33-1.17 (m, 16H, -OCH2-CH2-(CH2)5-CH3), 0.95-0.83 (t, 6H, -CH3). 

3a.3.1.1.3 Synthesis of 4-bromo-2,5-bis(octyloxy)benzaldehyde (3a) 

Into a 500 mL three-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar were added 1,4-dibromo-2,5-bis(octyloxy)benzene (9.8 g, 20 
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mmol) and dry diethyl ether (300 mL). The solution was degassed under nitrogen and 

cooled to 0 °C.  The solution of butyllithium (2.7 M in heptane, 7.5 mL, 20 mmol) was 

added dropwise into it. After 15 min, DMF (1.92 mL, 25 mmol) was added dropwise to 

the mixture. Then the temperature was allowed to rise to 10 °C. The clear solution was 

kept between 0-10 °C and was stirred for 2 h. Subsequently, a 10% aqueous HCl solution 

(100 mL) was added to the mixture, and the phases were separated. The organic phase 

was washed with NaHCO3 solution, dried over Na2SO4 and concentrated on rotary 

evaporator. The residue was recrystallized from methanol. The pure product was obtained 

as light-yellow crystals.  

Yield: 5.4 g (61 %)  

Melting point: 62-63 °C 

1H-NMR (200 MHz, CDCl3, δ/ppm): 10.42 (s, 1H), 7.32 (s, 1H, Ar-H), 7.23 (s, 1H, Ar-

H), 4.08-3.95 (t, 4H, -OCH2-), 1.90-1.74 (quintet, 4H, -CH2-), 1.50-1.22 (m, 20H, -CH2), 

0.92 (t, 6 H, -CH3).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 188.92 (-CHO), 155.79 and 149.91 (Ar-OR), 

124.36 (Ar-CHO), 120.98 (Ar-Br), 118.53 and 110.72 (Ar-H), 69.90 and 69.53 (-CH2O-), 

31.78, 29.25, 29.20, 29.04, 26.00, 22.64, 14.07 (-(CH2)6CH3).  

3a.3.1.1.4 Synthesis of 2,5-bis(octyloxy)-4-[(trimethylsilyl)ethynyl]benzaldehyde (4a)  

Into a 250 mL three-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar was added diisopropylamine (100 mL) and was degassed for 1 h 

under nitrogen atmosphere. To it 4-bromo-2,5-dioctyloxybenzaldehyde (4 g, 9.06 mmol), 

Pd(PPh3)2Cl2 (140 mg, 0.199 mmol), and CuI (42.4 mg, 0.213 mmol) were added and 

reaction mixture was further degassed for 50 min.  Trimethylsilylacetylene (893 mg (1.3 

mL), 9.09 mmol) was added dropwise to the vigorously stirred suspension. The reaction 

mixture was then refluxed for 8 h. After cooling, 20 mL toluene was added and the white 

precipitate of diisopropyl ammonium bromide was filtered off. The solvent was removed 

under reduced pressure. The residue was purified by column chromatography over silica 

gel with toluene as an eluent to yield a dark yellow oil.  

Yield: 3.2 g (76 %)  



 

Chapter 3a                                                         Anthracene containing poly(-p-arylene-ethynylene)-alt… 

Savitribai Phule Pune University                         57                             CSIR-National Chemical Laboratory 

 

1H-NMR (200 MHz, CDCl3, δ/ppm): 10.23 (s, 1H, -CHO), 7.07 (s, 1H, Ar-H), 6.85 (s, 

1H, Ar-H), 3.88-3.76 (-OCH2-), 1.69-1.54 (quintet, 4H, -CH2-), 1.25-0.99 (m, 20 H, -

CH2-), 0.74-0.65 (t, 6 H, -CH3), 0.01-0.18 (-Si(CH3)3). 

3a.3.1.1.5 Synthesis of 4-ethynyl-2,5-bis(octyloxy)benzaldehyde (5a) 

Into a 250 mL three-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar were added 2,5-bis(octyloxy)-4-

[(trimethylsilyl)ethynyl]benzaldehyde (2.27 g, 4.9 mmol), methanol (28 mL), 

tetrahydrofuran (55 mL) and degassed under nitrogen for 1 h.  Potassium Fluoride (1.14 

g, 19.6 mmol) was added at room temperature to the above solution. The reaction mixture 

was protected from light and was stirred at room temperature for 3 h. The solvent was 

removed under reduced pressure, residue was dissolved in toluene and washed with water 

(3 x 50 mL). The organic layer was dried over Na2SO4, concentrated under reduced 

pressure and the residue was purified by column chromatography using toluene:hexane 

(1:1, v/v) mixture as an eluent to yield orange crystals. 

Yield 1.42 g (74 %)  

Melting Point: 116-117 °C 

IR (KBr, cm-1): 3346 (w, −C≡C−H), 2924 and 2853 (vs, -CH2- and -CH3), 2760 (w, -

CHO), 1683 (vs, -CHO), 1600 (s, phenyl ring), 1218 (Ar-OR). 

1H-NMR (400 MHz, CDCl3, δ/ppm):  10.45 (s, 1H, -CHO), 7.31 (s, 1H, Ar-H), 7.09 (s, 

1H, Ar-H), 4.03 (t, 4H, -OCH2-), 3.46 (s, 1H, −C≡C−H), 1.86-1.78 (quintet, 4H, -CH2-), 

1.43-1.15 (m, 20H, -CH2-), 0.91-0.87 (t, 6 H, -CH3).  

3a.3.1.1.6 Synthesis of 9,10-bis[(4-formyl-2,5-dioctyloxy)phenylethynyl] anthracene 

   (6a)  

Into a 250 mL three-necked round bottom flask equipped with a nitrogen gas 

inlet, a reflux condenser and a magnetic stir bar were added 9,10-dibromoanthracene (618 

mg, 1.84 mmol), 4-ethynyl-2,5-dioctyloxybenzaldehyde (1.42 g, 3.7 mmol), toluene (100 

mL), diisopropylamine (50 mL) and degassed for 0.5 h in nitrogen atmosphere. Pd(PPh3)4 

(85.5 mg, 7.4 x 10-2 mmol, 4 mol %) and CuI (14.5 mg, 7.4 x 10-2 mmol, 4 mol %) were 

added into the reaction mixture and degassed for 0.5 h. Then the reaction mixture was 

refluxed (80 °C) for 24 h in an argon atmosphere. After cooling to room temperature, the 

precipitated diisopropylammonium bromide was filtered off and the solvent was distilled 
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off under reduced pressure. The residue was subjected to column chromatography using 

toluene: hexane (1:1, v/v) mixture as an eluent to yield red colored pure product.  

Yield: 1.13 g (65 %) 

Melting point: 138-142 °C.  

MS (70 eV ESI with H2O): m/z = 947 (M++ 1, 100%), 835 (10%), 535 (5%), 158 (30%).  

IR (KBr, cm-1): 3056 (w, Caryl-H), 2929 and 2856 (vs, CH2 and CH3), 2756 (w, CHO), 

2188 (w, disubst -C≡C-), 1682 (s, CHO), 1600 (s, -C=Caryl-), 1219 (vs, Caryl-OR). 

1H-NMR (400 MHz, CDCl3, δ/ppm): 10.51 (s, 2H, CHO), 8.81 (d, 4H, Canthracenyl-H), 7.66 

(d, 4H, Canthracenyl-H), 7.42 (s, 2H, Ar-H), 7.31 (s, 2H, Ar-H), 4.17 (t, 8H, -OCH2-), 2.0- 

1.87 (m, 8H, -CH2-), 1.30-1.20 (m, 40H, -CH2-), 0.95- 0.87 (m, 12H, -CH3).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 189.11 (-CHO), 155.60 and 154.01 (Caryl-OR), 

127.44 (Canthracenyl-C=), 132.25 and 126.92 (Canthracenyl-H), 125.15 (Caryl-CHO), 120.21 

(Canthracenyl-C≡C-), 118.88 (Caryl-C≡C-), 117.04 and 109.36 (Caryl), 99.04 and 94.61 (-

C≡C-), 69.47 and 69.35 (-OCH2-), 31.79, 31.76, 29.52, 29.42, 29.33, 29.22, 26.10, 26.04 

22.64, 22.59, (-(CH2)6-), 14.07 (-CH3).  

3a.3.1.2  9,10-Bis{[2,5-di(2-ethylhexyloxy)-4-formyl]phenyl]-ethynyl}anthracene (6b) 

3a.3.1.2.1 Synthesis of 2,5-bis(2-ethylhexyloxy)-4-ethynylbenzaldehyde (5b) (a 

precursor in the synthesis of 6b) 

2,5-Bis(2-ethylhexyloxy)-4-ethynylbenzaldehyde was synthesized by using the 

procedure described in section 3a.3.1.1.5, starting with hydroquinone, following the same 

sequence of reactions- bromination, alkylation, mono-formylation, ethynylation and de-

silylation. 

Yield: (4.2 g, 79 %) 

1H-NMR (400 MHz, CDCl3, δ/ppm): 10.45 (s, 1H -CHO), 7.30 (s, 1H, Ar-H), 7.10 (s, 

1H, Ar-H), 3.90 (m, 4H, -OCH2), 3.46 (s, 1H, -C≡CH), 1.90 – 1.65 (m, 2H, -CH2), 1.58 – 

1.11 (m, 16H, -CH2), 1.05 – 0.78 (m, 12H).  

13C-NMR (100 MHz, CDCl3, δ/ppm): 189.0 (CHO); 155.33, 155.21 (Caryl-OR), 125.59, 

118.65, 118.10, 109.81 (Caryl), 80.90, 79.67 (-C≡C-), 71.92, 71.46 (-OCH2-), 39.20 (-CH-

), 30.55, 29.02, 23.01, 22.97 (-CH2-), 14.08, 14.04 (CH3-hexyl), 11.14 (CH3-ethyl). 

3a.3.1.2.2 Synthesis of 9,10-bis{[2,5-di(2-ethylhexyloxy)-4-formyl]phenyl]-

ethynyl}anthracene (6b) 
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The synthesis of 9,10-bis{[2,5-di(2-ethylhexyloxy)-4-formyl]phenyl]-

ethynyl}anthracene (6b) was carried out under the same reaction conditions as described 

in the section 3a.3.1.1 by using 2,5-bis(2-ethylhexyloxy)-4-ethynylbenzaldehyde (5b). 

Yield: (1.6 g, 78 %)  

IR (KBr, cm-1): 3059 (w, Caryl-H), 2957, 2925 and 2857 (vs, -CH2- and -CH3), 2190 (w, 

disubst. -C≡C-), 1676 (vs, -CHO), 1600 (vs, -C=Caryl-), 1382 (vs, -CH3), 1281 and 1207 

(vs, Caryl-OR). 

1H-NMR (400 MHz, CDCl3, δ/ppm): 10.52 (s, 2H, CHO), 8.82 (d, 4H, Canthracenyl-H), 7.67 

(d, 4H, Canthracenyl-H), 7.43 (s, 2H, Caryl-H), 7.32 (s, 2H, Caryl-H), 4.07 (t, 8H, -OCH2-), 

2.04- 1.85 (m, 4H, -CH2-), 1.32-1.22 (m, 32H, -CH2-), 0.95- 0.88 (m, 24H, -CH3).  

13C-NMR (100 MHz, CDCl3, δ/ppm): 189.09 (-CHO), 155.67 and 153.99 (Caryl-OR), 

127.44 (Canthracenyl-C=), 132.18 and 126.95 (Canthracenyl-H), 125.07 (Caryl-CHO), 120.16 

(Canthracenyl-C≡C-), 118.88 (Caryl-C≡C-), 117.11 and 109.29 (Caryl), 98.98 and 94.32 (-

C≡C-), 71.57 and 71.52 (-OCH2-), 39.54, 39.41 (-CH-); 30.64, 30.24, 29.11, 28.95, 

24.00, 23.67, 23.00 (-CH2-), 14.08, 13.99 (-CH3-hexyl), 11.24, 10.90 (-CH3-ethyl).    

3a.3.1.3 Synthesis of 9,10-bis[(4-formyl-2-(2´-ethylhexyloxy)-5-

methoxy)phenylethynyl]anthracene (6c) 

3a.3.1.3.1 Synthesis of 5-(2-ethylhexyloxy)-4-ethynyl-2-methoxybenzaldehyde (5c) (a 

precursor in the synthesis of 6c) 

5-(2-Ethylhexyloxy)-4-ethynyl-2-methoxybenzaldehyde was synthesized by using 

the procedure described in the section 3a.3.1.1, starting with 4-methoxy phenol, 

following the same sequence of reactions- iodination, alkylation, mono-formylation, 

ethynylation and de-silylation. 

Yield: 8.0 g (98 %).  

1H-NMR (400 MHz, CDCl3, δ/ppm):10.41 (s,1H, CHO), 7.30 (s, 1H, Ar-H), 7.07 (s, 1H, 

Ar-H), 3.90 (d, 2H, -OCH2), 3.89 (s, 3H, -OCH3), 3.45 (s, 1H, -C≡CH), 1.76 (m, 1H, -

CH-), 1.58–1.32 (m, 8H, -CH2-), 0.93 (t, 6H, -CH3).  

13C-NMR (100 MHz, CDCl3, d/ppm): 188.72 (CHO), 155.20, 154.35 (Ar-OR), 124.82, 

118.73, 116.93, 109.79 (Ar), 84.32, 79.01 (C≡C), 71.58 (-OCH2), 56.88 (-OCH3), 38.96 

(-CH-), 30.15, 28.71, 23.58, 22.70 (-CH2-), 13.73 (-CH3 ethyl), 10.83 (-CH3 hexyl). 
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3a.3.1.3.2 Synthesis of 9,10-bis[(4-formyl-2-(2´-ethylhexyloxy)-5-

methoxy)phenylethynyl]anthracene (6c) 

The synthesis of 9,10-bis[(4-formyl-2-(2´-ethylhexyloxy)-5-

methoxy)phenylethynyl]anthracene was carried out under the same reaction conditions as 

described in the section 3a.3.1.1 by using 5-(2-ethylhexyloxy)-4-ethynyl-2-

methoxybenzaldehyde (5c). 

Yield: 1.52 g (74 %).  

1H-NMR (200 MHz, CDCl3, δ/ppm): 10.49 (s, 2H, CHO), 8.83-8.76 (m, 4H, Canthracenyl-

H), 7.70 - 7.63 (m, 4H, Canthracenyl-H), 7.43 (s, 2H, Caryl-H), 7.32 (s, 2H, Caryl-H), 4.06 (d, 

4H, -OCH2-), 4.02 (s, 6H, -OCH3), 1.97 (m, 2H, -CH-), 1.78 - 1.18 (m, 16H, -CH2-), 0.95 

(t, 6H, -CH3-ethyl), 0.82 (t, 6H, -CH3-hexyl).  

13C-NMR (100 MHz, CDCl3, δ/ppm): 189.01 (CHO), 155.81, 154.23 (Caryl-OR), 132.22, 

127.41, 126.98, 125.02, 120.16, 118.83, 116.34, 109.69 (Caryl), 98.95, 94.39 (C≡C), 71.70 

(-OCH2), 56.39 (-OCH3), 39.49 (-CH-), 30.30, 28.99, 23.74, 23.01 (-CH2-), 13.97 (-CH3-

ethyl), 10.93 (-CH3-hexyl). 

3a.3.2  Synthesis of bisphosphonates 

Typical synthetic procedure of bisphosphonates is exemplified by synthesizing 

2,5-bis((2-ethylhexyloxy)-p-xylylene-bis(diethylphosphonate) (14b). The synthesis 

involves 3 steps starting with hydroquinone as follows-  

3a.3.2.1 Synthesis of 2,5-bis((2-ethylhexyloxy)-p-xylylene-bis(diethylphosphonate) 

(14b) 

3a.3.2.1.1 Synthesis of 1,4-bis(2-ethylhexyloxy)benzene (12b) 

Into a 250 mL three-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar were added KOH powder (20.4 g, 0.36 mol) and dry DMSO (100 

mL) to form a suspension which was degassed for 1 h. Hydroquinone (10.00 g, 0.09 mol) 

and 2-ethylhexyl bromide (36.9 g, 0.18 mol) were then added into the suspension. The 

reaction mixture was stirred for 3 h at room temperature and finally poured into 500 mL 

ice water. The organic layer was collected and the aqueous layer was extracted with 

hexane (3 x200 mL). The combined organic layers were dried over Na2SO4, and the 

solvent was evaporated to give a yellow oil. The impure oily product was then purified by 

vacuum distillation to yield a colourless liquid. 
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Yield: 24.0 g, (78 %). 

Boiling point: 165 °C (0.05 Torr) 

1H-NMR (400 MHz, CDCl3, δ/ppm): 6.89 (4H, s, Ar-H), 3.86 (4H, d, -OCH2-), 1.76 (2H, 

m, -CH-), 1.54-1.34 (16H, m, -CH2-), 0.98 (12H, t, -CH3). 

3a.3.2.1.2 Synthesis of 1,4-bis-bromomethyl-2,5-bis-(2-ethylhexyloxy)-benzene (13b) 

Into a 250 mL three-necked round bottom flask equipped with a reflux condenser, 

an addition funnel and a magnetic stir bar were added 1,4-bis((2-ethylhexyl)oxy)benzene 

(12 g, 0.036 mol), paraformaldehyde (15.14 g, 0.504 mol),  NaBr (18.52 g, 0.18 mol) and 

glacial acetic acid (100 mL) to form a suspension. The reaction mixture was heated at 80 

°C for 30 min to get homogenous mixture. Then, a mixture of concentrated sulfuric acid 

(18 mL) and glacial acetic acid (18 mL) was added dropwise and the reaction mixture 

was stirred at 80 °C for 4 h. After the reaction was cooled, the precipitate was filtered off, 

washed several times with water, and recrystallized from hexane to obtain white 

crystalline solid product.  

Yield: 13.3 g (91 %). 

Melting point: 63-64 °C.  

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.86 (2H, s, Ar-H), 4.53 (4H, s, Ar-CH2-Br), 3.90 

(4H, d, -OCH2-), 1.76 (2H, m, -CH-), 1.56-1.32 (16H, m, -CH2-), 0.95 (12H, t, -CH3).   

3a.3.2.1.3 Synthesis of 2,5-bis((2-ethylhexyl)oxy)-p-xylylene-bis(diethylphosphonate) 

(14b) 

Into a 50 mL single-necked round bottom flask equipped with distillation 

condenser and a magnetic stir bar were added triethyl phosphite (12.41 g, 74.7 mmol) and 

1,4-bis-bromomethyl-2,5-bis-(2-ethyl-hexyloxy)-benzene (13 g, 24.9 mmol). The 

reaction mixture was allowed to heat slowly to 160 °C, and the evolving ethyl bromide 

was distilled off simultaneously. After 5 h, vacuum was applied for 1 h at 180 °C to 

remove the remaining triethyl phosphite. The resulting oil was dried under vacuum.  

Yield: 15.7 g (99 %).  

Melting point: 18-20°C.  

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.94 (2H, s, Ar-H), 3.95 (8H, m, -OCH2- on 

phosphonate group), 3.81 (4H, d, -OCH2- on ethylhexyl side chain), 3.22 (4H, d, Ar-CH2-
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P), 1.75-1.21 (18H, m, -CH2- and -CH-), 1.16 (12H, -CH3 on phosphonate group), 0.87 

(12H, -CH3 on ethylhexyl side chain).  

3a.3.2.2 Synthesis of 2,5-dioctyloxy-p-xylylene-bis(diethylphosphonate) (14a) 

3a.3.2.2.1 Synthesis of 1,4-dioctyloxybenzene (12a) 

The synthesis of 1,4-dioctyloxybenzene was carried out under the same reaction 

conditions as described in the section 3a.3.2.1.1 by using hydroquinone and 1-

bromooctane. 

Yield: 50.0 g (76 %).  

Melting point: 48-51 °C.  

1H-NMR (400 MHz, CDCl3, δ/ppm): 6.80 (4H, s, Ar-H), 3.86 (4H, t, -OCH2-), 1.76 (4H, 

m, -CH2-), 1.54-1.34 (20H, m, -CH2-), 0.96 (6H, t, -CH3). 

3a.3.2.2.2 Synthesis of 1,4-bis(bromomethyl)-2,5-dioctyloxybenzene (13a) 

The synthesis of 1,4-bis(bromomethyl)-2,5-dioctyloxybenzene was carried out 

under the same reaction conditions as described in the section 3a.3.2.1.2 by using 1,4-

dioctyloxybenzene. 

Yield: 26 g (85 %),  

Melting point: 83-84 °C.  

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.77 (2H, s, Ar-H), 4.50 (4H, s, Ar-CH2-Br), 3.97 

(4H, t, -OCH2-), 1.76 (4H, m, -CH2-), 1.46-1.29 (20H, m, -CH2-), 0.92 (6H, t, -CH3). 

3a.3.2.2.3 Synthesis of 2,5-dioctyloxy-p-xylylene-bis(diethylphosphonate) (14a) 

 The synthesis of 2,5-dioctyloxy-p-xylylene-bis(diethylphosphonate) was carried 

out under the same reaction conditions as described in the section 3a.3.2.1.3 by using 1,4-

bis(bromomethyl)-2,5-dioctyloxybenzene. The product was purified by recrystallisation 

with diethyl ether. 

Yield: 25 g (76 %).  

Melting point: 50-52 °C.  

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.84 (2H, s, Ar-H), 3.95 (8H, m, -OCH2- on 

phosphonate group), 3.84 (4H, t, -OCH2- on octyl side chain), 3.15 (4H, d, Ar-CH2-P), 

1.21-1.75 (24H, m, -CH2-), 1.16 (12H, -CH3 on phosphonate group), 0.87 (6H, -CH3 on 

octyl side chain). 

3a.3.2.3 Synthesis of 2,5-didecyloxy-p-xylylene-bis(diethylphosphonate) (14d) 
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3a.3.2.3.1 Synthesis of 1,4-didecyloxybenzene (12d) 

The synthesis of 1,4- didecyloxybenzene was carried out under the same reaction 

conditions as described in the section 3a.3.2.1.1 by using 1-bromodecane. 

Yield: 51.5 g, (90 %).  

Boiling point: 64-66 °C. 

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.81 (4H, s, Ar-H), 3.88 (4H, t, -OCH2-), 1.76 (4H, 

m, -CH2-), 1.54-1.16 (28H, m, -CH2-), 0.90 (6H, t, -CH3). 

3a.3.2.3.2 Synthesis of 1,4-bis(bromomethyl)-2,5-didecyloxybenzene (13d) 

The synthesis of 1,4-bis(bromomethyl)-2,5-didecyloxybenzene was carried out 

under the same reaction conditions as described in the section 3a.3.2.1.2 by using 1,4- 

didecyloxybenzene. 

Yield: 12.1 g, (85 %).  

Boiling point: 90-92 °C.  

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.80 (2H, s, Ar-H), 4.51 (4H, s, Ar-CH2-Br), 3.96 

(4H, t, -OCH2-), 1.75 (4H, m, -CH2-), 1.52-1.21 (28H, m, -CH2-), 0.88 (6H, t, -CH3). 

3a.3.2.3.3 Synthesis of 2,5-didecyloxy-p-xylylene-bis(diethylphosphonate) (14d) 

 The synthesis of 2,5-didecyloxy-p-xylylene-bis(diethylphosphonate) was carried 

out under the same reaction conditions as described in the section 3a.3.2.1.3 by using 1,4-

bis(bromomethyl)-2,5-didecyloxybenzene. The product was purified by recrystallisation 

from diethyl ether. 

Yield: 6.94 g (97 %).  

Melting point: 54-55 °C. 

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.88 (2H, s, Ar-H), 3.99 (8H, m, -OCH2- on 

phosphonate group), 3.88 (4H, t, -OCH2- on decyl side chain), 3.19 (4H, d, Ar-CH2-P), 

1.78-1.18 (32 H, m, -CH2-), 1.16 (12H, -CH3 on phosphonate group), 0.87 (6H, -CH3 on 

decyl side chain). 

3a.3.2.4 Synthesis of 5-(2-ethylhexyloxy)-2-methoxy-p-xylylenebis 

(diethylphopsphonate) (14c) 

3a.3.2.4.1 Synthesis of 1-(2-ethylhexyloxy)-4-methoxybenzene (7) 

Into a 250 mL three-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar were added KOH powder (44.89 g, 800 mmol) and dry DMSO 
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(300 mL) to form a suspension which was degassed for 1 h. 4-Methoxyphenol (20.0 g, 

161 mmol) was added in one portion and 2-ethylhexylbromide (42 mL, 243.6 mmol) was 

added dropwise over a period of 30 min to the solution. The reaction mixture was stirred 

at room temperature for 60 h and finally poured into ice water (1000 mL). The organic 

layer was collected and the aqueous layer was extracted with hexane. The combined 

organic layers were dried over Na2SO4 and the solvent was evaporated to give an orange 

oil. Distillation under reduced pressure yielded a colorless liquid. 

Yield: (34.97 g, 92 %).  

1H-NMR (200 MHz, CDCl3, δ/ppm):  6.86 (s, 2H, Ar-H), 6.87 (s, 2H, Ar-H), 3.81 (d, 2H, 

-OCH2), 3.82 (s, 3H, -OCH3), 1.74 (heptet, 1H, -CH), 1.62–1.33 (m, 8H, -CH2), 0.96 (t, 

6H, -CH3). 

3a.3.2.4.2  1,4-Bis(bromomethyl)-5-(2-ethylhexyloxy)-2-methoxybenzene (13c) 

Into a 250 mL three-necked round bottom flask equipped with a nitrogen gas 

inlet, a reflux condenser and a magnetic stir bar were added 1-(2-ethylhexyloxy)-4-

methoxybenzene (25 g, 0.105 mol), paraformaldehyde (15 g, 0.5 mol), acetic acid (50 

mL), and 30% HBr in acetic acid (50 mL). The reaction mixture was degassed under 

nitrogen for 30 min and then was heated at 80 °C for 4 h. After cooling to room 

temperature, the reaction mixture was diluted with chloroform (100 mL), washed with 

water and aqueous NaHCO3. The chloroform extract was dried over Na2SO4 and 

concentrated under reduced pressure. The product was purified by recrystallisation from 

hexane. 

Yield: 35.5 g (80 %),  

Melting point: 81-82 °C.  

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.86 (s, 2H, Ar-H), 4.53 (s, 4H, Ar-CH2-Br), 3.86 

(s, 5H, -OCH2, -OCH3), 1.8-0.8 (m, 15H, CH3).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 151.09, 151.04, 127.54, 127.40, 114.37, 113.85, 

71.02, 56.32, 39.68, 30.72, 29.19, 28.76, 28.70, 24.10, 23.12, 14.17, 11.33. 

3a.3.2.4.3 Synthesis of 5-(2-ethylhexyloxy)-2-methoxy-p-xylylenebis 

(diethylphopsphonate) (14c) 

 The synthesis of 14c was carried out under the same reaction conditions as 

described in the section 3a.3.2.1.3 by using 13c.  
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Yield: 5.60 g (90 %).  

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.87 (2H, s, Ar-H), 3.95 (8H, m, -OCH2- on 

phosphonate group), 3.84 (4H, t, -OCH2, -OCH3), 3.19 (4H, d, Ar-CH2-P), 1.77-1.19 (8H, 

m, -CH2-), 1.16 (12H, -CH3 on phosphonate group), 0.87 (6H, -CH3 on 2-ethylhexyl 

chain). 

3a.3.3  Synthesis of AnE-PV polymers 

3a.3.3.1 Synthesis of polymer AnE-PVab: Typical procedure 

Into a 100 mL three-necked round bottom flask equipped with a nitrogen gas 

inlet, a reflux condenser and a magnetic stir bar were added 9,10-bis[(4-formyl-2,5-

dioctyloxy)phenylethynyl]anthracene (400 mg, 0.42 mmol), 1,4-bis-bromomethyl-2,5-

bis-(2-ethylhexyloxy)-benzene (240 mg, 0.42 mmol) and dry toluene (40 mL). The 

reaction mixture was stirred vigorously under nitrogen atmosphere and was heated to 

reflux and then potassium-tert-butoxide (188 mg, 1.68 mmol) was added into it. After the 

addition of potassium-tert-butoxide the solution became successively darker and thicker. 

The reaction mixture was allowed to stir vigorously under reflux in nitrogen atmosphere 

for 3 h. Then the reaction mixture was cooled down, 15 mL toluene was added, and the 

reaction was quenched with 5 % aqueous HCl. The organic phase was separated and 

washed several times with distilled water until the aqueous phase became neutral. The 

remaining water was removed by heating using a Dean-Stark apparatus. The resulting 

toluene solution was filtered, evaporated under vacuum to small amount, and precipitated 

in methanol. The polymer was filtered and Soxhlet extracted with methanol/diethyl ether 

for 10 h, dissolved in small amount of toluene, reprecipitated in methanol, and dried 

under vacuum. Polymer was obtained as a purple-red solid.  

Yield: 559 mg (85 %).  

IR (KBr, cm-1): 3057 (w, Ar-H), 2923 and 2852 (s, CH3 and -CH2-), 2184 (w, 

disubstituted -C≡C-), 1597 (w, aryl-C=C-), 1203 (s, Ar-OR), 971 (m, trans -CH=CH-). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 8.84, 7.60-7.51, 7.19 and 6.91-6.84 (18H, -arylene 

and vinylene protons), 4.20-3.62 (12H, m, -OCH2-), 2.05-0.84 (90H, m, -CH2- and -CH3). 

13C-NMR (200 MHz, CDCl3, δ/ppm): 154.56, 150.54, 132.07, 127.59, 126.47, 116.95 

(arylene and vinylene C’s), 99.45 (-C≡C-), 69.71, 69.55, 69.35 (-OCH2-), 39.21 (-CH-), 

31.89, 31.87, 29.70, 29.53, 29.47, 29.34, 29.29, 26.22, 22.66, 14.07(-CH2- and -CH3). 
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3a.3.3.2 Synthesis of polymer AnE-PVad: 

 The synthesis of AnE-PVad was carried out under the same reaction conditions as 

described in the section 3a.3.3.1 by using 9,10-bis[(4-formyl-2,5-

dioctyloxy)phenylethynyl]anthracene (6a) and 2,5-didecyloxy-p-xylylene-

bis(diethylphosphonate) (14d). 

Yield: 300 mg, 90 %. 

IR (KBr, cm-1): 3057 (w, Ar-H), 2921, 2852 (s, -CH2- and - CH3), 2186 (w, disubstituted-

C≡C-), 1595 (w, aryl-C=C-), 1200 (vs, Ar-OR), 967 (s, trans -CH=CH-). 

1H NMR (200 MHz, CDCl3, δ/ppm): 8.87, 7.64-7.58 and 6.87 (18H, arylene and vinylene 

H´s); 4.12-3.70 (12H, m, -OCH2-), 1.92-0.85 (98H, m, -CH2- and -CH3).  

3a.3.3.3 Synthesis of polymer AnE-PVba: 

 The synthesis of AnE-PVba was carried out under the same reaction conditions as 

described in the section 3a.3.3.1 by using 9,10-bis[(4-formyl-2,5-bis(2-

ethylhexyloxy)phenylethynyl]anthracene (6b) and 2,5-dioctyloxy-p-xylylene-

bis(diethylphosphonate) (14a). 

Yield: 710 mg (53 %).  

IR (KBr, cm-1): 3058 (w, Ar-H), 2955, 2923 and 2856 (s, -CH2- and -CH3), 2185 (w, 

disubst.-C≡C-), 1620 and 1598 (w, aryl-C=C-), 1200 (s, Ar-OR), 968 (s, trans –CH=CH-

). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 8.83, 7.58-7.53, 7.18 and 6.86-6.80 (18H, arylene 

and vinylene H´s); 4.05-3.62 (12H, m, -OCH2-); 1.82-0.89 (90H, m, -CH2- and -CH3).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 154.11, 150.56, 150.09, 131.57, 128.65, 126.02, 

118.35, 116.43, 111.96, 109.08 (arylene and vinylene carbons), 99.48 (-C≡C-), 71.41, 

71.20, 70.96, 68.94, 68.84 68.63 (-OCH2-), 39.16 (-CH-), 30.47, 30.19, 29.95, 29.17, 

28.71, 28.59, 28.34 25.71, 23.56, 23.31, 22.68, 22.52, 21.58 (-CH2-), 13.65, 13.47, 

11.63(-CH3).  

3a.3.3.4 Synthesis of polymer AnE-PVbb: 

The synthesis of AnE-PVbb was carried out under the same reaction conditions as 

described in the section 3a.3.3.1 by using 9,10-bis{[2,5-di(2-ethylhexyloxy)-4-

formyl]phenyl]-ethynyl}anthracene (6b) and 2,5-di(2-ethylhexyloxy)-p-xylylene-

bis(diethylphopsphonate) (14b) 
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Yield: 635 mg (94 %). 

IR (KBr, cm-1): 3058 (w, Ar-H), 2956, 2923, 2870 and 2857 (s, -CH2- and -CH3), 2186 

(w, disubstituted-C≡C-), 1620 and 1598 (w, aryl-C=C-), 1200 (vs, Ar-OR), 967 (s, trans-

CH=CH-). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 8.86-8.82, 7.63-7.56 and 6.85-6.81 (18H, arylene 

and vinylene H´s), 4.05-3.63 (12H, -OCH2-), 2.05-0.84 (90H, -CH2- and -CH3).  

3a.3.3.5 Synthesis of polymer AnE-PVcc: 

The synthesis of AnE-PVcc was carried out under the same reaction conditions as 

described in the section 3a.3.3.1 by using 9,10-bis[(4-formyl-2-(2´-ethylhexyloxy)- 5-

methoxy)phenylethynyl]anthracene (6c) and 5-(2-ethylhexyloxy)-2-methoxy-p-

xylylenebis (diethylphopsphonate) (14c) 

Yield: 860 mg (86 %).  

IR (KBr, cm-1): 3056 (w, Ar-H), 2954, 2924 and 2857 (s, -CH2- and -CH3), 2186 (w, 

disubstituted -C≡C-), 1594 (w, aryl-C=C-), 1200 (vs, Ar-OR), 965 (s, trans-CH=CH-). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 8.84 and 7.64 (8H, Canthracene-H); 6.93-6.79 (8H, 

phenylene and vinylene H´s); 4.01 (6H, -OCH2-); 3.59-3.54 (9H, -OCH3), 2.00-0.85 

(45H, -CH2- and -CH3).  

3a.4  RESULTS AND DISCUSSION 

3a.4.1  Synthesis of dialdehydes 

3a.4.1.1 Synthesis of dialdehydes bearing symmetric side chains on phenyl rings (6a, 

6b) 

The six-step route for the synthesis of symmetric anthracene-containing 

dialdehydes (6) from hydroquinone is depicted in Scheme 3a.1.  Hydroquinone was first 

brominated with bromine in acetic acid to yield compound 1 which on alkylation with 

corresponding alkyl bromide under basic conditions gave compound 2. Compound 2 

underwent Bouveault formylation35,36 in the presence of n-butyllithium and N,N-

dimethylformamide in ether to yield monoformylated compound 3. Small amount of 

bisformylated product was separated by flash column chromatography using 

toluene:hexane (1:1, v/v) mixture as an eluent. Compound 4 was obtained by reaction of 

3 with trimethylsilylacetylene in diisopropylamine, in the presence of catalysts 
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Pd(PPh3)2Cl2 and CuI. Subsequent desilylation of 4 with KF in THF: methanol mixture 

afforded compound 5 along with Glaser coupling product (diyene) which was separated 

by column chromatography using toluene:hexane (1:1, v/v) mixture as an eluent. The 

target monomer i.e. anthracene-containing dialdehyde (6) was obtained by Heck–Cassar–

Sonogashira–Hagihara Pd-catalysed cross coupling reaction37,38 of compound 5 with 

9,10-dibromoanthracene. The dialdehyde was purified by column chromatography using 

toluene:hexane (1:1, v/v) mixture as an eluent. The chemical structures of all the 

intermediates were confirmed by IR, 1H and 13C NMR spectroscopy and HR-MS 

analysis. 

 

Scheme 3a.1 Synthesis of dialdehydes bearing symmetric side chains on phenyl rings. 

 1H-NMR spectrum of dialdehyde 6a is presented in Figure 3a.1. The peak due to 

aldehyde group was observed at 10.51 δ ppm. The presence of anthracene protons was 

confirmed by the appearance of two doublets at 8.81 δ ppm and 7.66 δ ppm. The 

aromatic protons on phenyl ring were observed as singlets at 7.42 δ ppm and 7.31 δ ppm. 

The CH2 proton, adjacent to O, on octyloxy side chain was observed as a triplet at 4.17 δ 

ppm. The remaining CH2 protons appeared in the range 1.15-2.04 δ ppm. Methyl protons 

appeared at 0.91 δ ppm. 
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Figure 3a.1 1H-NMR spectrum (CDCl3) of 9,10-bis[(4-formyl-2,5-

dioctyloxy)phenylethynyl]anthracene (6a). 

Figure 3a.2 13C-NMR spectrum (CDCl3) of 9,10-bis[(4-formyl-2,5-

dioctyloxy)phenylethynyl]anthracene (6a). 
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 13C-NMR spectrum of dialdehyde 6a is presented in Figure 3a.2. The carbonyl 

carbon of aldehyde group was observed at 189.11 δ ppm. The carbon atoms on phenyl 

ring which are directly attached to oxygen atom of alkoxy chain were observed at 155.60 

δ ppm and 154.01 δ ppm and those which are directly attached to ‘CHO’ appeared at 125  

δ ppm. The carbon atoms on anthracene appeared in the range of 120.21-132.25 δ ppm. 

The carbon atoms on phenyl ring which are attached to ‘C≡C’ resonated at 118.88 δ ppm. 

Remaining phenyl carbon atoms were observed at 117.04 δ ppm and 109.36 δ ppm. The 

acetylene carbon atoms appeared at 99.04 δ ppm and 94.61 δ ppm. The methylene carbon 

atoms adjacent to oxygen atom alkoxy chain appeared at 69.47 δ ppm and 69.35 δ ppm. 

The methylene and methyl carbon atoms on side chains appeared in the range 31.79-

14.07 δ ppm. 

3a.4.1.2 Synthesis of dialdehydes bearing asymmetric side chains on phenyl rings 

(6c) 

 The six-step route for the synthesis of dialdehydes bearing asymmetric side chains 

on phenyl rings (6c) starting from 4-methoxy phenol is depicted in Scheme 3a.2.The 

synthetic procedure is similar to that of dialdehydes bearing symmetric side chains except 

first two steps.39 In the first step, 4-methoxy phenol was alkylated with 2-ethylhexyl to 

form 7 which on subsequent iodination yielded diiodo derivative 8. Compound 8 then 

underwent same reaction sequence as that described in 3a.4.1 to give final dialdehyde 6c.  

 

Scheme 3a.2 Synthesis of dialdehydes bearing asymmetric side chains on phenyl rings 

(6c). 

1H-NMR and 13C-NMR spectra of dialdehyde 6c (asymmetric side chains) is 

similar to that of dialdehyde 6b (symmetric side chains), except one extra peak due to 
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methoxy group (-OCH3) at 4.02 δ ppm in 1H-NMR spectrum and at 56.39 δ ppm in 13C- 

NMR spectrum. 

 

3a.4.2 Synthesis of bisphosphonates (14)  

The three-step route for the synthesis of symmetric bisphosphonates (14) from 

hydroquinone and asymmetric bisphosphonate (14c) from 4-methoxy phenol is depicted 

in Scheme 3a.3. Hydroquinone /4-methoxy phenol was first alkylated with corresponding 

alkyl bromide to obtain the alkyloxy derivatives 12 or 7, respectively. In the second step, 

12 and 7 were bromomethylated using NaBr/H2SO4 and paraformaldehyde to yield 13 

and 13c, respectively. Finally, the bis(bromomethyl) derivatives 13 and 13c were 

converted to corresponding bisphosphonate esters 14 and 14c by the Michealis-Arbuzov 

reaction.40  

 

Scheme 3a.3 Synthesis of bisphosphonates. 

 1H-NMR spectrum of bisphosphonate 14b is presented in Figure 3a.3. The 

aromatic protons appeared as singlet at 6.94 δ ppm. Methylene protons on phosphonate 

group which are directly attached to oxygen atom resonated at 3.95 δ ppm. Methylene 

protons on 2-ethylhexyl chain which are directly attached to oxygen atom appeared at 

3.81 δ ppm. Methylene protons which are attached to phosphonate group (Ar-CH2-P) 

appeared as doublet at 3.22 δ ppm. The remaining methylene protons (-CH2-) and -CH- 

protons observed in the range of 1.75-1.21 δ ppm. Methyl protons on phosphonate group 

appeared as triplet at 1.16 δ ppm. Methyl protons on 2-ethylhexyl chain appeared at 0.87 

δ ppm. 

 1H-NMR spectra of intermediates produced during the synthesis of 

bisphosphonate 14b is provided in supporting information.  
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Figure 3a.3 1H-NMR spectrum (CDCl3) of 2,5-bis(2-ethylhexyloxy)-p-xylylene-

bis(diethylphosphonate) (14b).  

3a.4.3 Synthesis of AnE-PV polymers 

 The AnE-PPV polymers were synthesized by Horner-Wadsworth-Emmons 

(HWE) polycondensation reaction of dialdehydes 6a-b with bisphosphonates 14a-d in 

toluene, in the presence of an excess of potassium tert-butoxide. The synthesis is depicted 

in Scheme 3a.4. This method was first introduced by Hörhold et al,41 and is particularly 

advantageous because it provides defect-free polymers and the newly formed double 

bonds have all-trans (E) configuration. Horner-Wadsworth-Emmons polycondensation 

method shows very high reactivity, consequently, high molecular weight polymers are 

formed in relatively short reaction time. 
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Scheme 3a.4 Synthesis of AnE-PV polymers. 

 FT-IR spectrum of polymer AnE-PVab showed medium intensity absorption band 

at 917 cm-1 due to newly formed trans double bond which confirmed formation of 

polymer. The two weak bands at 2184 cm-1 and 1597 cm-1 corresponds to disubstituted -

C≡C- and aryl-C=C- stretching frequency, respectively. Strong band at 1203 cm-1 is due 

to aromatic C-O stretch which confirmed the presence of alkoxy chains. Weak band at 

3057 cm-1 and strong bands at 2923 cm-1, 2852 cm-1 correspond to aromatic and aliphatic 

C-H stretch, respectively.  

 

Figure 3a.4 1H-NMR spectrum (CDCl3) of polymer AnE-PVab. 
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1H-NMR spectrum of polymer AnE-PVab is presented in Figure 3a.4. The peak 

at 8.84 δ ppm was observed for four anthracene protons. Remaining four anthracene 

protons and vinylene protons appeared in the range of 7.60-7.51 δ ppm. The other 

aromatic protons appeared in the range of 6.84-7.19 δ ppm. Methylene protons on side 

chains which are attached to oxygen atom appeared in the range of 4.20-3.62 δ ppm. 

Remaining methylene and methyl protons appeared in the range of 2.05-0.88 δ ppm. 

Five different anthracene-containing poly(p-phenylene-ethynylene)-alt-poly(p-

phenylene-vinylene) (PPE-PPV) copolymers denoted as AnE-PV were synthesized and 

characterized. The copolymers differ in the nature (linear/branched) and length of the 

side chains appended on the polymer backbone. The side chains were systematically 

varied as- solely linear (AnE-PVaa, -ad), solely branched (AnE-PVbb) and mixed linear 

and branched (AnE-PVab, -ba, -cc) alkoxy side chains. In the polymer AnE-PVcc, the 

side chain density was reduced compared to the polymers AnE-PVab and -bb by partly 

replacing the branched side chains by methyl groups. All the polymers were found to be 

soluble in organic solvents such as chloroform, dichloromethane, tetrahydrofuran, toluene 

and chlorobenzene at room temperature. Soluble polymers were obtained with the yields 

in the range 53 % and 94 %.  

Molecular weights of polymers were determined by gel permeation 

chromatography (GPC) in chloroform using polystyrene as the standard. The data 

obtained from GPC and thermogravimetric analysis (TGA) is summarised in Table 3a.1. 

Number average molecular weights were in the range 15.8- 47.5 kg/mol. Dispersities 

were in the range of 1.9– 3.5. Figure 3a.5 shows TGA curves for various polymers. 

Thermal degradation under air at 10% weight loss (T10%) were recorded between 317 and 

351 °C  
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Table 3a.1 Data obtained from GPC and TGA studies. 

 

 

 

 

 

 

 

 

 

 

 

a: Mn= number-average molecular weight, b: Mw= weight-average molecular weight, c: T10% 

=decomposition temperatures at 10% weight loss 
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Figure 3a.5 TG curves of polymers. 

 

3a.4.4 Thermal properties of AnE-PV polymers 

DSC measurements were carried out to study the transitions occurring in the 

polymers as a function of temperature. The temperature was varied from 0 to 250 °C with 

a heating/cooling rate of 10 K/min. Two heating-cooling cycles were performed on each 

Polymer Mn 

(kg/mol)a 

Mw 

(kg/mol)b 

Dispersity 

(Mw/Mn) 

T10% /°Cc 

AnE-PVab 40.0 141.6 3.5 317 

AnE-PVad 19.3 54.0 2.8 351 

AnE-PVba 25.5 77.8 3.0 348 

AnE-PVbb 15.8 47.2 2.9 346 

AnE-PVcc 47.5 91.9 1.9 317 
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sample. The DSC thermograms obtained during the first heating run and a summary of 

the transition temperatures are provided in Figure 3a.6 and Table 3a.2, respectively.  
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Figure 3a.6 DSC thermograms (heat flow dH/dt as a function of temperature T) obtained 

during the first heating run. Data graphs are shifted along the y-axis for better visibility. 

Table 3a.2 Transitions temperatures determined from the peak maxima of the DSC 

thermograms. 

Polymer 1st T/°C 2nd T/°C 3rd T/°C 

AnE-PVad 59  215 

AnE-PVab 58  221 

AnE-PVba 67   

AnE-PVbb 53   

AnE-PVcc 54 88 231 

In the first heating cycle, the as synthesized polymer samples (powders) showed 

an endothermic transition at low temperature (53°C-67°C) and a broad exothermic 

transition at temperatures between 170°C and 250°C. No transitions were visible in the 

subsequent heating and cooling cycles. These solid-solid phase transitions were presumed 

to originate from melting of the side chains (low temperature transition) and from 

backbone-reorganization/crystallization (high temperature transition), respectively. Since 

these transitions were not seen in the subsequent DSC cooling and heating runs they 
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might result from non-equilibrium structures, frozen in during the preparation process. 

The low-temperature transitions were absent in the subsequent runs, indicating that, the 

side chains are most likely amorphous in the equilibrium structure. The transitions at high 

temperatures leads to an improved interlayer stacking which is preserved during cooling 

the sample back to room temperature and therefore can be presumed to be the equilibrium 

structure. These results are further supported by the X-ray scattering experiments. 

3a.4.5  Wide-Angle X-ray Scattering Analysis 

WAXS experiments were performed on the powder samples as well as on aligned 

fiber samples. The determination of the π-π stacking distance (dπ-π) was done as per the 

literature.25 WAXS experiments were performed on the powdered samples at different 

temperatures in order to study the effect of annealing on the structural properties.  

Measurements were done at room temperature, (1), at 100 °C that is above the side chain 

melting temperature, (2), and at 210 °C where the polymers are known to undergo 

backbone reorganization, (4). The samples were cooled down back to room temperature 

and measured again after each annealing step (3) and (5). Figure 3a.7 depicts WAXS 

spectra taken at different steps of the annealing for powdered samples of various 

polymers.  

The WAXS experiments (combination of powder and filament experiments) 

reveal that the polymers AnE-PVad, -ab bearing linear octyl side chains at R1 and R2 on 

the more rigid part of the conjugated backbone (AnE segment), arrange in a stacked 

structure. This layered structure comprises π-π-stacks of the backbones (dπ-π) which are 

separated by interlayers (dinter) built by the side chains. A sketch of the layered structure 

of the non-amorphous AnE-PV polymers is provided in Figure 3a.8. The first sharp 

Bragg peak originates from interlayer stacking (Figure 3a.7). The interlayer distance 

(dinter) can be obtained from the positions of the Bragg-peaks. The peak intensity as well 

as the widths of the Bragg-peaks can be taken as a measure of the degree of order.25 

Correlations along the backbone direction, contributions from the (amorphous) side 

chains as well as from π-π-stacking all appear as broad peaks in the same q region- 10 

nm-1- 18 nm-1.  
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Figure 3a.7 WAXS results for powder samples after different annealing steps. 
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Figure 3a.8 A sketch of the layered structure of AnE-PV polymers. 

The degree of order increases when the samples are annealed at temperatures 

above the side chain melting temperature and backbone reorganization temperature. An 

enhanced order can be preserved if the sample is cooled back to room temperature 

(Figure 3a.6). For the polymers with all linear substitution (AnE-PVad) annealing results 

in an increase in the degree of order. The samples AnE-PVab containing bulky 2-

ethylhexyl side chains exhibit a smaller improvement of the order at room temperature in 

response to annealing. The polymers AnE-PVba and AnE-PVbb with bulky, branched 2-

ethylhexyl attached to the arylene-ethynylene segment exhibit only two broad peaks 

indicating no long-range order. The asymmetric substituted polymer AnE-PVcc (R1= 

R3=2-ethylhexyl and R2= R4=methyl), shows a distinct behavior. It is amorphous at 

temperatures up to about 100 °C. However, when the sample is annealed up to the 

backbone recrystallization temperature it reorganizes into a stacked structure. The degree 

of order can be preserved when the sample is cooled back to room temperature. 

Table 3a.3 summarizes the interlayer distances (dinter) and π-π-stacking distances 

(dπ-π), obtained for the non-amorphous samples from the WAXS fiber spectra. 
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Table 3a.3 Interlayer distance and π- π stacking distance from WAXS analysis 

 

For polymers bearing only linear side chains, AnE-PVad, the π-π-stacking 

distance was determined to be 0.38 nm. The presence of bulky, branched 2-ethylhexyl at 

R3 and R4 in AnE-PVab widened the stacking distance to 0.39 nm. This widening leads 

to better photovoltaic performance as reported in photovoltaic studies in this chapter. For 

the asymmetric substituted polymer AnE-PVcc two peaks were observed in the WAXS 

spectra which correspond to π-π-stacking distances of about 0.38 nm (as for the polymer 

AnE-PVad) and 0.34 nm, respectively. The appearance of two peaks might be due to the 

presence of two polymorphs. As the polymers AnE-PVba and AnE-PVbb were 

completely amorphous, they didn’t show any stacking. 

3a.4.6 Photophysical Study 

The photophysical data of polymers was measured in chloroform solution as well 

as on thin films spin coated from chloroform and chlorobenzene, respectively. Table 3a.4 

summarizes photophysical data which include wavelength at absorption maximum (λa), 

wavelength at which 10% of the absorption maximum is reached on the lower energy 

side (λa10%), the optical band gap energy42 (Eg
opt) calculated using 1240/λa10%, the 

wavelength at the emission maximum, λf. The absorption and emission spectra in dilute 

chloroform solution are depicted in Figure 3a.9. 

Polymer R1 R2 R3 R4 Aligned 

at 

[°C] 

Interlayer 

distance 

[nm] 

π- π 

stacking  

distance 

[nm] 
100°C 210°

C 

AnE-PVad Octyl Decyl 120 1.88 0.01 0.38 

AnE-PVab Octyl 2-Ethylhexyl 120 1.74 0.01 0.39 

AnE-PVba 2-Ethylhexyl Octyl - 1.57 1.61 - 

AnE-PVbb 2-Ethylhexyl 2-Ethylhexyl - 1.37 0.01 - 

AnE-PVcc 2-

EH 

Methyl 2-

EH 

Methyl 190 - 1.55 0.38, 

0.34 
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Figure 3a.9 The absorption and emission spectra of AnE-PV polymers in dilute 

chloroform solution 

In solution, polymers bearing only linear side chains, AnE-PVad, and those 

incorporating branched 2-ethylhexyl, AnE-PVi (i= ab, ba, bb, and cc) showed distinct 

behavior. The absorption spectra of AnE-PVad exhibited a shoulder at around 600 nm, 

which is ascribed to the formation of aggregates already in dilute solution. This aggregate 

formation was confirmed by recording temperature-dependent absorption spectra of AnE-

PVad in toluene (Figure 3a.10). Upon increasing the temperature from 20 to 80 °C, the 

shoulder band gradually disappeared with simultaneous blue shift of the absorption peak 

from 540 to 528 nm. Subsequent cooling from 80 to 20 °C resulted in an increase of the 

intensity and a red shift (λa=544 nm) of the main absorption peak. Moreover, the shoulder 

band was finally transformed into a real peak centered at 596 nm with enhanced intensity. 

This study demonstrated that the heating and cooling process induced an enhanced 

backbone planarization and stronger intermolecular interactions (aggregate formation) in 

polymer solution. Thus, this heating and cooling process might be useful to induce 

preorganization of polymers prior to the spin-coating step during solar cell preparation.  



 

Chapter 3a                                                         Anthracene containing poly(-p-arylene-ethynylene)-alt… 

Savitribai Phule Pune University                         82                             CSIR-National Chemical Laboratory 

 

 

Figure 3a.10 Temperature-dependent absorption spectra of AnE-PVad in toluene 

The absorption peak of the polymers AnE-PVba (λa=510 nm) and AnE-PVbb 

(λa=519 nm) bearing bulky 2-ethylhexyl at R1 and R2, i.e. close to the AnE unit, was 

blue-shifted relative to that λa ∼ 545 nm of the polymers AnE-PVi (i = ad, ab) bearing 

linear side chains (R1=R2=octyl) and the asymmetric substituted polymer AnE-PVcc 

(R1=2-ethylhexyl, R2=methyl) (Please refer Table 3a.4). This hypsochromic shift was 

due to the high sensitivity of the anthracene moiety to steric hindrances in its 

neighborhood.39,43,44 In the polymer AnE-PVcc the small methyl group obviously 

compensates for steric crowding induced by the bulky 2-ethylhexyl group at R2.  

Irrespective of the differences in the solution absorptive behavior, the optical band 

gap energies of all the polymers were found to be between 2.0 and 2.1 eV. The main 

emission peak for all polymers in solution was centered around λf =580 nm. 
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Table 3a.4 Photophysical data of AnE-PV polymers in solution and on thin films 

Polymers 

 

 

a [nm] 10% [nm] Eg
opt [eV] f [nm] 

AnE-PVab 546 584 2.12 579 

AnE-PVab a) 

AnE-PVab b) 

541, 570 622 1.99 622 

508, 583 687 1.80 624 

AnE-PVad 545 608 2.03 578 

AnE-PVad a) 

AnE-PVad b) 

544, 583 624 1.98 623, 673 

552, 590 650 1.91 

91 

621 

AnE-PVba 510 575 2.15 576 

AnE-PVba a) 

AnE-PVba b) 

507 596 2.08 602 

504 636 1.95 605 

AnE-PVbb 519 578 2.14 580 

AnE-PVbb a) 

AnE-PVbb b) 

521 610 2.03 598 

527 613 2.02 600 

AnE-PVcc 544 580 2.13 578 

AnE-PVcc a) 

AnE-PVcc b) 

540, 578 628 1.97 617 

532, 580 674 1.84 617 

Thin film spin coated from a) chloroform solution and b) chlorobenzene solution  

The absorption and emission spectra of the pristine polymer thin films of AnE-

PVad, ab, ba, and cc and of the corresponding polymer-PCBM blend layers (weight ratio 

1:1) are depicted in Figure 3a.11. The films were spin-coated from chlorobenzene. It was 

observed that, there is substantial quenching of photoluminescence in the blend due to 

photoinduced charge transfer from the polymer to PCBM.8,45–49 
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Figure 3a.11 Thin film absorption and emission spectra of polymers and polymer:PCBM 

(1:1) blends. 

 From the absorption spectra, polymers can be divided into two main groups: (1) 

polymers bearing linear side chains close to the AnE units (i.e., R1= R2 = octyl), AnE-PVi 

(i = ad, ab) and (2) polymers bearing bulky branched 2-ethylhexyl chain at R1 and R2, 

AnE-PVi (i = ba, bb). The first group showed well resolved absorption spectra, with main 

absorption bands consisting of two peaks at around 540 and 580 nm. The appearance of 

two peaks is indicative of improved ordering as confirmed by X-ray scattering 
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experiments from which the intermolecular π-π-stacking distance (dπ-π) and interlayer 

stacking distance (dinter) were determined. In contrast, the second group showed 

featureless peak (π-π* transition band). These results were consistent with the X-ray 

results which revealed that these polymers are amorphous in nature, showed no π-π-

stacking signal and no interlayer ordering. The absorption peak of these polymers was 

located around 505 and 520 nm for AnE-PVba and AnE-PVbb, respectively. The 

polymer AnE-PVcc bearing a small methyl- as well as a branched 2-ethylhexyl group 

close to AnE showed an intermediate behavior. The absorption band of AnE-PVcc was 

slightly structured in the pristine form, but becomes featureless in the blend.  

 The data in Table 3a.4 showed that the optical band gap energies (Eg
opt), were 

lower for thin films as compared to the solutions due to enhanced planarization and 

intermolecular interaction in the films. Optical band gap values were in the range of 1.8 

and 2.0 eV, the lower end being similar to the electrochemical ones (Table 3a.5). This 

variation of Eg
opt values might be related to differences in backbone coplanarity and film 

thickness.50 

3a.4.7 Electrochemical Study 

Electrochemical experiments were performed on thin polymer films spin coated 

from chlorobenzene solutions under inert condition by using cyclic voltammetry 

technique (CV).39 The ionization potential (HOMO), EIP, and electron affinity (LUMO), 

EA, were estimated from oxidation and reduction onset potentials on the basis of the 

reference energy level of ferrocene (4.8 eV below the vacuum level) using the equation 

EIP (EA)= -(E0- Eferr)- 4.8 eV, where Eferr is the value for ferrocene vs the Ag/Ag+ 

electrode. E0 values were obtained averaging the anodic and cathodic peak potentials, E0 

= (E pa+ E pc)/2. The EIP and EA values were evaluated from the first oxidation and 

reduction peaks of the cyclic voltamograms measured at scan rates of 20 and 50 mV/s. 

The CV curves are shown in the Supporting Information (Figure SI 3a.8) and the 

electronic data are summarized in Table 3a.5 (values for Eg
opt were included from Table 

3a.4 for comparison). The electrochemical band gap energy, Eg
elc for all polymers was 

around 1.80 eV. 
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Table 3a.5 Electrochemical data for polymer films spin-coated from chlorobenzene 

solution 

Polymer HOMO (eV) LUMO (eV) Eg
elc 

(eV) 

Eg
opt 

(eV) 

AnE-PVad 5.15 3.38 1.77 1.91 

AnE-PVab 5.17 3.37 1.80 1.80 

AnE-PVba 5.16 3.37 1.79 1.95 

AnE-PVbb 5.19 3.40 1.79 2.02 

AnE-PVcc 5.15 3.34 1.81 1.84 

 

3a.4.8  Charge carrier mobility measurements:  

Charge Extraction by Linearly Increasing Voltage (CELIV) method was used for 

charge carrier mobility studies. The CELIV method has been used successfully to study 

the charge transport in various disordered organic and inorganic semiconducting films. 34 

The main advantages of this method over time-of-flight (TOF) is that it allows to study 

films with various conductivities as well as with rather dispersive charge transport.51 In 

general, the planar organic field effect transistor (OFET) geometry provides information 

about the charge transport in parallel direction to the substrate plane.52 On contrary to 

this, CELIV measures charge transport in perpendicular direction to substrate plane.53 A 

laser pulse was used to photogenerate the charge carriers. After delay time of 100 ns, the 

applied triangle-shaped rising voltage pulse extracts the photogenerated charge carriers 

toward back electrode and the carrier mobility is determined from the extraction maxima. 

The CELIV current transients are shown in Figure SI 3a.9.  

Since the laser pulse was illuminating the positive electrode during the 

measurements, the photocurrent due to mobile holes was recorded and mobility of 

photogenerated holes was calculated from current transients. The hole mobility values are 

summarized in Table 3a.6. The values range from 1.5 x 10-5 cm2V-1s-1 (AnE-PVad) to 

4.5 x 10-4 cm2V-1s-1 (AnE-PVba). The amorphous polymers (AnE-PVbb, -ba), i.e. 

polymers bearing 2-ethylhexyl close to the AnE unit exhibited higher charge carrier 

mobilities than those with higher stacking tendency (AnE-PVad, -ab). This would 

suggest that π-π stacking might be detrimental to charge carrier mobility for this class of 
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polymers. Similar trends were previously observed in photoconductivity studies on PPE-

PPV materials. Higher photoconductivity values at lower threshold voltages were 

obtained for materials with less aggregation tendency. Decreasing aggregation tendency 

were achieved by incorporation of either very long linear octadecyl or bulky branched 2-

ethylhexyl side chains to the conjugated backbones.23 

Table 3a.6 Hole mobilities (hole) of polymers 

Polymer hole (cm2V-1s-1) 

AnE-PVad 1.69 x 10-5 

AnE-PVab 2.57 x 10-5 

AnE-PVba 4.52 x 10-4 

AnE-PVbb 1.53 x 10-4 

AnE-PVcc 9.22 x 10-5 

 

3a.4.9 Morphological Studies 

Tapping-mode atomic force microscopy (AFM) technique was used to investigate 

the kind and scale of phase separation present in the photoactive layers. For the study, 

polymer:PCBM (1:1) blends were spin-cast from chlorobenzene solution on glass slides 

and their topography was investigated by AFM. The AFM images are presented in 

Figure 3a.12.  
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Figure 3a.12 Tapping mode AFM images (area 2.5 x 2.5 μm2) for polymers. 

Polymers with linear side chains near the AnE unit (AnE-PVad, -ab) showed 

more coarse scale morphologies which is reflected by peak-to-valley variations between 

10 and 20 nm and by features indicating the formation of polymeric aggregates. On the 

other hand, polymers bearing branched side chains near the AnE unit (AnE-PVbb, -ba) 

exhibited fine scale morphologies resulting in rather flat topographies varying within 

only 3 nm. The asymmetrically substituted polymer AnEPVcc showed similar thin film 

morphologies as that for AnE-PVbb, -ba due to reduced side chain density. It was 

assumed that the higher crystallization tendency of the polymers AnE-PVad, -ab, resulted 

in more coarse scale thin film morphologies in polymer: PCBM blends. It is 

demonstrated in further discussion (in section 3a.4.8) that these more coarse grained film 

morphologies resulted in improved photovoltaic behavior by providing improved 

percolation paths and better charge transport for both type of charge carriers. 

3a.4.10 Photovoltaic Studies 

The solar cells were prepared by the configuration: glass substrate/ 

ITO/PEDOT:PSS/active layer/Al. Photovoltaic devices based on polymer:PCBM active 

layers with weight ratios of 1:1 and 1:2 were prepared and optimized by variation of 

solution concentration and film thickness. Figure 3a.13 depicts the current-voltage (IV) 
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curves of the solar cells based on polymer:PCBM (with weight ratios 1:1 and 1:2) active 

layers. A solar simulator (AM1.5, class A) was used for illumination. 

 

Figure 3a.13 J-V curves of solar cells incorporating polymer:PCBM active layers (with 

weight ratios 1:1 and 1:2). 

In Table 3a.7, are summarized the photovoltaic parameters obtained from 

current-voltage (J-V) measurements for all polymer: PCBM blends. These include the 

short circuit current, (JSC) the open circuit voltage (VOC), the fill factor (FF), the series 

and parallel resistance (RS and Rp). In general, solar cells with active layers having higher 

fullerene contents yielded higher power conversion efficiencies (η). The power 

conversion efficiencies range from η= 0.34 % to 3.14 %. The lower power conversion 

efficiencies were obtained for amorphous polymers AnE-PVba and -bb, irrespective of 

their high mobilities. For these polymers, high miscibility of the active layer components 

resulted in insufficient percolation paths for the photogenerated charges and hence lower 

power conversion efficiencies.  

Polymer AnE-PVab exhibiting a good percolation path due to its more coarse- 

grained thin film nanomorphology, showed the highest power conversion efficiency. This 

polymer also showed the highest π-π-stacking distance (dπ-π = 0.386 nm) of all polymers 

in this series. Higher side chain density in AnE-PVad hindered the charge transfer 

between donor and acceptor, resulting in lower photovoltages and fill factors and thus 

lower photovoltaic performance as compared to AnE-PVab. In general, for PPE-PPV 
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based polymers, it has been observed that the open circuit voltage (VOC) increases with 

decreasing side chain density.31 For instance, in the case of polymer:PCBM (1:1) blends, 

polymers bearing longer decyloxy side chains (AnE-PVad) leads to low VOC values 

around 0.68 V. Polymers bearing octyloxy and/or 2-ethylhexyloxy chains, AnE-PVab, -

bb, -ba, yielded VOC values of about 0.80 V. Whereas AnE-PVcc having the lowest side 

chain density demonstrated the highest VOC ( 0.93 V).  

Table 3a.7 Photovoltaic parameters for polymer solar cellsa 

Polymer:PCBM (Blend 

Ratio) 

JSC 

(mA/cm2) 

VOC 

(V) 

FF 

(%) 

 

(%) 

RS 

(Ω) 

Rp (Ω) 

AnE-PVab:PCBM (1:1) 6.13 0.81 49.08 2.44 22.2 1480 

AnE-PVab:PCBM (1:2) 7.14 0.79 55.65 3.14 14.3 2227 

AnE-PVad:PCBM (1:1) 4.24 0.72 44.6 1.36 11.3 1361 

AnE-PVad:PCBM (1:2) 5.85 0.68 39.31 1.56 21.8 700 

AnE-PVba:PCBM (1:1) 1.59 0.77 27.38 0.34 18.6 1081 

AnE-PVba:PCBM (1:2) 3.44 0.93 34.67 1.11 31.2 942 

AnE-PVbb:PCBM (1:1) 1.99 0.84 29.23 0.49 16 1012 

AnE-PVbb:PCBM (1:2) 4.22 0.83 34.8 1.22 26.6 740 

AnE-PVcc:PCBM (1:1) 3.66 0.93 29.98 1.02 36.3 657 

AnE-PVcc:PCBM (1:2) 5.65 0.91 36.89 1.9 19.1 606 

AnE-PVcc:PCBM (1:1)b 5.86 0.91 37.5 2.00 12.8 625 

a The active layer (area of 0.5 cm2) was spin-cast from chlorobenzene solution, b Active layer spin-cast 

from a mixture of chloroform and chlorobenzene. 
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The relatively low fill factors (FF), and high series resistances (RS), in all blends 

indicated a non-balanced charge transport. Further optimization could be done by 

increasing the fullerene content in the blend. The solar cells based on polymers AnE-

PVad, -ab, and -cc reached reasonable values of short circuit currents, JSC i.e between 5 

and 7 mA/cm2. Polymer AnE-PVbb showed inferior currents, which may indicate 

incomplete or hindered charge separation efficiency after transfer. Furthermore, the larger 

current densities of AnE-PVab as compared to AnE-PVbb may be related to a better 

ordering caused by π-π-stacking, leading to improved charge transport properties. The 

high photocurrent densities of photovoltaic devices based on AnE-PVcc may be related to 

a lower side-chain density as compared to AnE-PVbb. In general, smaller parallel 

resistances, RP, resulted in smaller fill factors in case of AnE-PVbb and AnE-PVcc, while 

the large photocurrents in case of AnE-PVab and AnE-PVcc promote relatively high-

power conversion efficiencies of η ≥ 2%.  

The use of mixture of solvents for blend solution preparation as a possible way for 

polymer solar cell optimization was carried out on polymer AnE-PVcc. Changing the 

solvent from chlorobenzene to a chlorobenzene:chloroform mixture (1:1 v/v) for active 

layer deposition resulted in a 2-fold increase in the power conversion efficiency. Figure 

3a.14 compares the J-V-curves obtained for the solar cells based on polymer AnE-PVcc 

active layers deposited from chlorobenzene and a mixture of chlorobenzene:chloroform, 

respectively.  

 

Figure 3a.14 Comparison of light J-V curves of AnE-PVcc:PCBM (1:1) blends cast from 

chlorobenzene (black) and mixture of chlorobenzene-chloroform (1:1, v/v) (red) 
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The energy generation mechanism in organic solar cells demands interpenetrating 

nanoscale phase separated domains of donors and acceptors for exciton dissociation and 

charge separation.54 At the same time, well-organized arrangement in the individual 

donor and acceptor domains is a prerequisite for providing hassle free pathways to the 

charge transport. As different solvents have different intrinsic abilities to dissolve the 

polymer component, use of solvent mixture influences crystallinity and phase separation 

in blend domains. Thus, the application of combination of different solvents provides a 

possibility to gain precise control over the interconnected percolated nanoscale phase 

separated domains of donor and acceptor. The increased efficiency in above case, might 

be due to optimum solubility of the blend leading to efficient crystallization and 

enhanced photon absorption by the active layer, also due to optimum morphology leading 

to fine separation between the phases for charge generation and transport.55,56 

3a.5  CONCLUSIONS 

Five anthracene-containing PPE-PPV copolymers bearing different side chains 

lengths and nature were synthesized and characterized. A correlation between the ability 

to form π-π-stacking, the absorption behavior, the charge carrier mobility, the active layer 

nanoscale morphology, and the photovoltaic performance was established. The π-π-

stacking ability was controlled through incarporation of linear and/or branched alkoxy 

side chains. Polymer with octyloxy substitution close to the AnE units (AnE-PVab, -ad) 

arrange in a stacked structure. Whereas asymmetric (AnE-PVcc) or branched side chain 

substitution (AnE-PVbb, -ba) near the AnE unit yielded less organized or even 

amorphous polymers. Polymers with strong tendency of stacking exhibited well resolved 

thin film absorption peaks. The polymers with less or no intrinsic stacking ability 

exhibited featureless absorption peaks. Although these polymers (AnE-PVbb, -ba, -cc) 

exhibited higher hole mobilities as compared to their ordered counterparts, insufficient 

donor-acceptor phase separation in their blends with PCBM, hindered efficient charge 

separation and thus resulted in poor photovoltaic performance. The polymers having 

inclination to stack, exhibited stronger phase separation and better photovoltaic 

performance. The best performance was achieved for polymer AnE-PVab, which on one 

hand, showed ability to stack and on the other hand exhibited the highest dπ-π value. Solar 
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cell devices fabricated using above polymer thin films, showed power conversion 

efficiencies ranging from 0.34 to 3.14 %. Thus, it was concluded that the alkoxy chains 

appended on the polymer backbone, not only improve polymer solubility, but also play a 

significant role in controlling active layer nano-morphology and hence the solar cell 

performance.  
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Supporting Information 

 

Figure SI 3a.1 1H-NMR spectrum (DMSO-d6) of 2,5-dibromo-hydroquinone (1a) 

 

Figure SI 3a.2 1H-NMR spectrum (CDCl3) of 1,4-dibromo-2,5-bis(octyloxy)benzene 

(2a) 
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Figure SI 3a.3 13C-NMR-DEPT spectrum (CDCl3) of 4-bromo-2,5-

bis(octyloxy)benzaldehyde (3a) 
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Figure SI 3a.4 1H-NMR spectrum (CDCl3) of 2,5-bis(octyloxy)-4-

[(trimethylsilyl)ethynyl]benzaldehyde (4a) 
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Figure SI 3a.5 1H-NMR spectrum (CDCl3) of 4-ethynyl-2,5-bis(octyloxy)benzaldehyde 

(5a) 

 

Figure SI 3a.6 1H-NMR spectrum (CDCl3) of 1,4-bis((2-ethylhexyl)oxy)benzene (12b) 
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Figure SI 3a.7 1H-NMR spectrum (CDCl3) of 1,4-bis-bromomethyl-2,5-bis-(2-

ethylhexyloxy)-benzene (13b) 

 

 

Figure SI 3a.8 Cyclic voltammograms of AnE-PV polymers 
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Figure SI 3a.9 CELIV study of AnE-PV polymers 
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3b.1  INTRODUCTION 

 The conjugated polymers/semiconducting polymers due to their tunable electronic 

and optical properties, lower cost, high flexibility and synthetic versatility, have garnered 

much attention as promising candidates in the future organic electronics market. The 

growing field of organic photovoltaics (OPVs)/ Organic solar cells (OSCs) has led to the 

astonishing developments in the design and synthesis of several new conjugated 

polymers.1–3  For high performance in any particular device, semiconducting materials 

should possess narrow optical band-gaps, tunable HOMO-LUMO energy levels, high 

charge carrier mobilities and optimum morphology.  

Low (narrow) band-gap (LBG) conjugated polymers/small molecules which 

absorb in near IR region and possess a band-gap less than 1.6 eV are particularly 

attractive in optoelectronic applications such as organic solar cells and photodetectors. 

LBG materials possess following interesting physical properties- i) their open circuit 

voltage (Voc) values are closer to band-gap values than wide band-gap materials. This 

may be due to their electronic orbitals are more closely overlapping and the electrons are 

more delocalized;4 ii) charge separation in such materials is more efficient due to their 

larger dielectric constant, stronger dipole moment, and lower exciton binding energy.5 

Therefore, LBG materials experienced rapid growth in the family of organic 

semiconductor materials and have experienced significant breakthroughs in the field of 

OPV towards the commercialization of solar cells.6–8  

 Various strategies to lower the band-gap of conjugated polymers include-1) 

increasing quinoid form of aromatic moieties in the backbone, 2) chemical rigidification, 

3) inductive and mesomeric effects, 4) bridging the adjacent aromatic rings 5) alternating 

donor-acceptor unit, and 6) two-dimentional conjugation. Copolymerization of donor and 

acceptor units (D-A copolymer) is one of the most important strategies to broaden the 

absorption and lowering the band-gap of the conjugated polymers. In a copolymer, 

frontier molecular orbitals of donor and acceptor units interact with each other to form 

two new HOMOs and two new LUMOs. After the electrons redistribute from their 

original noninteracting orbitals to the new hybridized orbitals of the polymer, higher 

HOMO and lower LUMO energy levels are generated, leading to a narrowing of the 

optical band-gap.9,10 
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 The last decade has been marked by the intensive research on 

diketopyrrolopyrrole (DPP)-containing conjugated polymers which show promising 

optoelectronic characteristics such as brilliant red color, high photoluminescent and 

electroluminescent properties11 and also possess exceptional electrochemical stability. 

DPP is a bicyclic heteroaromatic compound with two lactam units due to which it 

exhibits strong electron deficiency and can be used as acceptor unit in D-A conjugated 

copolymers. DPP shows efficient charge transport due to conjugated and highly planar 

structure with strong π-π interaction. Owing to all these favorable properties, DPP based 

polymers have been successfully employed in a variety of optoelectronic devices such as 

organic solar cells, transistors, light emitting diodes, chemo-sensors, two-photon 

absorption, and solid-state dye lasers.12–14 2,1,3-Benzothiadiazole (BTDA) unit is another 

efficient electron acceptor building block for the synthesis of low band-gap D-A 

copolymers. Although BT has low solubility and relatively high-lying LUMO energy 

level, BTDA-based polymers have been considered as promising candidates for high 

performance OPVs.15–17 

 In this chapter, we attempted to synthesize two low band gap polymers using 

anthracene containing (p-phenylene-ethynylene) (AnPPE) as donor unit and either DPP 

or BTDA as acceptor units by Heck polymerization reaction. However, the polymer 

formation did not take place. Instead, the Heck reaction between the corresponding donor 

and acceptor units resulted in the formation of two donor-acceptor small molecules. Thus, 

in this chapter, synthesis and characterization of two low band gap D-A small molecules 

namely- AnPPE-Th-DPP(EH) and AnPPE-Th-BTDA is reported. The band-gap energy 

was considerably reduced for molecule AnPPE-Th-DPP(EH) (1.35 eV) as compared to 

molecule AnPPE-Th-BTDA (1.55 eV). 

3b.2     EXPERIMENTAL 

3b.2.1  Materials:  

9,10-Bis[(4-formyl-2,5-dioctyloxy)phenylethynyl]anthracene (6a) was 

synthesised as described in Chapter 3a. n-Butyllithium solution (1.6 M in hexane), 

methyltriphenylphosphonium bromide (Ph3PCH3Br) 98%, palladium (II) acetate 

(Pd(OAc)2), tri(o-tolyl)phosphine (P(o-tolyl)3)(Aldrich Chemicals) and 4,7-bis(5-
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bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (BTDA) (TCI Chemicals) were 

purchased and used as received. Triethylamine (SD Fine Chemicals) was purchased and 

was dried and distilled according to standard procedure.18 

 N,N-Dimethylformamide (DMF) and tetrahydrofuran (THF) were purchased 

and were dried and distilled according to standard procedures and stored under argon. 

Methanol, chloroform, n-hexane, toluene, diethyl ether and ethyl acetate (Merck) were 

purchased and used as received. If not otherwise specified, solvents or solution were 

degassed by bubbling with argon 1 h prior to use. 

3b.2.2  Characterisation and techniques 

Different techniques used for characterization of small molecules are described below- 

NMR Spectroscopy: 1H and 13C NMR spectra of donor, acceptor units and small 

molecules were recorded using a Bruker-AV spectrometer at operating frequency of 200 

MHz, 400 MHz or 500 MHz in CDCl3 or DMSO-d6 with tetramethylsilane as an internal 

standard.  

Gel permeation chromatography (GPC): Molecular weights and dispersity values of 

oligomers were determined on Thermo-Finnigan make GPC using tetrahydrofuran as an 

eluent at a flow rate of 1 mL min-1 at 25 °C. Sample concentration was 2 mg mL-1 and 

narrow dispersity polystyrenes were used as calibration standards. 

Matrix assisted laser desorption/ionization time-of-flight (MALDI-TOF): MALDI-TOF 

spectra were obtained on a Bruker Autoflex TOF/TOF instrument using dithranol as a 

matrix. 

Absorption and emission spectroscopy: The absorption spectra were recorded in dilute 

chloroform solution (c ≈ 10-6 mol l-1) on a Perkin–Elmer UV/VIS-NIR Spectrometer 

Lambda 19. The absorption spectra of thin film from chlorobenzene solution were 

recorded on Varian UV/Vis-spectrophotometer and the corresponding emission spectra 

were recorded on a home-built photoluminescence setup. Thin films were spin coated on 

glass substrates using chlorobenzene solutions (0.6-0.8 wt %).  

Cyclic voltammetry (CV): CV was performed with a PA4 polarographic analyzer 

(Laboratory Instruments, Prague, CZ) with a three-electrode cell. Platinum (Pt) wire 

electrodes were used both as working and counter electrodes, and a non-aqueous Ag/Ag+ 

electrode (Ag in 0.1 M AgNO3 solution) was used as the reference electrode. CV 



 

Chapter 3b                                                                   Donor-Acceptor Low Band Gap Small Molecules …  

Savitribai Phule Pune University                         106                             CSIR-National Chemical Laboratory 

 

measurements were made in solutions of 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) in acetonitrile under nitrogen atmosphere. Typical scan 

rates were 20, 50 and 100 mVs−1, respectively. Thin films of small molecules were 

prepared onto Pt wire electrodes from chlorobenzene solution. All measurements and 

film preparations were performed in a nitrogen atmosphere within a glove box. 

3b.2.3 Fabrication and characterization of the organic field effect transistor devices 

(OFET) 

Charge carrier mobility was measured in field effect transistor device by using the bottom 

gate and bottom contact device architecture.19,20 OFET device was fabricated using 

commercially available FET substrate. The N-doped silicon was used as a gate electrode 

and silicon dioxide (SiO2) layer was used as a gate dielectric. The thickness of silicon 

oxide was 240 nm. The source and drain electrodes were patterned on the top of dielectric 

layer. First, device was cleaned by sonicating in acetone and then in 2-propanol. The 

device was then dried using a hot air gun and kept in an argon atmosphere. Then, the 

device was surface modified by self-assembled monolayer of hexamethyldisilane 

(HMDS).21,22 The monolayer was prepared by the dipping the device in a 0.1 M solution 

of HMDS in chloroform for 12 h. The device was dried before casting the active layer. 

The active layer was cast by spin coating the solution (10 mg/mL of small molecule in 

1,2-dichlorobenzene). Agilent 4156 semiconductor probe analyzer and semiprobe station 

were used for OFET measurements. Charge carrier mobility of oligomer was measured at 

room temperature. In order to study the impact of thermal annealing, the devices were 

annealed at 100°C under an argon atmosphere for 10 min and charge carrier mobility of 

annealed device was measured. 

3b.3  SYNTHESIS  

3b.3.1 Synthesis of 9,10-bis((2,5-bis(octyloxy)-4-vinylphenyl)ethynyl)anthracene (15) 

AnPPE (15) was synthesised from 9,10-bis[(4-formyl-2,5-

dioctyloxy)phenylethynyl]anthracene (6a). The synthesis of 6a is described in Chapter 3a 

(section 3a.4.1.1.1) 

Into a 250 mL three-necked round bottom flask equipped with nitrogen gas inlet 

and a magnetic stir bar were added methyltriphenylphosphonium bromide (0.514 g, 1.44 
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mmol) and dry THF (30 mL) and the suspension was cooled to 0 °C. Then solution of n-

butyllithium (1.6 M in hexane, 0.9 mL, 1.44 mmol) was added dropwise into it and the 

reaction mixture was stirred for 10 min. The solution of 6a (0.68 g, 0.72 mmol) in 40 mL 

THF was added dropwise into the reaction mixture. It was then allowed to attain room 

temperature and was stirred for 24 h. The reaction mixture was added into water (100 

mL) and stirred for 10 min and then the product was extracted with diethyl ether (3 × 100 

mL). The combined organic solutions were dried over Na2SO4, filtered and concentrated 

under reduced pressure. The residue was purified by column chromatography over silica 

gel with toluene: hexane (1:1, v/v) as eluent to yield orange colored solid.  

Yield: 0.58 g, (86%) 

1H-NMR (200 MHz, CDCl3, δ/ppm): 8.79 (d, 4H, anthracene H), 7.57 (m, 4H, anthracene 

H), 7.20 (s, 2H, Ar-H), 7.13-7.0 (m, 4H, Ar-H and vinyl protons), 5.87 (d, 2H, vinyl 

protons), 5.39 (d, 2H, vinyl protons), 4.21-4.02 (m, 8H, -OCH2-), 1.96-1.76 (m, 8H, -

OCH2-CH2-(CH2)5-CH3), 1.31-1.21 (m, 40H, -CH2-), 0.91 (t, 12H, -CH3). 

3b.3.2 Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3) 

3b.3.2.1 Synthesis of 3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

dione (1) 

Compound 1 was synthesised from 2-thiophene carbonitrile and dimethyl 

succinate by following the literature procedures.23,24  

3b.3.2.2 Synthesis of 2,5-bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2) 

Into a 250 mL three-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar were added compound 1 (13.5 g, 45.0 mmol), anhydrous 

potassium carbonate (25 g, 180 mmol) and dry DMF (250 mL). The reaction mixture was 

heated at 140°C under inert atmosphere. 2-Ethylhexyl bromide (38.6 g, 200 mmol) was 

added dropwise. Then the reaction mixture was heated at 140°C for 24 h. Then it was 

cooled, poured into 500 mL of ice-cold water, stirred for 1 h and extracted with 

chloroform (3 x 200 mL). The organic layer was dried over Na2SO4, filtered and 

concentrated. The residue was purified by column chromatography using 

dichloromethane to afford purple-black powder. 
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Yield= 16.5 g (70 %).  

1H-NMR (400 MHz, CDCl3, δ/ppm): 8.94 (d, 2H, thiophene H), 7.61 (d, 2H, thiophene 

H), 7.28 (d, 2H, thiophene H), 4.02 (m, 4H, -OCH2-), 1.85 (m, 2H, -CH-), 1.35-1.22 (m, 

16H, -CH2-), 0.84 (m, 12H, -CH3). 

3b.3.2.3 Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3) 

 Into a 250 mL three-necked round bottom flask equipped with an argon gas inlet 

and a magnetic stir bar were added compound 2 (4.19 g, 8.0 mmol) and 300 mL 

chloroform. The solution was protected from light and was kept under argon protection. 

N-Bromosuccinimide (2.91 g, 16.33 mmol) was added portion-wise, and the reaction 

mixture was stirred at room temperature for 40 h. Then reaction mixture was poured into 

water, and the organic phase was separated and washed by water. The organic layer was 

dried over Na2SO4 and concentrated by rotary evaporation. The crude reaction mixture 

was purified by column chromatography on silica gel using chloroform: hexane (1:1, v/v) 

solvent mixture as an eluent, to yield dark-purple solid as pure product.  

Yield: 16.0 g (76%).  

1H-NMR (400 MHz, CDCl3, δ/ppm): 8.64 (d, 2H, thiophene H), 7.24 (d, 2H, thiophene 

H), 3.92 (m, 4H, -OCH2-), 1.84 (m, 2H, -CH-), 1.4-1.2 (br, 16H, -CH2-), 0.89 (m, 12H, -

CH3). 

3b.3.3  Synthesis of AnPPE-Th-DPP(EH)  

Into a 100 mL Schlenk tube equipped with an argon gas inlet and a magnetic stir 

bar were added compound 15 (100 mg, 0.11 mmol), compound 3 (72.41 mg, 0.11 mmol) 

and DMF (3 mL) and toluene (3 mL) (1: 1 ratio). To this reaction mixture, triethyl amine 

(0.2 ml) was added and the reaction mixture was degassed under argon for 1 h. Then, 

Pd(OAc)2 (2.5 mg, 0.011 mmol) and P(o-tolyl)3 (16.7 mg, 0.055 mmol) were added into 

the reaction mixture. The reaction mixture was stirred at 80 °C under inert atmosphere for 

24 h. After cooling to room temperature, the reaction mixture was added into methanol 

and precipitated compound was filtered and dried. The product was purified by Soxhlet 

extraction with methanol and hexane for 24 h. Then the compound was dried under 

vacuum to yield an indigo coloured solid. 

Yield: 98 mg (63 %). 
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1H-NMR (200 MHz, CDCl3, δ/ppm): 9.06-8.87 (multiple peaks, 6H, anthracene and 

thiophene protons), 7.70-7.29 (multiple peaks, 8H, 4 anthracene protons and 4 newly 

formed vinylene protons), 7.26-6.97(multiple peaks, 6H, 2 thiophene and 4 phenylene 

protons), 4.10-3.95 (12H, m, -OCH2-), 2.08-1.80 (10H, m, -OCH2-CH2- of octyl chain 

and -OCH2-CH- of ethylhexyl chain), 1.35-1.20 (m, 56H, -CH2-), 0.91-0.86 (t, 24H, -

CH3). 

3b.3.4 Synthesis of AnPPE-Th-BTDA 

 The synthesis of AnPPE-Th-BTDA was carried out under the same reaction 

conditions as described in section 3a.3.3 by using compound 15 (90 mg) and 4,7-bis(5-

bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (BTDA) (47 mg) Pd(OAc)2 (2.4 mg,  

mmol), P(o-tolyl)3 (15.3 mg,  mmol) and triethyl amine (2 mL).  

Yield: 72 mg (51 %).  

1H-NMR spectrum was not obtained for this compound, as it remained mostly insoluble 

in organic solvents such as chloroform, dimethyl sulphoxide. It was partially soluble in 

dichloromethane and chlorobenzene at high temperature.  

3b.4  RESULTS AND DISCUSSION 

3b.4.1 Synthesis of donor unit 9,10-bis((2,5-bis(octyloxy)-4-

vinylphenyl)ethynyl)anthracene (AnPPE) (15) 

The precursor- 9,10-bis[(4-formyl-2,5-dioctyloxy)phenylethynyl]anthracene (6a) 

was synthesised by following the six-step synthetic protocol as described in Chapter 3a in 

section 3a.4.1.1.1. The target compound (donor unit) 9,10-bis((2,5-bis(octyloxy)-4-

vinylphenyl)ethynyl)anthracene (15) was synthesised from 6a, as depicted in Scheme 

3b.1. Compound 15 was synthesised from 6a by Wittig olefination reaction using 

methyltriphenylphosphonium bromide (Ph3PCH3Br) in presence of n-butyllithium, at 

room temperature. This synthetic route was particularly advantageous due to facile 

separation of desired product (divinyl derivative, 15) from the monoaldehyde impurities, 

resulting from incomplete conversion. Strong polarity difference of reactant and product 

facilitates chromatographic purification of the product.25 
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Scheme 3b.1 Synthesis of 9,10-bis((2,5-bis(octyloxy)-4-

vinylphenyl)ethynyl)anthracene (15, AnPPE). 

 1H-NMR spectrum of divinyl derivative 15 is presented in Figure 3b.1. The peaks 

due to anthracene protons were observed at 8.79 and 7.57 ppm. Multiple peaks due to 

protons on phenyl ring and vicinal double bond protons were observed in the range 7.22-

7.03 δ ppm. The presence of newly formed double bonds was confirmed by the 

appearance of two doublets at 5.87 ppm and 5.39 ppm due to geminal protons on double 

bond. The -CH2 protons on octyloxy side chain which are adjacent to oxygen, were 

observed in the range of 4.02-4.21 ppm. The remaining CH2 protons were in the range 

1.96-1.22 ppm. Methyl protons appeared at 0.91 ppm. 

 

Figure 3b.1 1H-NMR spectrum (CDCl3) of 9,10-bis((2,5-bis(octyloxy)-4-

vinylphenyl)ethynyl)anthracene (15, AnPPE). 
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3b.4.2 Synthesis of acceptor unit 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

ethylhexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3, DPP(EH)) 

 The two step synthesis of 3 from 3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (1) is depicted in Scheme 3a.1. Compound 1 was synthesised by 

condensation of 2-thiophene carbonitrile and dimethyl succinate in tert-amyl alcohol 

using potassium tert-butoxide as a base.23,26 Compound 1 was then N-alkylated using 2-

ethylhexyl bromide and potassium carbonate to yield 2,5-bis(2-ethylhexyl)-3,6-

di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2). The subsequent 

bromination of N-alkylated derivative 2 with N-bromosuccinimide in chloroform 

afforded the desired product- DPP(EH) (3).  

 

Scheme 3b.2 Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3, DPP(EH)). 

1H-NMR spectrum of DPP(EH) (3) is presented in Figure 3b.2. The protons on 

thiophene ring appeared as doublets at 8.64 and 7.24 δ ppm. The CH2 protons on 

ethylhexyl side chain which are adjacent to nitrogen atom of lactum ring, were observed 

as a doublet at 3.92 δ ppm. The two protons at branch position of ethylhexyl side chain 

were observed as multiplet in the range 1.89-1.60 δ ppm. The remaining CH2 protons on 

ethylhexyl side chain were observed in the range 1.20-1.35 δ ppm. The peak due to CH3 

protons appeared as a triplet at 0.89 δ ppm. 
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Figure 3b.2 1H-NMR spectrum (CDCl3) of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

ethylhexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3, DPP(EH)). 

3b.4.3 Synthesis of AnPPE-Th-DPP(EH)  

AnPPE-Th-DPP(EH) was synthesised by Heck coupling reaction27,28 of 9,10-

bis((2,5-bis(octyloxy)-4-vinylphenyl)ethynyl)anthracene (15) with 3,6-bis(5-

bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

(3) in the presence of palladium (II) acetate (Pd(OAc)2) as catalyst, tri(o-tolyl)phosphine 

(P(o-tolyl)3) as ligand and triethyl amine as a base. Synthesis of AnPPE-Th-DPP(EH) is 

depicted in Scheme 3b.3. 

1H-NMR spectrum of AnPPE-Th-DPP(EH) is presented in Figure 3b.3. 

Anthracene and thiophene protons were appeared as multiple peaks in the range 9.06-

8.87 ppm. Multiple peaks observed in the range 7.70-7.29 ppm were due to anthracene 

and newly formed double bond protons. Two peaks appeared in the range 7.26-6.97 ppm 

were due to thiophene and phenylene protons. Methylene protons attached to oxygen 

atom of alkoxy side chain and nitrogen atom of lactam ring of DPP were observed in the 

range 4.10-3.95 ppm. Remaining methylene protons of side chains were appeared in the 

range 2.08-1.20 ppm. Methyl protons were observed as triplet at 0.9 ppm.  
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Scheme 3b.3 Synthesis of AnPPE-Th-DPP(EH) 

 

 

Figure 3b.3 1H-NMR spectrum (CDCl3) of AnPPE-Th-DPP(EH). 
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3b.4.4 Synthesis of AnPPE-Th-BTDA  

 AnPPE-Th-BTDA was synthesised by Heck coupling reaction of 9,10-bis((2,5-

bis(octyloxy)-4-vinylphenyl)ethynyl)anthracene (15) with 4,7-bis(5-bromothiophen-2-

yl)benzo[c][1,2,5]thiadiazole (BTDA) as depicted in Scheme 3b.4 

 

Scheme 3b.4 Synthesis of AnPPE-Th-BTDA. 

Two different kind of anthracene containing donor-acceptor small molecules 

namely- AnPPE-Th-DPP(EH) and AnPPE-Th-BTDA were synthesized by Pd-catalyzed 

Heck reaction. These small molecules consist of anthracene containing (p-phenylene-

ethynylene) (AnPPE) as a donor unit and either diketopyrrolopyrrole (DPP) or 

benzothiadazole (BTDA) as acceptor units. 

AnPPE-Th-DPP(EH) was soluble in organic solvents such as chloroform, 

dichloromethane, tetrahydrofuran, toluene and chlorobenzene at room temperature. 

AnPPE-Th-BTDA was partly soluble in dichloromethane and chlorobenzene at high 

temperature (90°C). The data obtained from GPC and Matrix assisted laser desorption 

ionisation (MALDI-TOF) experiment are summarised in Table 3b.1.  
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Table 3b.1. Data obtained from GPC and MALDI study 

Small molecule Molecular Weight by GPC Mass by 

MALDI-

TOF 

Mn Mw Dispersity 

AnPPE-Th-DPP(EH) 1380 2300 1.7 1570 

AnPPE-Th-BTDA* - - - - 

* Molecular weight determination by GPC and mass determination by MALDI-TOF was not possible for 

AnPPE-Th-BTDA due to solubility issue 

 

Number average molecular weight of AnPPE-Th-DPP(EH) by GPC was found to 

be 1380 g/mol. MALDI-TOF of AnPPE-Th-DPP(EH) was recorded using dithranol as a 

matrix and the spectrum is shown in Figure 3b.4. MALDI-TOF spectrum showed signal 

at 1569.51 corresponding to [M+Na]+ of AnPPE-Th-DPP(EH) (calcd. for [M+Na]+ for 

C96H123BrN2O6S2Na = 1568.80). From GPC and MALDI-TOF results, it was concluded 

that AnPPE-Th-DPP(EH) formed as a donor-acceptor monomeric unit, as shown in the 

Figure 3b.5. Repeated batches for synthesis of AnPPE-Th-DPP(EH), result in similar 

molecular weight material. The obtained results, demonstrated that polymer chain is not 

growing. Similar result was obtained by Jung et al 29 for similar system which they 

attributed to inherent low reactivity of Heck coupling reaction.30 One more possibility 

may be the steric crowd of donor unit (AnPPE) which might hinder the reaction site for 

polymerization. 
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Figure 3b.4 MALDI-TOF spectrum of AnPPE-Th-DPP(EH). 

 

 

Figure 3b.5 Predicted structure of AnPPE-Th-DPP(EH). 

 

3b.4.5 Photophysical Study 

The photophysical data of donor, acceptor units and D-A small molecules was 

measured in chloroform/chlorobenzene solution as well as on thin films spin coated from 

chlorobenzene. The absorption spectra of compounds- AnPPE, DPP(EH) and D-A 

molecule- AnPPE-Th-DPP(EH) in dilute chloroform solution is depicted in Figure 3b.6. 

Donor unit- AnPPE and acceptor unit- DPP(EH) showed the wavelength at absorption 
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maximum (λa) at 502 and 563 nm, respectively. Both, donor unit and acceptor unit 

showed shoulder peak along with the main absorption peak at wavelengths 473 and 527 

nm, respectively. The presence of shoulder peak is ascribed to the formation of 

aggregates in these molecules, in dilute solutions. On the other hand, the D-A molecule, 

AnPPE-Th-DPP(EH) exhibited wavelength at absorption maximum (λa) at 675 nm. The 

presence of the peak at 675 nm confirmed the formation donor-acceptor molecule.  

 

Figure 3b.6 The absorption spectra of AnPPE, DPP(EH) and AnPPE-Th-DPP(EH) in 

dilute chloroform solution. 

Figure 3b.7 depicts the absorption spectra of compounds- AnPPE (RJ 15), BTDA 

and D-A molecule- AnPPE-Th-BTDA in dilute chlorobenzene solution. Donor unit 

AnPPE and acceptor unit BTDA showed the wavelength at absorption maximum (λa) at 

502 and 461 nm, respectively. The D-A small molecule- AnPPE-Th-BTDA exhibited the 

wavelength at absorption maximum (λa) at 535 nm. Thus, presence of this band is a clear 

indication of formation of this molecule which otherwise cannot be confirmed by NMR, 

GPC or MALDI due to poor solubility of AnPPE-Th-BTDA in common organic solvents. 
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Figure 3b.7 Absorption spectra of AnPPE, BTDA and AnPPE-Th-BTDA in dilute 

chlorobenzene solution. 

The photoluminescence spectra of AnPPE, DPP(EH) and D-A molecule- AnPPE-

Th-DPP(EH) in dilute chloroform solution is presented in Figure 3b.8. The emission 

peaks for AnPPE and DPP(EH) were observed at 523 and 583 nm, respectively. The 

emission spectrum for AnPPE-Th-DPP(EH) didn’t show any peak after 620 nm. The 

peak at 600 nm is due to detector response. This indicates complete quenching of PL 

spectra in AnPPE-Th-DPP(EH) molecule due to complete charge transfer from donor 

unit (AnPPE) to acceptor unit (DPP(EH)). 

 

Figure 3b.8 The photoluminescence spectra of AnPPE, DPP(EH) and AnPPE-Th-

DPP(EH) in dilute chloroform solution. 
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The photoluminescence spectra of AnPPE, BTDA and D-A molecule- AnPPE-

Th-BTDA in dilute chlorobenzene solution is presented in Figure 3b.9. The emission 

peaks for AnPPE and BTDA were observed at 523 and 567 nm, respectively. The 

emission peak for AnPPE-Th-BTDA was observed at 643 nm. 

 

Figure 3b.9 The photoluminescence spectra of AnPPE, BTDA and AnPPE-Th-BTDA in 

dilute chlorobenzene solution 

Table 3b.2 summarizes the photophysical data in chlorobenzene solutions which 

include the wavelength at absorption maximum (λa), the wavelength at the emission 

maximum (λf). 

Table 3b.2 Photophysical data of D-A small molecules in solution 

Small molecules 

 

 

a [nm] f [nm] 

AnPPE-Th-DPP(EH) 675 - 

AnPPE-Th-BTDA 535 643, 682 (sh) 

3b.4.6 Electrochemical Study 

Electrochemical experiments were performed on thin films of small molecules 

spin coated from chlorobenzene solutions under inert condition by using cyclic 

voltammetry technique (CV).31 The ionization potential (HOMO), and electron affinity 

(LUMO), were estimated from oxidation and reduction onset potentials on the basis of 
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the reference energy level of ferrocene (4.8 eV below the vacuum level) using the 

equation (HOMO)= -(Eoxd + 4.8) eV, (HOMO)= -(Ered + 4.8) eV where Eoxd and Ered are 

oxidation onset potential and reduction onset potential, respectively. The Eoxd and Ered 

values were evaluated from the first oxidation and reduction peaks of the cyclic 

voltamograms measured at a scan rates of 20 and 50 mV/s.  

Cyclic voltammograms are shown in Figure 3b.10. Corresponding electronic data 

is summarized in Table 3b.3. The HOMO values for AnPPE-Th-DPP(EH) and AnPPE-

Th-BTDA were found to be 5.11 and 5.10 eV, respectively. The LUMO values for 

AnPPE-Th-DPP(EH) and AnPPE-Th-BTDA were found to be 3.76 and 3.55 eV, 

respectively.  The electrochemical band-gap energy, Eg
elc for AnPPE-Th-DPP(EH) and 

AnPPE-Th-BTDA were found to be 1.35 and 1.55 eV.  

Table 3b.3 Electrochemical data for small molecules films spin-coated from 

chlorobenzene 

Small molecules Eoxd Ered HOMO 

(eV) 

LUMO 

(eV) 

Eg
elc 

(eV) 

AnPPE-Th-DPP(EH) 0.31 -1.24 5.11 3.76 1.35 

AnPPE-Th-BTDA 0.30 -1.25 5.10 3.55 1.55 

 

 

 

Figure 3b.10 Cyclic voltammograms of a) AnPPE-Th-DPP(EH) and, b) AnPPE-Th-

BTDA 
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3b.4.7 Charge carrier mobility measurements: 

Charge carrier mobility was measured in field effect transistor device prepared 

from AnPPE-Th-DPP(EH) by using the bottom gate and bottom contact device 

architecture.19,20 Organic Field effect transistor (OFET) devices were prepared using pre-

fabricated bottom gate (SiO2) and bottom contact (Au) silicon wafer substrates.  In order 

to study the impact of thermal annealing, the devices were annealed at 100 °C under an 

argon atmosphere for 10 min and charge carrier mobility of annealed device was 

measured. The channel width and length were 10 mm and 5 μ, respectively. The small 

molecule was spun on top of the hexamethylenedisilazane (HMDS) modified 

substrates,21,22,32 and the device characterization was carried out inside the glovebox 

under argon atmosphere. The drain voltage (VD) was varied between 0 and −100 V while 

holding constant negative gate voltages (VG). The a) output characteristics and b) transfer 

characteristics of OFETs based on AnPPE-Th-DPP(EH) at room temperature and after 

thermal annealing at 100°C, are depicted in Figure 3b.11 and Figure 3b.12, respectively. 

The output characteristics of AnPPE-Th-DPP(EH) showed well-defined linear and 

saturation regimes, indicating that AnPPE-Th-DPP(EH) is a hole transporter. The transfer 

characteristics curves were obtained by sweeping the VG and holding the VD at −100 V 

(determined from the output characteristics). The charge carrier mobility (μ) in the 

saturation regime was calculated using the following relationship ID = (μCW/2L)[( VG − 

VT)2]. The OFET parameters are summarized in Table 3b.4. In order to study the impact 

of thermal annealing, the devices were annealed at 100 °C under an argon atmosphere for 

10 min. Charge carrier mobility () of AnPPE-Th-DPP(TH) at room temperature was 1.2 

x 10-6 cm2 V-1s-1. After thermal annealing at 100°C, the mobility increased to 4.19x 10-6 

cm2V-1s-1. Thus, the thermal annealing had a significant impact on the efficiency of the 

devices as result of improved packing in the molecule for better charge transport.22 
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Channel length 5 µm 

  

Figure 3b.11 Output and Transfer characteristics of OFETs based on AnPPE-Th-

DPP(EH) at room temperature. 

 

Channel length 5 µm 

  

Figure 3b.12 Output and Transfer characteristics of OFETs based on AnPPE-Th-

DPP(EH) after thermal annealing at 100°C. 

Table 3b.4 The OFET parameters of device prepared from AnPPE-Th-DPP(EH) 

Temperature 

(˚C) 

 (cm2 V-1s-1) VT (V) ION/OFF 

Room Temp. 1.2 x 10-6 +10 1.29 x 103 

100 4.19 x 10-6 +15 2.04 x 102 
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3b.5  CONCLUSIONS 

 Low band-gap donor-acceptor small molecules namely- AnPPE-Th-DPP(EH) and 

AnPPE-Th-BTDA comprising anthracene containing (p-phenylene-ethynylene) (AnPPE) 

as a donor unit and either diketopyrrolopyrrole (DPP) or benzothiadizole (BTDA) as an 

acceptor unit were successfully synthesized by Pd-catalyzed Heck reaction. Polymers 

were not formed in both the cases. This may be attributed to inherent low reactivity of 

Heck reaction and partly to sterically crowded donor unit (AnPPE). AnPPE-Th-DPP(EH) 

was soluble in organic solvents such as chloroform, dichloromethane, dimethyl 

sulphoxide and chlorobenzene. AnPPE-Th-BTDA was partially soluble in 

dichloromethane and chlorobenzene at high temperature. The small molecules were 

characterized by 1H-NMR and MALDI (TOF). UV-Vis spectra of AnPPE-Th-DPP(EH) 

and AnPPE-Th-BTDA showed wavelength of absorption maximum at 676 nm and 535 

nm, respectively. Photoluminescence spectra of AnPPE-Th-DPP(EH) exhibited complete 

PL quenching indicating charge transfer from donor unit (AnPPE) to acceptor unit 

(DPP(EH)). Photoluminescence spectra of AnPPE-Th-BTDA showed emission 

maximum at 643 nm. Electrochemical band-gaps of AnPPE-Th-DPP(EH) and AnPPE-

Th-BTDA were 1.35 and 1.55 eV, respectively. AnPPE-Th-DPP exhibited hole mobility 

value of 4.19x 10-6 cm2V-1s-1 in OFET devices.  
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4.1  INTRODUCTION 

Soluble conjugated polymers have attracted broad academic and industrial interest 

as innovative semiconducting materials and are promising candidates for cost effective 

printed electronics owing to their unique combination of solution processability, excellent 

mechanical properties, and tunability of their electronic properties.1,2 It is well known that 

the nature, size, and position of the solubilising side chains attached to the conjugated 

backbone can have a dramatic effect not only on their processability from organic solvents 

but also on the electronic properties of conjugated polymers.3,4,5,6 Nowadays, two 

dimensional conjugated polymeric systems comprising the conjugated main chain and 

conjugated side chains are intensively studied. Since the first attempt by Li and coworkers,7 

the two-dimensional conjugation concept has emerged as an attractive approach for the 

design of conjugated polymers with improved optoelectronic properties.8 Considerable 

research efforts are being made towards decorating best performing benzo[1,2-b:4,5-

b′]dithiophene (BDT) based polymers with varied conjugated side groups to achieve higher 

power conversion efficiencies.9-19 Recently, Hou et al. have also shown the modulating 

effect of the two-dimensional structure on reaching higher mobility in case of 2-

alkylthienyl substituted benzo[1,2-b:4,5-b′]dithiophene (BDT) based polymer, namely 

PBDT-TS1.20  

Previously, we systematically studied the effect of various alkoxy side-chains of 

different lengths and nature (linear or branched) on anthracene-containing poly(p-

phenylene-ethynylene)-alt-poly(p-phenylene-vinylene) (PPE-PPV) copolymers3,21,22 and 

the strong dependence of the structural, optical, and electrical properties of the investigated 

polymer films on the lateral side-chains was demonstrated. In this chapter, four polymers 

with a two-dimensional conjugated system are considered. PPE-PPVs incorporating a 

bithienylene-vinylene thiophene group as a conjugated side-chain on the PPE unit (BTE-

PVs) and bearing octyloxy or 2-ethylhexyloxy side-chains on the BTE and PV parts were 

synthesized (Scheme 1), in order to investigate how their electronic properties can be 

modulated by simultaneous incorporation of conjugated as well as alkoxy side chains. In 

these polymers, the bithienylene-vinylene thiophene group extends the conjugation in the 
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lateral direction and an improved degree of the electronic interactions between the polymer 

chains is expected in the solid state, compared to a conventional linear conjugated 

structure.8 Thus, the conjugated lateral chain together with the octyloxy solubilising chains 

is expected to affect charge carrier mobility of the polymeric films under investigation.  

Indeed, the BTE-PV polymer containing the branched ethylhexyloxy chain in the BTE unit 

and the linear octyloxy chain in the PV unit exhibited a remarkable hole mobility of 2.2×10-

2 cm2 V-1 s-1 at a moderate applied electric field of 8x104 V cm-1. 

4.2  EXPERIMENTAL 

4.2.1  Materials:  

Bromine, n-butyllithium solution (2.7 M in n-heptane), ethynyl trimethyl silane, bis 

(triphenylphosphine) palladium (II)dichloride (Pd(PPh3)2Cl2), 

tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4), copper iodide (CuI), diisopropyl 

amine, potassium ter-butoxide, 1-octyl bromide, 2-ethylhexyl bromide, 1-decyl bromide, 

1-dodecyl bromide and 1-bromo-3,7-dimethyl octane (96%) (Aldrich Chemicals) were 

purchased and were used as received.  Potassium hydroxide powder, paraformaldehyde, 

sodium bromide, potassium fluoride, glacial acetic acid, triethyl phosphite, benzyl 

bromide, hydroquinone and benzaldehyde (Merck) were purchased and were used as 

received. 

 N,N-Dimethylformamide (DMF), dimethyl sulphoxide (DMSO), diethyl ether, 

tetrahydrofuran (THF) and toluene (Aldrich Chemicals) were purchased and were dried 

and distilled according to standard procedures and stored under argon. Methanol, 

chloroform, n-hexane and ethyl acetate (Merck) were purchased and were used as received. 

If not otherwise specified, solvents or solution were degassed by bubbling with nitrogen 1 

h prior to use. 

4-Ethynyl-2,5-dioctyloxybenzaldehyde (1a), 4-ethynyl-2,5-di(2-ethyl)hexyloxy-

benzaldehyde (1b), 2,5-dioctyloxy-p-xylylene-bis(diethylphosphonate) (4a), and 2,5-

bis((2-ethylhexyloxy)-p-xylylenebis(diethlyphosphonate) (4b) were synthesized as 

described in section 3a.3.1.1.5 of chapter 3a of this thesis. 2,5-Dibromo-3-((E)-2-(5-((E)-

2-(5-dodecylthiophen-2-yl)vinyl)thiophen-2-yl)vinyl)thiophene (2)7 was synthesized 

according to the literature. 
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4.2.2  Characterisation and techniques 

Different techniques were used for characterization of monomers and polymers and are 

listed below. 

NMR Spectroscopy: 1H and 13C NMR spectra of monomers and polymers were recorded 

using a Bruker-AV spectrometer at operating frequency of 200 MHz, 400 MHz and 500 

MHz in CDCl3 or DMSO-d6 with tetramethylsilane as an internal standard.  

Gel permeation chromatography (GPC): Molecular weights and dispersity values of 

polymers were determined on Knauer Thermo-Finnigan make GPC using THF as an eluent 

at a flow rate of 1 mL min-1 at 25 °C. Sample concentration was 2 mg mL-1 and narrow 

dispersity polystyrenes were used as calibration standards. 

Thermogravimetric analysis (TGA): TGA was performed on a Mettler TA-300-thermal 

analyzer operating under nitrogen atmosphere. The samples were heated from 0 to 700 °C 

with a heating rate of 10 K/min.  

X-ray diffraction (XRD): XRD experiments were performed on PANalytical X’Pert 

diffractometer equipped with a copper anode (mean = 0.15418 nm) and a fast X’Celerator 

detector, with a step of 0.05° (2) and counting time of 120 sec/step. Polymer films 

prepared from chlorobenzene solutions (concentrations ranging between 18 and 33 g L-1 

for the four polymers) were drop-cast on Mineral quartz ‘zero background’ (The Gem 

Dugout, State College, PA-USA), in order to strongly minimize its contribution to the total 

scattering. After deposition, the films were solvent-vapour annealed in chlorobenzene 

overnight. The films were directly investigated in reflection geometry.  

Absorption and emission spectroscopy: The absorption spectra were recorded in dilute 

chloroform solutions (5×10-7 mol L-1 per repeating unit) on a Perkin–Elmer Lambda 950 

spectrophotometer. The absorption spectra were recorded on thin film spin coated from 

chlorobenzene solution (8-14 g L-1) on polished quartz substrates. The smooth and uniform 

films with a thickness of about 120 nm were tested and all of them behave in the same way. 

Quantum yields in solution were obtained by using an air-equilibrated Ru(bipy)3Cl2 

solution as the reference (=0.28).23 The absorption and emission spectra were determined 

by using a Perkin Elmer Lambda 950 spectrophotometer and a Spex Fluorolog fluorometer, 

respectively. The same Spex Fluorolog fluorometer equipped with a custom-made 

integrating sphere system was employed for absolute measurements of the film emission 
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quantum yields. The estimated error for the quantum yield data is 20%. Photoluminescence 

lifetimes were determined with an IBH 5000F time-correlated single-photon counting 

device, by using a pulsed NanoLED excitation source at 465 nm. The analysis of the 

luminescence decay profiles was accomplished with the Decay Analysis Software DAS6 

provided by the manufacturer. The estimated error on the lifetime is 10%. All 

measurements were performed at room temperature in ambient atmosphere in a single 

experimental session for each group of measurements in order to get rid of experimental 

errors which could affect comparison of the different polymer spectra, lifetimes and 

quantum yields. 

Atomic Force Microscopy: The surface morphology of the samples was studied by Atomic 

Force Microscopy (AFM). The AFM images were obtained by means of a Digital 

Instruments Dimension 3100 microscope working in tapping mode. The samples were 

prepared by spin-coating from chlorobenzene solution. 

4.2.3  Charge carrier mobility measurements by Time of Flight (TOF) experiments 

 Polymer films for Time of Flight experiments were drop-cast onto aluminium-

coated glass substrates from chlorobenzene solutions (concentrations ranging between 18 

and 33 g L-1 for the four polymers). After the deposition, the films were solvent-vapour 

annealed (chlorobenzene) overnight. The device structure was completed with a vacuum-

evaporated semi-transparent aluminium electrode (18 nm thick). The device area was 0.25 

cm2 and the film thicknesses were 4.7, 4.6, 10, and 11.4 m for BTE-PVaa, BTE-PVab, 

BTE-PVba, and BTE-PVbb, respectively. A nitrogen laser ( = 337 nm) with a pulse 

duration of 6-7 ns was used to photogenerate charge carriers in TOF experiments. A 

variable DC potential was applied to the samples and in order to ensure a uniform electric 

field inside the device, the total photo-generated charge was kept less than 0.1 CV (where 

C is the sample capacitance and V the applied potential) by attenuating the laser beam 

intensity with quartz neutral filters. The photocurrent was monitored across a variable load 

resistance by using a Tektronix TDS620A digital oscilloscope. TOF measurements were 

performed at room temperature and under dynamic vacuum (10-5 mbar). 

4.2.4 Fabrication and Characterization of the Photovoltaic Cells 

 Solar cell device fabrication and characterization is similar to that described in 

section 3a.2.3 of chapter 3a except BTE-PV polymers were used as donor material. 
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4.3  SYNTHESIS 

4.3.1  Synthesis of bi(thienylenevinylene)thiophene containing dialdehydes 

4.3.1.1 2,5-Bis{[(2,5-dioctyloxy-4-formyl)phenyl]ethynyl}-3-(2-{5-[2-(5-

dodecyl)thiophenyl] vinyl}thiophenyl)vinyl-thiophene (3a) 

Into a 250 mL three-necked round bottom flask equipped with nitrogen gas inlet 

and a magnetic stir bar were added 4-ethynyl-2,5-dioctyloxybenzaldehyde (1a) (1.60 g, 

2.56 mmol), 2,5-dibromo-3-((1-E)-2-(5-((2-(5-dodecylthiophen-2-yl)vinyl)thiophen-2-

yl)vinyl)thiophene (2) (3.1 g, 8.02 mmol) and   a mixture of toluene (100 mL) and 

diisopropylamine (40 mL).  The reaction mixture was degassed for 1h in an argon 

atmosphere. Then, the catalysts Pd(PPh3)4 (332.8 mg, 0.28 mmol) and CuI (56 mg, 0.28 

mmol) were added into the solution and the mixture was heated at 80 °C for 24 h in argon 

atmosphere. After cooling to room temperature, the precipitated diisopropylammonium 

bromide was filtered off and the solvent was distilled off under vacuum. The residue was 

purified by column chromatography on silica gel with toluene as an eluent to afford pure 

3a as a dark-red viscous liquid.  

Yield: 1.74 g (56 %).  

1H-NMR (500 MHz, CDCl3, δ/ppm):  10.47 (s, 2H, -CHO), 7.49-7.33 (multiple peaks, 4H, 

Cphenyl-H), 7.26-6.59 (multiple peaks, 9H, vinylic and thiophene protons), 4.07 (t, 8H, -O-

CH2-), 2.80, 2.72 (two triplets, 2H, -CH2-CH2-(CH2)9CH3, first methylene of dodecyl chain 

which is directly attached to thiophene ring), 1.90-1.82 (m, 8H, -O-CH2-CH2-(CH2)5CH3), 

1.69-1.64 (m, 2H, -CH2-CH2-(CH2)9CH3), 1.53-1.44 (m, 10H, -CH2-CH3), 1.29-1.18 (m, 

48H, -CH2-), 0.92-0.85 (t, 15H, -CH3). 

4.3.1.2 2,5-Bis({[2,5-di(2-ethyl)hexyloxy-4-formyl]phenyl}ethynyl)-3-(2-{5-[2-(5- 

dodecyl)thiophenyl]vi nyl}thiophenyl)vinyl-thiophene (3b)  

The dialdehyde 3b was synthesised using the same procedure as that given for 3a 

but with 1a (1.80 g, 4.68 mmol) and 2 (1.46 g, 2.32 mmol) as reactants and using Pd(PPh3)4 

(107.6 mg, 0.092 mmol) and CuI (17.6 mg, 0.092 mmol) as catalysts. Pure 3b was obtained 

as a dark red viscous liquid.  

Yield: 1.80 g (63 %).  
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1H-NMR (500 MHz, CDCl3, δ/ppm):  10.47 (s, 2H, -CHO), 7.49-7.30 (multiple peaks, 4H, 

Cphenyl-H), 7.55-6.56 (multiple peaks, 9H, vinylic and thiophene protons), 3.97 (d, 8H, -O-

CH2-), 2.79 (t, 2H, -CH2-CH2-(CH2)9CH3, first methylene of dodecyl chain which is 

directly attached to thiophene ring), 1.85-1.76 (m, 4H, -O-CH2-CH2-(CH2)5CH3), 1.70-

1.66 (m, 2H, -CH2-CH2-(CH2)9CH3), 1.40-1.21 (m, 50H, -CH2-), 0.95-0.82 (m, 27H, -

CH3). 

4.3.2  Synthesis of bi(thienylenevinylene)thiophene containing PPE-PPV polymers 

4.3.2.1 Synthesis of polymer BTE-PVab (General procedure) 

Into a 250 mL three-necked round bottom flask equipped with nitrogen gas inlet 

and a magnetic stir bar were added 2,5-bis{[(2,5-dioctyloxy-4-formyl)phenyl]ethynyl}-3-

(2-{5-[2-(5-dodecyl)thiophenyl]vinyl} thiophenyl)vinyl-thiophene (3a) (0.84 g, 0.675 

mmol), 2,5-di(2-ethyl)hexyloxy-p-xylylenebis(diethylphosphonate) (4b) (0.44 g, 0.68 

mmol) and 70 mL of dried toluene. The reaction mixture was vigorously stirred under 

argon atmosphere and then allowed to reflux. Potassium-tert-butoxide (0.62 g, 5.43 mmol) 

was added into the refluxing solution, which made the reaction to become successively 

darker and viscous. The reaction mixture was then heated at reflux for 3 h. Benzaldehyde 

(1 mL) was added for end-capping of the polymer and after 30 min the polymerisation was 

stopped. Reaction mixture was allowed to cool down and quenched with aqueous HCl. The 

organic phase was separated and extracted six times with distilled water (100 mL) until the 

aqueous phase became neutral (pH = 6-7). The organic layer was dried in Dean-Stark 

apparatus. The resulting toluene solution was filtered, concentrated and precipitated in cold 

methanol to get dark-brown coloured polymer. The polymer was then purified by Soxhlet 

extraction with methanol/diethylether mixture (1:1 v/v) for 3 h. The obtained sticky 

polymer was again dissolved in a small amount of toluene, precipitated in methanol, 

filtered and dried under vacuum to obtain dark-red colored polymer. 

Yield: 0.735 g (69 %). 

1H-NMR (500 MHz, CDCl3, δ/ppm): 7.60-6.61 (multiple peaks, 19H, Cphenyl-H, thiophene 

protons, vinylic protons in both the side chain and the polymer backbone), 4.17-3.88 (m, 

12H, -O-CH2-), 2.79 (t, 2H, -CH2-CH2-(CH2)9CH3, first methylene of dodecyl chain which 

is directly attached to thiophene ring of the conjugated side chain), 1.94-1.76 (m, 10H, -O-

CH2-CH2-(CH2)5CH3 in octyl and -O-CH2-CH(CH2CH3)(CH2)3CH3) in 2-ethylhexyl side 
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chain), 1.70-1.66 (m, 2H, -CH2-CH2-(CH2)9CH3), 1.56-1.45 (m, 14H, -CH2-CH3 of alkyl 

chains), 1.34-1.17 (m, 60H, -CH2-), 0.95-0.80 (m, 27H, -CH3).  

GPC (PS standards): Mw = 26,640 g/mol, Mn = 11,100 g/mol, PDI = 2.4. 

4.3.2.2 Synthesis of polymer BTE-PVaa  

Polymer BTE-PVaa was synthesised using the same procedure as that given for 

BTE-PVab but by using 3a (1.05 g, 0.855 mmol), 4a (0.54 g, 0.86 mmol) and potassium-

tert-butoxide (0.72 g, 6.42 mmol). BTE-PVaa was collected as a dark reddish brown solid.  

Yield: 0.81 g (61 %).  

1H-NMR (500 MHz, CDCl3, δ/ppm): 7.65-6.61 (multiple peaks, 19H, Cphenyl-H, thiophene 

protons, vinylic protons in both the sidechain and the polymer backbone), 4.17-3.96 (t, 

12H, -O-CH2), 2.80-2.71 (t, 2H, -CH2-CH2-(CH2)9CH3, first methylene of dodecyl chain 

which is directly attached to thiophene ring of the conjugated side chain), 1.93-1.83 (m, 

12H, -O-CH2-CH2-(CH2)5CH3), 1.69-1.66 (m, 2H, -CH2-CH2-(CH2)9CH3), 1.58-1.54 (m, 

14H, -CH2-CH3), 1.34-1.24 (m, 64H, -CH2-), 0.90-0.86 (m, 21H, -CH3).  

GPC (PS standards): Mw = 47,800 g/mol, Mn = 26,700 g/mol, PDI = 1.8. 

4.3.2.3 Synthesis of polymer BTE-PVbb  

Polymer BTE-PVbb was synthesised using the same procedure as that given for 

BTE-PVab but by using 3b (0.45 g, 0.38 mmol), 4b (0.24 g, 0.38 mmol) and potassium-

tert-butoxide (0.17 g, 0.15 mmol). BTE-PVbb was collected as a dark brown solid. 

Yield: 0.285 g (49 %).  

1H-NMR (500 MHz, CDCl3, δ/ppm): 7.65- 6.61 (multiple peaks, 19H, Cphenyl-H, thiophene 

protons, vinylic protons in both the sidechain and the polymer backbone), 4.11-3.77 (m, 

12H, -O-CH2), 2.79 (t, 2H, -CH2- directly attached to thiophene ring of the conjugated side 

chain), 1.91-1.77 (m, 6H, -O- CH2-CH(CH2CH3)(CH2)3CH3)), 1.69-1.66 (m, 2H, -CH2-

CH2-(CH2)9CH3), 1.51-1.43 (m, 14H, -CH2-CH3), 1.41-1.21 (m, 52H, -CH2-), 1.00-0.75 

(m, 39H, -CH3).   

GPC (PS standards): Mw = 25,200 g/mol, Mn =10,500 g/mol, PDI = 2.4. 

4.3.2.4 Synthesis of Polymer BTE-PVba  

Polymer BTE-PVba was synthesised using the same procedure as that given for 

BTE-PVab but by using 3b (0.89 g, 0.72 mmol), 4a (0.45 g, 0.72 mmol) and potassium-

tert-butoxide (0.63 g, 5.625 mmol). BTE-PVba was collected as a dark reddish brown solid  
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Yield: 0.42 g (40 %).  

1H-NMR (500 MHz, CDCl3, δ/ppm): 7.65-6.64 (multiple peaks, 19H, Cphenyl-H, thiophene 

protons, vinylic protons in both the sidechain and the polymer backbone), 4.18-3.64 (m, 

12H, -O-CH2), 2.79 (t, 2H, -CH2-CH2-(CH2)9CH3, first methylene of dodecyl chain which 

is directly attached to thiophene ring of the conjugated side chain), 1.90-1.78 (m, 8H, -O-

CH2-CH2-(CH2)5CH3 in octyl and -O-CH2-CH(CH2CH3)(CH2)3CH3) in 2-ethylhexyl side 

chain), 1.65-1.26 (multiple peaks, 72H, -CH2-), 0.96-0.81 (m, 33H, -CH3).  

GPC (PS standards): Mw = 12,390 g/mol, Mn = 5,900 g/mol, PDI = 2.1. 

4.4  RESULTS AND DISCUSSION 

4.4.1  Synthesis of bi(thienylenevinylene)thiophene-containing dialdehydes 

The two bi(thienylenevinylene)thiophene-containing dialdehydes (3a and 3b) were 

obtained by Heck–Cassar–Sonogashira–Hagihara Pd-catalysed cross coupling reaction 24-

28 of either 4-ethynyl-2,5-dioctyloxybenzaldehyde (1a) or 4-ethynyl-2,5-di(2-

ethyl)hexyloxy-benzaldehyde (1b) with 2,5-dibromo-3-((E)-2-(5-((E)-2-(5-

dodecylthiophen-2-yl)vinyl)thiophen-2-yl)vinyl)thiophene (2)7 in the presence of 

Pd(PPh3)4 and CuI. The dialdehydes were purified by column chromatography on silica gel 

with toluene as an eluent. The chemical structures of all the intermediates were confirmed 

by 1H-NMR spectroscopy.  

 

Scheme 4.1 Synthesis of bi(thienylenevinylene)thiophene-containing dialdehydes (3a and 

3b) 

1H-NMR spectrum of the dialdehyde 3a is presented in Figure 4.1. The peak due 

to aldehyde group was observed at 10.47 δ ppm. Four aromatic protons on phenyl ring 
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appeared in the range 7.49-7.33 δ ppm. Appearance of nine aromatic protons on thiophene 

rings of main chain and side chain, in the range 7.26-6.59 δ ppm confirmed the 

incorporation of bithienylene vinylene group. The methylene protons, adjacent to oxygen, 

on octyloxy side chain were observed as a triplet at 4.07 δ ppm. The two protons on 

methylene group of dodecyl chain which is directly attached to thiophene ring appeared as 

two triplets at 2.80 and 2.72 δ ppm. The remaining methylene protons appeared in the range 

1.90-1.18 δ ppm. The methyl protons appeared at 0.89 δ ppm. 

 

 

Figure 4.1 1H-NMR spectrum (CDCl3) of 2,5-Bis{[(2,5-dioctyloxy-4-

formyl)phenyl]ethynyl}-3-(2-{5-[2-(5-dodecyl)thiophenyl]vinyl}thiophenyl)vinyl- 

thiophene (3a) 

1H-NMR spectrum of the dialdehyde 3b is presented in Figure 4.2. Since the two 

dialdehydes differ only in side chains on phenyl ring, they have similar NMR spectrum 

except the integration of ‘o’ and ‘p’ type protons. Due to branched 2-ethylhexyl side chain 

on 3b, integration of ‘o’ protons is decreased and that of ‘p’ protons is increased in 3b. 
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Figure 4.2 1H-NMR spectrum (CDCl3) of 2,5-bis{[(2,5-di-ethylhexyloxy-4-

formyl)phenyl]ethynyl}-3-(2-{5-[2-(5-dodecyl)thiophenyl]vinyl}thiophenyl)vinyl- 

thiophene (3b) 

4.4.2 Synthesis of bi(thienylenevinylene)thiophene-containing PPE-PPV polymers 

 The bi(thienylenevinylene)thiophene-containing PPE-PPV polymers were 

synthesized by Horner-Wadsworth-Emmons olefination reaction of the diadehydes (3a, 3b) 

with either 2,5-dioctyloxy-p-xylylene-bis(diethylphosphonate) (4a), or 2,5-bis((2-

ethylhexyloxy)-p-xylylenebis(diethyl phosphonate) (4b) in the presence of potassium ter-

butoxide.29-31 The polymers were purified by Soxhlet extraction with methanol/diethyl 

ether mixture (1:1 v/v). The pure polymers were obtained in yields between 40 % and 69 

%. The synthesis is depicted in Scheme 4.2. 
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Scheme 4.2 Synthesis of bi(thienylenevinylene)thiophene-containing polymers BTE-

PVaa, BTE-PVab, BTE-PVba and BTE-PVbb 

1H-NMR spectrum of polymer BTE-PVab is presented in Figure 4.3. 

Disappearance of peak due to aldehyde group at around 10.47 δ ppm indicated complete 

consumption of monomeric dialdehydes (3a) during polymerization. The aromatic protons 

on phenyl, thiophene rings and vinylic protons on main as well as side chain of polymer 

were observed in the range of 7.60-6.61 δ ppm. The methylene protons on various side 

chains which are adjacent to oxygen, appeared in the range of 4.17-3.88 δ ppm. The two 

protons on methylene group of dodecyl chain which is directly attached to thiophene ring 

appeared as triplet at 2.79 δ ppm. The remaining methylene protons appeared in the range 

1.94-1.17 δ ppm. The methyl protons appeared as triplet at 0.89 δ ppm. 
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Figure 4.3 1H-NMR spectrum (CDCl3) of the polymer BTE-PVab 

Four bi(thienylenevinylene)thiophene-containing poly(p-phenylene-ethynylene)-

alt-poly(p-phenylene-vinylene) (PPE-PPV) polymers denoted as AnE-PV were 

synthesized and characterized. The polymers differ in nature (linear/ branched) of the side 

chains on polymer backbone. All the polymers were found to be soluble in organic solvents 

such as chloroform, dichloromethane, tetrahydrofuran, toluene and chlorobenzene at room 

temperature.  

Molecular weights of polymers were determined by gel permeation 

chromatography (GPC) in tetrahydrofuran using polystyrene as the standard. The data 

obtained from GPC and thermogravimetric analysis (TGA) is summarised in Table 4.1. 

Number average molecular weights were in the range 5.9- 26.7 kg/mol. Dispersities were 

in the range of 1.8– 2.4. Figure SI 4.2 shows TGA curves for various polymers. TGA study 

revealed that the polymers are thermostable compounds. Thermal degradation under 

nitrogen at 10 % weight loss was recorded between 350 and 392 °C. 
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Table 4.1 Data obtained from GPC and TGA studies. 

 

 

 

 

 

 

 

 

 

 

a: Mn= number-average molecular weight, b: Mw= weight-average molecular weight, c: T10% 

=decomposition temperatures at 10% weight loss 

 

4.4.3 Photophysical Study 

The photophysical data of polymers was measured in chloroform solution as well 

as on thin films spin coated from chloroform solution. Table 4.2 summarizes photophysical 

data of polymers in solution and on film, which include wavelength at absorption 

maximum (λa), the wavelength at the emission maximum, (λem), fluorescence quantum 

yield (and lifetime (The normalized absorption and emission spectra in dilute 

chloroform solution is depicted in Figure 4.4. In solutions, the polymers show absorption 

maxima between 445-450 nm and emission maxima between 445-450 nm. The 

Fluorescence quantum yield and lifetimes of the four polymers are very similar. This 

implies that, in solution, the polymer backbone organisation and conjugation is less 

affected by the nature of sidechains (branched/linear). The normalized absorption and 

emission spectra in film is presented in Figure 4.5 which shows that the different 

solubilizing side-chains slightly affect the polymer aggregation in the films. Thin-film 

absorption spectra of polymers BTE-PVbb and BTE-PVba are slightly red shifted and 

broadened with respect to the solution ones, as a result of polymer–polymer interactions. 

For BTE-PVab and BTE-PVaa a broadening of the absorption band with a shoulder peak 

at around 540 nm, indicated a more effective interaction between polymer backbones. In 

particular, for BTE-PVaa a strong optical coupling of the polymer chains is effective, as 

Polymers Mn 

(kg/mol)a 

Mw 

(kg/mol)b 

Dispersity 

(Mw/Mn) 

T10% /°Cc 

BTE-PVaa 26.7 47.80 1.8 392 

BTE-PVab 11.1 26.64 2.4 363 

BTE-PVbb 10.5 25.20 2.4 350 

BTE-PVba 5.9 12.39 2.1 379 
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demonstrated by the large red shift of the emission band. Evidently, the linear octyloxy 

side-chains help the solid-state organization of polymer backbones. The quantum yields 

are similar for all polymers in thin films (Table 4.2) and are about 20 times lower than the 

solution values, while the luminescence lifetimes drop below 200 ps (the luminescence 

decay curves are reported in Fig. SI). Both effects are due to a faster nonradiative decay of 

the excited states in the films. 

 

Figure 4.4 The absorption and emission spectra of AnE-PV polymers in dilute chloroform 

solution 

 

Figure 4.5 The absorption and emission spectra of AnE-PV polymers in thin films 
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Table 4.2. Photophysical data in dilute chloroform solution and thin film 

 Dilute solution Thin film 

 λabs 

(nm) 

λem 

(nm) 



 

  

(ns) 

λabs 

(nm) 

λem 

(nm) 



 

 (ns) 

BTE-PVab 450 542 0.28 0.9 460 (540 sh) 580 (610 sh) 0.019 0.2 

BTE-PVbb 450 544 0.24 0.9 460  575 (610 sh) 0.010 0.2 

BTE-PVba 450 540 0.27 0.9 445 575 (610 sh) 0.015 0.2 

BTE-PVaa 450 542 0.26 0.9 460 (540 sh) 630 (585 sh) 0.012 0.2 

 

4.4.4 Charge carrier mobility measurements:  

The drift mobility of charge carriers was studied as a function of the applied electric 

field (E) by using differential small-signal Time of Flight.32 The TOF experiments were 

performed on sandwich-type devices with the structure glass/Al/polymer/Al, with the top 

aluminium layer being semi-transparent for sample irradiation. The film deposition 

conditions for all polymers were kept same for better comparison of charge transport 

properties. The illuminated electrode was positively biased for holes and negatively biased 

for electrons. This class of conjugated polymers show an ambipolar behavior.33 Typical 

photocurrent transients, for holes and electrons, are displayed in Figure S2 in a double-

logarithmic representation and for a comparable applied electric field of about 8×104 V cm-

1. The comparison of the signals of Figure S2 confirms the usual finding that transport of 

electrons is more dispersed than that of positive carriers in conjugated polymers,34 due to 

trapping effects by impurities, acting as trapping states for negative carriers.35 In the 

double-logarithmic plots, an inflection point was visible for electrons from which the 

transit time (ttr) of charge carriers can be evaluated.36 In the case of BTE-PVba, it was not 

possible to detect the photocurrent signal for negative carriers, presumably because of very 

short transit times of electrons for this polymer. 

The values of charge carrier mobility () were calculated as a function of the 

applied electric field E through the well-known expression Ed    where d is the 
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thickness of the polymer layer, and with the transit times extracted from the TOF signals 

by using the same method in all cases, that is from the inflection point observed in the 

double-logarithmic representation. The mobility data are compared in Figure 4.6 which 

clearly shows the dramatic effect of lateral solubilising chains on charge carrier mobility, 

with mobility varying by orders of magnitude for the polymers under consideration. The 

drift mobility of positive carriers (h) was found to range from 1.3×10-5 cm2 V-1 s-1, for 

BTE-PVaa, to 2.2×10-2 cm2 V-1 s-1, for BTE-PVba, at a comparable electric field of about 

8×104 V cm-1. Similarly, the drift mobility of electrons (e) shows a great variation by 

changing the solubilising side-chains. 
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Figure 4.6 Hole mobility (a) and electron mobility (b) as a function of the square root of 

the electric field for: BTE-PVaa (diamonds); BTE-PVab (squares); BTE-PVba (triangles); 

BTE-PVbb (circles).   
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Table 4.3 Hole (h) and electron (h) mobilities of polymers for an electric field of 8x 104 

Vcm-1 

Polymers h (cm2V-1s-1) e (cm2V-1s-1)

BTE-PVaa 1.3 x 10-5 3.6 x 10-5 

BTE-PVab 8.4 x 10-4 1.3 x 10-3 

BTE-PVbb 1.4 x 10-4 1.3x 10-3 

BTE-PVba 2.2 x 10-2 - 

 

4.4.5 X-Ray Diffraction studies 

 The organization of polymer chains in solid state highly affects transport of charge 

carriers.37,38 So, X-ray diffraction studies were performed on polymer films in order to 

evaluate the effect of structural variations induced by the different side-chains. The 

polymer films were prepared under the same conditions used for TOF experiments. XRD 

patterns of the four samples are compared in Figure 4.7. All the samples show the typical 

pattern of a disordered solid. In more detail, the samples BTE-PVaa and BTE-PVab, richer 

in the linear octyloxy chains, show an asymmetric amorphous halo with intensity maximum 

at 2 theta of 22.7° (corresponding to 0.39 nm) while for BTE-PVbb and BTE-PVba, richer 

in the branched substituents, the symmetric halo is centred at about 20.8° (0.42 nm). It 

seems that the pattern shape of BTE-PVaa and BTE-PVab samples is affected by the 

tentative packing of the methylene units: indeed, the position of the two main peaks of 

polyethylene packing is 21.6° and 24.1°. The sample BTE-PVaa shows an additional very 

low intensity reflection at 3.91° (2.2 nm) which suggests an initial stage of ordering in the 

sample with all linear substituents. This result correlates with the broadening of the 

absorption spectrum observed for BTE-PVaa thin-film (Figure 4.5). Overall, the XRD 

patterns showed the complete amorphous features of all investigated films prepared under 

the same conditions used for TOF experiments. This indicated that the substantial variation 

observed for the drift mobility of charge carriers cannot be attributed to a significantly 

different organization of polymer chains in the solid state.  
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Figure 4.7 XRD patterns of polymer films drop-casted onto zero-background quartz 

substrate 

Charge carrier mobility studies along with XRD studies suggests that the 

combination of linear and branched substituents (BTE-PVab) is favourable for charge 

transport properties of the investigated polymers, compared to the incorporation of only 

linear (BTE-PVaa) or only branched side-chains (BTE-PVbb). The BTE-PVs films have a 

common amorphous feature. However, the wide range of obtained mobility values could 

suggest that the mixed linear-branched approach could promote favourable intermolecular 

interactions for charge transport. The drift mobility of holes in BTE-PVba (bearing 

combination of linear and branched side chains), richer in branched substituents when 

compared to BTE-PVab, reaches values of 10-2 cm2 V-1 s-1 for a moderate applied electric 

field (< 105 V-1 cm-1), which is indeed remarkable for the bulk mobility of an amorphous 

polymer film. 

A high bulk mobility for holes could be advantageous for the electron-donor (D) in 

bulk heterojunction solar cells. Therefore, the photovoltaic behaviour of devices made of 

BTE-PVs as donor and PC61BM as the electron acceptor (A) was investigated. 

4.4.6 Photovoltaic studies 

The bulk heterojunction solar cells, with a common device structure- 

ITO/PEDOT:PSS with LiF as hole-selective and Al as electron-selective contacts, were 
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used. The weight ratio between the conjugated polymer and PC61BM in the photoactive 

blends was varied between 1:1 (1:0.7 for BTE-PVab) and 1:4, in order to achieve an 

optimal active layer morphology enabling efficient charge generation and balanced charge 

transport. Figure 4.8 shows Atomic Force Microscopy (AFM) images obtained for BTE-

PVab: PC61BM blends prepared with 1:1, 1:2, 1:3 and 1:4 D/A weight ratios. The most 

homogeneous films were obtained for the blends with the lowest PC61BM loading (1:1 and 

1:07, the latter not shown). The increase of fullerene concentration in the blends resulted 

in the appearance of round-shaped features corresponding, most probably, to clusters of 

PC61BM segregated from the polymer phase, similar to those reported for MDMO-PPV: 

PC61BM blends.39,40 Those round-shaped clusters were found to be 150-200 nm in size in 

BTE-PVab: PC61BM blends prepared with 1:2 donor/acceptor ratio and further increased 

by increasing the acceptor concentration (300-400 nm for 1:3 and 400-600 nm for 1:4 D/A 

ratio). Thus, it points out that these clusters are mainly composed of the fullerene 

derivative. Similar surface morphology was also observed for blends made with BTE-

PVaa, BTE-PVbb and BTE-PVba donors. The AFM images obtained for BTE-PVba: 

PC61BM blends are shown in Figure SI 4.5.  

The blend morphology exhibited by the investigated blends is not optimal for 

achieving an efficient generation of free charge carriers. Indeed, charge generation in bulk 

heterojunction solar cells occurs at the interface between the donor and acceptor 

components of the blend and photogenerated excitons have to reach by diffusion to the 

D/A interface, in order that their dissociation can take place before their radiative or non-

radiative recombination. Because of the short exciton diffusion length in organic 

semiconductors (20 nm, typically) 41,42,43 a nanoscale phase separation between the two 

components is required for efficient charge carrier generation. Therefore, the AFM 

investigation could suggest that a high generation rate of free charge carriers cannot be 

expected for the BTE-PV: PC61BM blends investigated here, negatively affecting the short-

circuit current density (JSC) of the related cells.  
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Figure 4.8 AFM height images (5 μm ×5 μm) of BTE-PVab: PC61BM blends prepared in 

1:1 (a), 1:2 (b), 1:3 (c) and 1:4 (d) w/w D/A ratios.  

Figure 4.9 depicts the current density-voltage (J-V) curves of the solar cells based 

on polymer:PC61BMactive layers. A solar simulator (AM1.5, class A) was used for 

illumination. The current density-voltage (J-V) curves and external quantum efficiency 

(EQE) spectra also support the detrimental effect of unsuitable morphology on efficient 

free charge generation, resulting in moderate values for JSC, ranging between 1.5 and 4.3 

mA cm-2, as shown by the photovoltaic parameters extracted from the J-V characteristics 

collected in Table 4.4. The maximum power conversion efficiency was obtained for 

polymer BTE-PVab ( = 2.1%) having linear octyloxy side-chains on the BTE part. 
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Figure 4.9 (a) J-V curves for the best performing solar cells obtained under simulated 

AM1.5 illumination and (b) corresponding EQE spectra.  

Table 4.4 Photovoltaic parameters of solar cells made of BTE-PVs as donors and PC61BM 

as acceptor: short-circuit current-density (Jsc), open-circuit voltage (Voc), fill factor (FF), 

power conversion efficiency (). 

 

 

D/A 

 w/w ratio 

Jsc 

(mA cm-2) 

VOC 

(mV) 

FF 

(%) 

 

(%) 

BTE-PVaa  1:1 2.9 740 46 1.0 

BTE-PVab 

1:0.7 2.6 900 29 0.7 

1:1 4.3 880 55 2.1 

1:2 3.4 880 50 1.5 

1:3 2.6 900 40 1.0 

1:4 2.8 900 39 1.0 

BTE-PVba 

1:1 1.8 740 31 0.4 

1:2 1.5 780 34 0.4 

1:3 1.6 700 34 0.4 

1:4 2.4 740 38 0.7 

BTE-PVbb 

1:1 2.0 850 30 0.5 

1:2 1.8 850 29 0.4 

1:3 2.3 900 34 0.7 

1:4 2.0 900 33 0.6 
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The analysis of the data reported in Table 4.3 and Table 4.4 reveals that a 

correlation between hole mobility of pristine polymers and the photovoltaic performance 

of the cells cannot be established. This is a result of the unsuitable morphology of the 

photoactive blends which hampered the photovoltaic performance. Indeed, in addition to 

the poor generation of charge carriers, the moderate values of fill factor (FF) achieved in 

most cases may indicate a significant charge-carrier recombination loss, due to an improper 

formation of de-mixed donor and acceptor pathways for efficient charge transport and 

extraction. Probably, the performance of BTE-PVs in photovoltaic cells is somehow 

limited by supramolecular interactions between the polymers and fullerene, not leading to 

an appropriate miscibility of the two components. Thus, these photovoltaic results confirm 

once again that the morphology of the blend plays a pivotal role for the performance of 

bulk-heterojunction solar cells. Nevertheless, the inspection of the data presented in Table 

4.4 could suggest that cells made of BTE-PVaa and BTE-PVab, possessing linear octyloxy 

side-chains on the BTE part, perform better than other polymers. This behaviour is in 

correlation with the results obtained for solar cells made with a series of AnE-PVs (Chapter 

3a of this thesis) as donors,9 for which higher power conversion efficiencies were observed 

for polymers bearing linear octyloxy side-chains attached to the AnE part, compared to 

those comprising 2-ethylhexyloxy chains in the same position.  

4.5  CONCLUSIONS 

The four side-chain conjugated polymers, differing in the nature of solubilising side 

chains octyloxy (linear) and 2-ethylhexyloxy (branched) chains on the PPE and PPV units 

were synthesised and characterised. The polymers exhibited very different charge transport 

properties, investigated by TOF technique. The bulk hole mobility at a field of about 8×104 

V cm-1 ranged from 1.3×10-5 cm2 V-1 s-1 for BTE-PVaa, substituted with solely linear 

chains, to the outstanding value of 2.2×10-2 cm2 V-1 s-1 for BTE-PVba, with branched and 

linear solubilising chains.  The XRD study on thick films showed no difference in the 

structure of the polymer films. The XRD patterns indicated a completely amorphous 

feature of polymer films. Though the thin film absorption spectra suggested a moderate 

organisation for the polymers containing linear octyloxy chains, (BTE-PVab and BTE-

PVaa), no obvious evidence of ordering has appeared in the XRD spectra of thicker films. 
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Given the similarity of the structural properties of the polymer films, the remarkable 

difference of mobility values, spanning over three orders of magnitude, can be mainly 

attributed to the chemical structure of the polymers. The combination of linear and 

branched chains was found to be favorable for charge transport properties of the 

investigated polymers, compared to the incorporation of only linear or branched side-

chains, similar to the behaviour already reported for AnE-PV copolymers. Nevertheless, 

the bulk heterojunction solar cells made with BTE-PVba as donor and PC60BM as acceptor 

did not take advantage of their remarkable hole mobility, because of an unfavourable 

morphology of the blends. The maximum power conversion efficiency was obtained for 

polymer BTE-PVab ( = 2.1%) having linear octyloxy side-chains on the BTE part.  
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Figure SI 4.1 1H-NMR spectrum (CDCl3) of polymers- 1) BTE-PVaa, 2) BTE-PVbb and 

3) BTE-PVba 

  

 

 

Figure SI 4.2 TG curves of BTE-PV polymers 
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Figure SI 4.3 Luminescence decay curves in dilute chloroform solution and thin film 

 

Figure SI 4.4 Typical TOF signals for positive (black lines) and negative charge carriers 

(gray lines) in log-log scales: BTE-PVaa (a); BTE-PVab (b); BTE-PVba (c); BTE-PVbb 

(d). Applied electric field of about 8×104 V cm-1 
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(a) 

 

(b) 

 

    

(c) 

 

(d) 

 

    

Figure SI 4.5 AFM height images (20 μm x 20 μm) of BTE-PVba: PC61BM blends 

prepared in 1:1 (a), 1:2 (b), 1:3 (c) and 1:4 (d) w/w D/A ratios 
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5.1  INTRODUCTION 

 Solution processable polymer solar cells (PSCs) have emerged as potential 

candidates for commercialization of solar cell technology due to their advantages such as 

large area production, flexibility, light weight and cost effectiveness. The power 

conversion efficiency (PCE) of PSCs has been rapidly improved over the past few years 

and approached 14 % in single junction solar cells.1–4 Donor-Acceptor (D-A) copolymers 

were successfully employed as a donor material in an active layer in the bulk heterojunction 

construct of solar cells. The judicious choice of electron-donating (D) and electron-

accepting (A) units for the construction of new donor polymers is imperative to get efficient 

systems. The design criteria for new D-A polymers for their practical applications are as 

follows- i) good solubility in common organic solvents for solution processability, ii) 

strong and broad absorption in visible and near IR region to match the solar spectrum, iii) 

proper highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) energy levels to achieve higher open circuit voltage (Voc), also efficient 

exciton dissociation into free charge carriers to achieve high short-circuit current (Jsc); iv) 

high and balanced charge carrier mobility, to ensure efficient charge transport; and v) 

controlled morphology with nanoscale phase separation between donor- and acceptor-

domains to afford bicontinuous interpenetrating networks in active layer for better charge 

separation and charge transport. Indeed, some of the polymers possessing above mentioned 

properties have shown remarkable photovoltaic performance.5–12 Albeit, most of the D-A 

copolymers with low band gap energy absorb strongly in near IR region but they show 

poor absorption in visible region. Thus, they lack broad absorption covering entire solar 

spectrum and result in poor Jsc values.  Also, incorporation of solubilizing side chains on 

D and A units, sometimes adversely affect molecular packing leading to diminished charge 

transport and hence the lower photovoltaic performance. Moreover, designing and 

synthesizing novel structures of D and A units for new, more efficient D-A copolymers has 

now became limited and non-economic.13 Because of these limitations, there is a need to 

search new approaches in the design of polymers so as to further improve the photovoltaic 

performance of PSCs.  

In this regard, terpolymers, which consist of three different units in the polymer 

backbone, are promising candidates. The incorporation of a third component (donor D or 
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acceptor A) into D–A copolymers affords either D–A–A or D–D–A type terpolymeric 

system.14–17 With added new D or A unit, there exists a possibility of tuning solar 

absorption, solubility, HOMO-LUMO energy levels and π-π stacking of terpolymers16-21 

In general, terpolymers show a broader absorption range compared to their corresponding 

D–A copolymers. The extended light absorption favours more photon harvesting, resulting 

in more exciton generation which mainly contribute to high photocurrent.18,19 Interestingly, 

side chains on the new D or A unit, apart from enhancing solubility, also play important 

role in manipulating π-π stacking and thus the molecular packing. 20–22 Further, in random 

terpolymers, the ratio of monomers can be carefully optimised to get large current 

densities23 and desired crystallinity with superior performance in PSCs.24 Therefore, the 

design of terpolymers based on knowledge of existing promising D-A copolymers, is found 

to be attractive strategy for tailoring polymers with superior opto-electronic properties by 

proper selection of the third component. 

Recently, Ie et al designed and synthesised new acceptor unit namely- 1,3-dibromo-

5,7-dihexyl-4H,8H-benzo[1,2-c:4,5-c′]dithiophene-4,8-dione.25 Later, Qian et al modified 

this unit by changing the alkyl groups from hexyl to 2-ethylhexyl to synthesize new 

acceptor-1,3-bis(thiophen-2-yl)-5,7-bis(2-ethylhexyl)benzo-[1,2-c:4,5c′]dithiophene-4,8-

dione (BDD)26. Since then, several BDD-based D-A copolymers as donor materials in 

combination with PCBM and non-fullerene acceptors, with impressive photovoltaic 

performance were developed.  

Table 5.1 summarises BDD-based copolymers reported in the literature.  
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Table 5.1 BDD-based copolymers reported in the literature 

Sr. 

No

. 

1,3-bis(thiophen-2-yl)-5,7-bis(2-ethylhexyl)benzo-[1,2-

c:4,5c′]dithiophene -4,8-dione (BDD) based copolymers 

Ref. 

No. 

1  

 

Two donor-acceptor type copolymers namely- DTS-T6 and BDT-T6 

containing dioxocycloalkene-annelated thiophenes as electron-accepting 

units were designed and synthesized and applied as p-type organic 

semiconducting materials in organic photovoltaics. These copolymers 

possessed low optical band gaps (1.63-1.92 eV) and low-lying HOMO 

energy levels (−5.41 to −5.33 eV). Organic field-effect transistor 

measurements showed that these copolymers had hole-transporting 

characteristics with mobilities in the order of 10−7−10−4 cm2 V−1 s−1. The 

solar cell devices fabricated using these materials as donor with fullerene 

derivatives as acceptors exhibited power conversion efficiencies of up to 

4.87 % (Voc= 0.90 V, Jsc= 11.46 mA cm−2 and FF= 0.48).  

25 

 

2 

 

26 
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In 2012, Qian et al designed and synthesized a new polymer PBDTBDD and 

applied it as a donor material in polymer solar cells. A power conversion 

efficiency of 6.67 % was obtained from the PBDTBDD:PC61BM-based 

devices, which is a remarkable result for the PSCs using PC61BM as electron 

acceptor. The PBDTBDD/PC61BM-based device exhibited a narrow 

absorption band and excellent quantum efficiency. In solution, PBDTBDD 

showed a strong aggregation effect, and the study indicated that the 

temperature used in solution preparation has minor influence on molecular 

orientation and crystallinity of the D/A blend, but it has strong effect on 

forming proper domain size in the blend. This study established a good 

correlation between morphology of blend films and the processing 

temperature of blend solution. Thus, this is an interesting and feasible 

approach to modulate domain size without changing crystallinity of the 

blend films in PSCs. 

3  

 

Qian et al, in 2013, designed and synthesized a new polymer PBT1 and used 

it as a donor component in polymer solar cells and recorded an efficiency of 

6.88 % with a 75 nm active layer. This work emphasises the use of molecular 

structure as a tool to realize optimal photovoltaic performance with high 

polymer content. This enables the efficient photo-absorption in very thin 

films.  

27 
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4 

 

Wang et al in 2014, synthesised four conjugated polymers based on 

dithienogermole (DTG) units, namely- PDTG-BDD, PDTG-IID, PDTG-

BT, and PDTG-DPP and investigated their photovoltaic properties with 

respect to the varied backbone structure. The results showed that the device 

fabricated using PDTG-BDD exhibited a PCE of 6.3 % with a high Voc of 

0.935 V, a FF of 65.0 %, and a Jsc of 10.3 mA/cm2, which is the highest one 

in these four polymers while the devices fabricated using PDTG-DPP 

showed a very low Jsc of 3.19 mA/cm2 due to the unfavorable morphologies 

of the polymer:PC71BM blend. Overall, the comparisons among these four 

polymers provide fundamental information for understanding the 

correlations among molecular structures and photovoltaic properties of the 

DTG-based polymers, and how to control or modulate the band-gap, 

molecular energy levels, and morphologies of the DTG-polymers to fully 

explore their potential as photovoltaic materials. 

28 
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5 

 

Huo et al in 2015, synthesised a novel WBG copolymer, PDBT-T1 

comprising of an electron-rich DTBDT subunit and a strong electron-

defficient 1,3-bis(5-bromothiophen-2-yl)-5,7-bis(2-ethylhexyl) -4H,8H-

benzo[1,2-c:4,5-c′]dithiophene-4,8-dione (T1) subunit. The polymer has a 

highly rigid backbone since both DTBDT and T1 subunits are rigid and 

planar. Single-junction organic solar cells based on PDBT-T1 as the donor 

and PC70BM) as the acceptor exhibited a high PCE of 8.3 % for cells without 

any solvent additives and post-annealing treatments. When 1,8-diiodooctane 

(DIO) was used as the solvent additive, the PCE can be further improved to 

9.7 %, with a high fill factor (FF) of 75 %.  

9 

 

6 

 

Three wide band-gap copolymers, PBDT-O1, PBDT-S1 and PBDT-Se were 

designed and synthesised by Huang et al in 2016 by incorporating 

benzodithiophene (BDT) as donor unit and benzothienothiophenedione 

(BTTDO) as an acceptor unit. The effects of heteroatoms on the thermal 

stability, absorption spectra, energy level, charge carrier mobility, and 

photovoltaic properties of these copolymers were studied. The results 

29 
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indicated that upon increasing the size of the heteroatoms, the maximum 

absorption peaks were red-shifted and the optical band-gap decreased. 

Among the three polymers, PBDT-S1 achieved the best photovoltaic 

performance, with a high power conversion efficiency (PCE) of 9.0 %, (Voc 

=0.91 V, Jsc =12.99 mA cm2, and FF =74.9 %). 

7 

 

Zhang et-al in 2016, synthesized two copolymers- a polythiophene 

derivative (PBDD4T) and fluorinated derivative of PBDD4T (PBDD4T-

2F).  PBDD4T-2F was synthesised to increase the rotational barrier and 

hence stabilize its backbone conformation by introducing fluorine into the 

β- and β′-position of the α-linked bithiophene segments. It was demonstrated 

that BDD4T-2F has a more stable backbone conformation than PBDD4T 

due to fluorination. Comparatively, PBDD4T-2F shows stronger 

aggregation effect in solution state and more compact π−π stacking in solid 

thin film and also possesses deeper HOMO level. Taking advantage of these 

properties, PBDD4T-2F-based device showed a power conversion 

efficiency (PCE) of 9.04 %, when blended with PC71BM; of 8.69 %, when 

blended with ITIC and of 10.12 %, in the tandem cell, in which the blend of 

PBDD4T-2F:PC61BM was used for making the front subcell, These results 

indicated that the fluorination is an effective method to enhance interchain 

π−π interaction for the polythiophene and especially for the fullerene-free 

device based on ITIC. 

30 
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8 

 

Zhang et al synthesised a conjugated polymer (P266) using 

diketopyrrolopyrrole (DPP) and benzo[1,2-c:4,5-c0]dithiophene-4,8-dione 

(BDD) units as the backbone framework. The new polymer exhibited a 

narrow optical band-gap and strong aggregation behaviour in the solution 

state. The result showed that by dissolving the donor and acceptor in 

different solvents and then mixing them before film casting, better 

performing solar cell devices and distinct film morphology could be 

achieved, rather than by dissolution in one solvent. A high efficiency of 9.18 

% was obtained using PC71BM as an acceptor. This study demonstrated the 

importance of manipulating the aggregation state in bulk heterojunction 

solar cell fabrication and revealed the influence of polymer-fullerene 

interplay on the blend film morphology. 

31 

 

9 

 

A small molecule named DR3TBDD, using 1,3-bis(4-(2-ethylhexyl)- 

thiophen-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c0]-dithiophene-4,8-

dione (BDD) with strong electron-withdrawing ability and a large planar 

structure as the central core was synthesised by Zhang et al in 2017. The 

HOMO energy level for DR3TBDD is -5.12 eV, which is deeper than most 

32 

 



 

Chapter 5                                                                Benzo[1,2-c:4,5-c′]dithiophene-4,8-dione Containing… 

Savitribai Phule Pune University                         164                             CSIR-National Chemical Laboratory 

 

of the high efficiency small molecules. The optimal solar cell devices based 

on DR3TBDD: PC71BM as the active layer exhibited a PCE of 9.53 %, (Voc 

=0.97 V, Jsc =14.77 mA cm-2, and FF = 66.9 %. This Voc value is one of 

the highest values among high performance small molecular-OPVs and also 

significantly higher than most of the polymeric OPVs.  

10 

 

Liu et-al in 2017 synthesised three wide band-gap polymers (PBT1-MP, 

PBT1-EH, and PBT1-BO) having the same polymeric backbones but 

differing in alkyl chains on benzodithiophene (BDT) unit and on 

benzodithiophene-4,8-dione (BDTDO) unit. The result showed that PBT1-

EH with the moderate bulky side chains exhibited the best photovoltaic 

performance.  PBT1-EH-based solar cells when paired with PC71BM, 

showed a high PCE of 10.3 %, A high PCE of 10.6 % was achieved with 

non-fullerene acceptor (ITIC-Th). The results suggested that the alkyl side-

chain engineering is an effective strategy to tune the optoelectronic 

properties of WBG polymers. 

33 

 

11 

 

34 
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Xu et al in 2017, synthesised two copolymers, namely PBPD-Th and   

PBPD-Se based on m-alkoxyphenyl substituted benzodithiophene (BDT-m-

OP) as donor unit and benzo[1,2- c:4,5-c′]dithiophene-4,8-dione (BDD) as 

acceptor unit, in which thiophene and selenophene units were used as π-

conjugated spacer, respectively. Selenium was incorporated into the 

polymer to broaden the absorption spectrum and enhance the charge 

transport properties. Compared with PBPD-Th, PBPD-Se exhibited 

extended absorption spectrum and an enhanced hole mobility. The PBPD-

Se:PC71BM-based solar cells  exhibited a significantly improved PCE of 9.8 

%, (Jsc =14.9 mA cm−2, Voc =0.90 V). These results indicated that the 

rational selection of π-conjugated spacer in the D−A copolymer is very 

important to achieve high efficiency PSCs. 

12 

 

Zhu et al designed a new asymmetric monomer asy-BDTBP with an alkoxyl 

group as the 1D (1-dimentional) and an alkoxybiphenyl as the 2D (2-

dimentional) substituted group. Medium band-gap donor–acceptor 

conjugated polymer P1 was synthesized with asy-BDTBP and 4,7-di(4-(2-

ethylhexyl)-2-thienyl)-5,6-difluoro-2,1,3- benzothiadiazole (DTffBT) as the 

donor and acceptor unit, respectively. P1 when blended with PC71BM 

exhibited an enhanced power conversion efficiency (PCE) of 8.45 % (Voc 

=0.838 V, Jsc =14.35 mA cm-2 and FF= 70.27 %) compared to the reported 

symmetric analogue PBDTBP–DTffBT (6.70 %). However, P1 coupled 

with a classical non-fullerene acceptor ITIC revealed a relatively poor 

35 
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efficiency of 6.35 % due to non-complementarity of absorption spectra. To 

overcome this problem, a wide band-gap D–A polymer P2 was synthesized 

with a weak electron-withdrawing group benzo[1,2-c:4,5-c0]dithiophene-

4,8-dione (BDD) instead of DTffBT as the acceptor unit. As a result, P2 

possessed a complementary absorption spectrum with ITIC, and exhibited 

an excellent photovoltaic performance. The optimal efficiency boosted to 

10.04 % (VOC =0.873 V, Jsc =7.60 mA cm-2and FF =65.37 %). This work 

demonstrates the potential of asymmetric BDTs for high efficiency PSCs.  

13  

 

 

Bohra et al in 2018 reported a “greener” synthetic route of direct arylation 

polymerization for series of wide band-gap D-A copolymers with a common 

acceptor building block of BDTD (P1, P2 and P3). The structure– property 

relationship in these polymers was studied. The device performances of 

these polymers in both thin-film field-effect transistors and organic BHJ 

solar cells involving the BDTD-based polymers as the electron donors and 

fullerene derivatives as the electron acceptors were investigated. Polymer 

P3 showed maximum PCE of 3.5 %. 

36 

  

14 
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Li et al reported two wide band-gap donor–acceptor (D–A) photovoltaic 

polymers based on asymmetric benzodithiophene units with a bare phenyl 

or alkoxyl chain modified phenyl group as one of the substitutions. Both the 

polymers have almost identical optical bandgaps. P2 (with a side chain in 

the phenyl group) revealed slightly red-shifted film absorption spectra 

compared to polymer P1 (with the bare phenyl group), which is partly 

attributed to the better molecular conformations and intermolecular 

interactions. The results demonstared that P2 based solar cells, both -

fullerene and non-fullerene exhibited superior photovoltaic performance 

over that of P1. This was mainly attributed to the more favourable 

heterojunction morphologies and more balanced charge transport. P2 based 

PSCs with PC71BM as the acceptor demonstrate an enhanced efficiency 

(8.58 %) compared to that of P1 (7.04 %). It was proved that low boiling 

point toluene can be used as an effective additive to optimize the 

photovoltaic performance of fullerene-free polymer solar cells. The best 

efficiency of the P2/ITIC based devices reached over 9 % (VOC =0.90 V, Jsc 

=16.70 mA cm-2, and FF =0.603).  
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15 

 

Jian et al, in 2018 designed and synthesised three copolymers based on 

zigzag naphthodithiophene (zNDT) with different aromatic rings as π 

bridges and different core side substitutions (PzNDT-T-BDD, PzNDT-TT-

BDD, and PzNDTP-T-BDD, respectively). The 2D conjugation structure 

and molecular planarity of the polymers can be effectively altered through 

the modification of conjugated side chains and π-bridges. When blended 

with the non-fullerene acceptor (2,2′-[(4,4,9,9-tetrahexyl-4,9-dihydro-

sindaceno[1,2-b:5,6-b′]dithiophene-2,7-diyl)bis[methylidyne(3-oxo-1H-

indene-2,1(3H)-diylidene)]]bis-propanedinitrile) (IDIC), PzNDT-T-BDD 

exhibits the highest power conversion efficiency (PCE) of 9.72 % among 

the three polymers. This result can be attributed to its superior crystallinity 

and more obvious face-on orientation in blend film. PzNDT-TT-BDD and 

PzNDTP-T-BDD exhibited PCE values of 8.20 % and 4.62 %, respectively. 

The result suggested that the modification of conjugated side chains and π-

bridges, is an effective strategy for designing NDT-based polymers with 

high photovoltaic performance.  

38 
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16 

 

 

Chlorinated conjugated polymers are important candidates for highly 

efficient polymer solar cells since they can be prepared from low-cost raw 

materials by simple and high-yield synthetic routes. However, the study of 

the structure–property relationship of chlorinated polymers is lagging. Wu 

et al in 2018, synthesised two chlorinated conjugated polymers, PCl(3)BDB-

T and PCl(4)BDB-T and they were used to fabricate PSCs with the non-

fullerene acceptor (IT-4F). The PCl(3)BDB-T:IT-4F-based device exhibited 

a negligible power conversion efficiency of 0.18 %, while the PCl(4)BDBT: 

IT-4F-based device showed an outstanding PCE of 12.33 %. Thus, these 

results provided new insight for the rational design of new chlorinated 

polymer donors for further improving the photovoltaic efficiencies of PSCs. 

39 
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A new alkylsilyl functionalized copolymer donor PBDS-T with low-lying 

energy levels was designed and synthesised by Huang et al in 2018 for 

efficient PSCs. By monitoring the photoluminescence quenching of the bulk 

and bilayer heterojunctions, small driving forces, ∆EHOMO of 0.15 eV and 

∆ELUMO of 0.22 eV were found. These parameters were observed to correlate 

with the crystalline PBDS-T and the optimal morphology in PBDS-T:ITIC. 

The results showed that simultaneous improvement of VOC, Jsc and small 

Eloss boosted the PCE over 11 %, which is one of the highest values for 

annealing-free device. These results throw a light on precise design of a 

light-harvesting system with small driving force to simultaneously improve 

the VOC and Jsc for highly efficient PSCs. 

18 

 

Two wide-bandgap polymers (PBDTBDD-Ph and PBDTBDD-PhPh) with 

different aggregation degrees and fused-ring electron acceptors (ITIC-4T, 

ITIC-3T and ITIC-2T) with different sizes were synthesized by Zhu et al  

very recently. The results demonstrated that weakly aggregated donor 

polymers and small-sized FREAs in appropriate degrees can match well 

with each other to achieve high power conversion efficiencies (PCEs). 

Small-sized FREAs can be embedded more easily into the interspace of 

weakly aggregated polymer chains. As a result, an NF-PSC device based on 

weakly aggregated polymer PBDTBDD-Ph and small-sized ITIC-3T 

yielded over 11 % PCE.  The work found to be useful in the design the donor 

41 
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Recently, Sun et. al reported two BDD-based terpolymers constituting bithiophene 

(BT) as donor unit and BDD as acceptor unit. Thieno[3,2-b]thiophene (TT) and 

thiazolo[5,4-d]thiazole (TTz) were used as the third component to form D-D-A and D-A-

A terpolymeric system, respectively.24 It was shown that, D-A-A-based solar cells showed 

a high PCE of 8.1 % (FF= 0.74), which is much higher than those of D-D-A-based devices 

(PCE =3.4 %, FF =0.55). The high performance was mainly ascribed to the efficient charge 

carrier transport in the active layer of solar cell device, high crystallinity of D-A-A, and 

high domain purity. Their research along with that of several other research groups suggest 

that conjugated terpolymers with one donor and two acceptor units is an effective strategy 

for designing high-performance solar cell materials.42–48 Moreover, few other research 

groups have proved that BDD based terpolymers are promising systems to study, for their 

applications in photovoltaics.22,49–52 

 Inspired from this literature back ground, we have synthesized 1,3-bis(5-

bromothiophen-2-yl)-5,7-bis(2-ethylhexyl)-benzo[1,2-c:4,5-c']dithiophene-4,8-dione 

(BDD) based copolymers and terpolymers. All the monomers have complementary 

absorption in visible region, so that the terpolymers could cover entire visible and near IR 

region. The terpolymers showed broader absorption and higher solubility in organic 

solvents as compared to copolymers. The influence of active layer (polymer:PCBM) 

morphology on photovoltaic behaviour was investigated. 

5.2  EXPERIMENTAL 

5.2.1  Materials:  

Thiophene, bromine, n-butyllithium solution (2 M in cyclohexane), 2-ethylhexyl 

bromide,  2-ethyl hexanoic acid, 2-hexyl-1-bromodecane, thiophene-3-carboxylic acid, 1-

octyl bromide, thiophene-3,4-dicarboxylic acid, trimethyl(thiophen-2-yl)stannane, 5,5'-

bis(trimethylstannyl)-2,2'-bithiophene,  tetrabutyl ammonium bromide, aluminium 

chloride (AlCl3), lithium aluminium hydride,  tetrakis(triphenylphosphine)palladium(0) 

(Pd(PPh3)4), copper iodide (CuI), diisopropyl amine and potassium tertiary-butoxide 

polymers and fused-ring electron acceptors (FREAs) for high-performance 

non-fullerene polymer solar cells (NF-PSCs). 
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(Aldrich Chemicals) were used as received. Cyclopentadithiophene (TCI Chemicals) was 

used as received. Sodium bisulphate, glacial acetic acid, oxalyl chloride and N-

bromosuccinimide (NBS) (Merck) were used as received. 

N,N-Dimethylformamide (DMF), dimethyl sulphoxide (DMSO), diethyl ether, 

tetrahydrofuran (THF) and toluene (Aldrich Chemicals) were purchased and were dried 

and distilled according to standard procedures53 and stored under argon. Methanol, 

chloroform, dichloromethane, n-hexane and ethyl acetate (Merck) were purchased and 

were used as received. If not otherwise specified, solvents or solution were degassed by 

bubbling with argon for1 h prior to use. 

5.2.2  Characterisation and techniques 

Different techniques were used for characterization of monomers and polymers and are 

listed below. 

NMR Spectroscopy: 1H and 13C NMR spectra of monomers and polymers were recorded 

using a Bruker-AV spectrometer at operating frequency of 200 MHz, 400 MHz or 500 

MHz in CDCl3 or DMSO-d6 with tetramethylsilane as an internal standard.  

Gel permeation chromatography (GPC): Molecular weights and dispersity values of 

polymers were determined on Thermo-Finnigan make gel-permeation chromatography 

(GPC) using tetrahydrofuran as an eluent at a flow rate of 1 mL min-1 at 25 °C. Sample 

concentration was 2 mg mL-1 and narrow dispersity polystyrenes were used as calibration 

standards. 

Differential scanning calorimetry (DSC): DSC measurements were carried out on a Mettler 

DSC 30 with a cell purged with nitrogen. Calibration for temperature and enthalpy changes 

was performed using an Indium standard. The temperature was varied between 0 and 

250°C with a heating/cooling rate of 10 K/min. In total two heating-cooling cycles were 

performed on each sample.  

Thermogravimetric analysis (TGA): TGA was performed on a Mettler TA-300-thermal 

analyzer operating under nitrogen atmosphere. The samples were heated from 0 to 400°C 

with a heating rate of 10 K/min.  

Absorption and emission spectroscopy: The absorption spectra were recorded in dilute 

chloroform solution (c ≈ 10-6 mol l-1) on a Perkin–Elmer UV/VIS-NIR Spectrometer 

Lambda 19. The absorption spectra of thin films spin coated from chlorobenzene solution 
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were recorded on Varian UV/Vis spectrophotometer and the corresponding emission 

spectra were recorded on a home-built photoluminescence setup. Thin films were spin 

coated on glass substrates using chlorobenzene solutions (0.6-0.8 wt %).  

Cyclic voltammetry (CV): CV was performed with a PA4 polarographic analyzer 

(Laboratory Instruments, Prague, CZ) with a three-electrode cell. Platinum (Pt) wire 

electrodes were used both as working and counter electrodes, and a non-aqueous Ag/Ag+ 

electrode (Ag in 0.1 M AgNO3 solution) was used as the reference electrode. CV 

measurements were made in solutions of 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) in acetonitrile under nitrogen atmosphere. Typical scan rates were 20, 50 and 

100 mVs−1, respectively. Polymer thin films were prepared onto Pt wire electrodes from 

chlorobenzene solution. All measurements and film preparations were performed in a 

nitrogen atmosphere in a glove box. 

Atomic Force Microscopy: The surface morphology of the samples was studied by Atomic 

Force Microscopy (AFM). The AFM images were obtained by means of a Digital 

Instruments Dimension 3100 microscope working in tapping mode. The samples were 

prepared by spin-coating from chlorobenzene solution. 

5.2.3 Fabrication and Characterization of the Photovoltaic Cells 

Anthracene containing poly(-p-arylene-ethynylene)-alt-poly(-p-arylene-vinylene) 

(AnE-PV) as donor and phenyl C70 butyric acid methyl ester (PC70BM, Solenne 99.5%) 

as an acceptor were used. AnE-PV was blended with PC70BM in chlorobenzene and stirred 

at 40 °C for 24-48 h. The donor: acceptor (D: A) ratio was varied from 1:1 to 1:2 (w/w) 

and total concentrations of (D+A) in chlorobenzene solution was ~10 mg/mL. Indium tin 

oxide (ITO) coated glass (Merck KgaA, Darmstadt) was used as substrate for device 

fabrication.  A part of ITO layer on glass was etched using aqua regia for selective 

contacting of back electrode. These glass substrates were thoroughly cleaned by subjecting 

them to ultrasonication in soap, deionized water, acetone and in isopropyl alcohol. The 

substrates were then dried for several hours in an oven at 120 °C. A hole transporting layer- 

PEDOT:PSS (Baytron/Clevios PH H.C. Starck) was spin coated at 3000 rpm for 60 sec. 

Then the photoactive layer was spin coated with polymer: PC70BM blend solution at 4000 

rpm for 60 sec. The final thickness of each active layer film was 100~110 nm. Finally, 

aluminum (~100 nm) was thermally deposited under high vacuum (~10-7 torr). The active 
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area of solar cells was 0.5 cm2 for all the devices. The photovoltaic performance of the 

devices was measured using a solar spectrum simulator with an air-mass (AM) 1.5 G filter. 

The intensity of the solar simulator was carefully calibrated using an AIST-certified silicon 

photodiode. The current-voltage behavior was measured using a Keithley 2400 SMU. 

5.3  SYNTHESIS  

5.3.1 Synthesis of 1,3-bis(5-bromothiophen-2-yl)-5,7-bis(2-ethylhexyl)-benzo[1,2-

c:4,5-c']dithiophene-4,8-dione (BDD monomer) 

5.3.1.1 Synthesis of 2-(2-ethylhexyl)thiophene (1) 

 Into a 250 mL three-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stirree added thiophene (7.0 g, 83 mmol) and of dry THF (50 mL) under 

nitrogen atmosphere. The solution was cooled to -40°C and 46 mL of n-butyllithium (91.5 

mmol, 2 M in cyclohexane) was added dropwise. After being stirred at -40°C for 1 h, 16.27 

mL of 2-ethylhexyl bromide (91.5 mmol) was added dropwise and the mixture was warmed 

up to room temperature and stirred overnight. The mixture was quenched by 100 mL of 

cold water and extracted with hexane (3x100 mL). The organic extracts were dried over 

anhydrous Na2SO4, filtered and concentrated by evaporation in vacuo. The residue was 

purified by vacuum distillation (92°C, 2.0 mbar) to afford a colourless oil.  

Yield: 5.95 g (58%). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.11 (d, 1H), 6.93 (dd, 1H), 6.78 (d, 1H), 2.76 (d, 

2H), 1.65-1.45 (m, 3H), 1.34-1.26 (m, 6H), 0.94-0.85 (t, 6H). 

5.3.1.2 Synthesis of 2-ethyl-1-(5-(2-ethylhexyl)thiophen-2-yl)hexan-1-one (2) 

 Into a 100 mL single-necked round bottom flask equipped with nitrogen gas balloon 

and a magnetic stir bar was added 2-ethyl hexanoic acid (3.1 g, 21.5 mmol) and the reaction 

mixture was  cooled to 0°C.  Oxalyl chloride (2.5 mL, 29.0 mmol) and DMF (0.1 mL) were 

added into it. Reaction mixture was stirred at room temperature overnight. Then, excess 

oxalyl chloride was distilled off, the residue was cooled and AlCl3 (3.87 g, 29.0 mmol) was 

added into it at 0°C. 2-(2-Ethylhexyl)thiophene (3.84 g, 19.5 mmol) dissolved in 

dichloromethane (40 mL) was added into the reaction mixture and stirred overnight at room 

temperature. Reaction was quenched by addition of 1 M HCL (40 mL) and extracted with 

dichloromethane (3x100 mL). Dichloromethane extracts were washed with water, dried on 
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Na2SO4 and concentrated by evaporation in vacuo. The purification was carried out by 

column chromatography on silica gel eluting with 30 % dichloromethane in petroleum 

ether to obtain pure 2 as a brown liquid.  

Yield: 2.0 g (76%). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.55 (d, 1H, thiophene hydrogen near to C=O group), 

6.80 (d, 1H, thiophene ‘H’), 3.08 (m, 1H, -OH of keto-enol tautomer), 2.77 (d, 2H, -CH2 

of ethylhexyl chain ), 2.15 (m, 1H, -CH at branch position of 2-ethylhexyloxy chain ), 1.85-

1.45 (m, 7H, -CH and -CH2 of side chains), 1.28 (m, 10H, -CH2 ),0.89 (t, 12H, -CH3).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 197.52, 154.81, 143.52, 131.99 (CH), 126.73 (CH), 

49.76 (CH), 41.65 (CH), 34.97 (CH2), 32.62 (CH2), 32.52 (CH2), 30.11 (CH2), 29.06 (CH2), 

26.23 (CH2), 25.80 (CH2), 23.17 (CH2), 23.12 (CH2), 14.32 (CH3), 14.16 (CH3), 12.37 

(CH3), 11.01 (CH3). 

5.3.1.3 Synthesis of 2,5-bis(2-ethylhexyl)thiophene (3) 

 LiAlH4 (3.88 g, 102.3 mmol) and AlCl3 (13.6 g, 102.3 mmol) were taken in two 

different 100 mL single necked round bottom flasks and dissolved separately in 60 mL dry 

ether under argon protection at 0 °C and then the solutions were combined, portion wise. 

Afterwards, solution of 2 (5.5 g, 17.04 mmol) in dry ether (60 mL) was added via syringe 

to the mixture at 0°C. The reaction mixture was allowed to attain room temperature and 

stirred for 5 h. Then, to quench the reaction, ether (1 mL) and 2M HCl (20 mL) were added 

carefully. The organic phase was extracted with ether, washed with water and dried over 

Na2SO4. The pure product was obtained as an orange liquid after column chromatography 

on silica gel (40 % dichloromethane in petroleum ether). 

Yield: 4.5 g (85 %).  

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.56 (s, 2H, thiophene protons), 2.69 (d, 4H, -CH2- 

attached to thiophene ring), 1.57 (m, 2H, -CH- at branch position of ethylhexyl chain), 

1.37-1.26 (m, 16H, -CH2-), 0.94-0.86 (t, 12H).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 141.92 (CH), 124.32 (CH) 41.38 (CH), 34.16 (CH2), 

32.40(CH2), 28.91 (CH2), 25.59 (CH2), 23.01 (CH2),14.09 (CH3), 10.84 (CH3). 

5.3.1.4 Synthesis of 2,5-dibromothiophene-3,4-dicarboxylic acid (4) 

Into a 250 mL single-necked round bottom flask equipped with an addition funnel 

and a magnetic stir bar were added thiophene-3,4-dicarboxylic acid (10 g, 58.2 mmol) and 
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glacial acetic acid (100 mL). Bromine (18 mL, 348 mmol) was added dropwise into the 

solution and the mixture was stirred overnight. Aqueous sodium bisulphate solution was 

added until the reddish colour disappeared. The mixture was cooled, filtered and washed 

with 100 mL water. Drying of the precipitate afforded 2,5-dibromothiophene-3,4-

dicarboxylic acid as a grey coloured solid. 

Yield: 16.20 g (84.6%). 

1H-NMR (200 MHz, Acetone-d6, δ/ppm): broad 5-7 δ (-COOH protons)  

13C NMR (200 MHz, Acetone-d6, δ/ppm): 162.14, 135.41, 114.92. 

5.3.1.5 Synthesis of 1,3-dibromo-5,7-bis(2-ethylhexyl)-4H,8H-benzo[1,2-c:4,5-

c']dithiophene-4,8-dione (5) 

Into a 100 mL single necked round bottom flask fitted with a nitrogen gas balloon 

were added compound 4 (1.50 g, 4.53 mmol), DMF (1 drop) and dry dichloromethane (5 

mL). Oxalyl chloride (2.5 mL, 27.2 mmol) was slowly added into the mixture and was 

stirred overnight at room temperature. The solvent was removed under vacuum to obtain 

crude 2,5-dibromothiophene-3,4-dicarbonyl dichloride, which was used for next step 

without further purification. To a stirred solution of 2,5-dibromothiophene-3,4-dicarbonyl 

dichloride and 2,5-bis(2-ethylhexyl)thiophene (1.4 g, 4.53 mmol) in 20 mL dry 

dichloromethane, AlCl3 (2.41 g, 18.12 mmol) was added in small portions at 0 °C. The 

mixture was allowed to stir at 0°C for 30 min, then at room temperature for 3 h. The 

reaction mixture was poured into a mixture of ice water (100 mL) and 1 M hydrochloric 

acid and extracted with dichloromethane (3x100 mL). The organic layer was washed with 

brine water, dried over Na2SO4, and the solvent was removed under vacuum. The crude 

product was purified through silica gel column with petroleum ether/dichloromethane (5:1, 

v/v) to give a yellow solid. 

Yield: 0.95 g (34 %). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 3.33 (d, 4H, -CH2- attached to thiophene ring), 1.77 

(m, 2H, -CH- at branch position of 2-ethylhexyl chain), 1.43-1.25 (m, 16H, -CH2-), 0.94-

0.85 (m, 12H, -CH3).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 175.44, 155.19, 134.78, 132.76, 119.38, 41.13 (CH), 

33.92 (CH2), 32.59 (CH2), 28.68 (CH2), 25.90 (CH2), 22.98 (CH2), 14.07 (CH3), 10.77 

(CH3). 
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5.3.1.6 Synthesis of 1,3-bis(2-ethylhexyl)-5,7-di(thiophen-2-yl)benzo[1,2-c:4,5-c′]-

dithiophene-4,8-dione (6) 

In a 100 mL Schlenk tube equipped with a nitrogen gas inlet and a magnetic stir 

bar were added compound 5 (415 mg, 689 mmol), trimethyl(thiophen-2-yl)stannane (771 

mg, 2.068 mol) and toluene (40 mL). The reaction mixture was purged with nitrogen for 

15 min. Then, Pd(PPh3)4 (40 mg) was added to the reaction mixture and was refluxed in  

nitrogen atmosphere for 12 h. After the removal of the solvent under reduced pressure, the 

residue was purified by column chromatography on a silica gel column with petroleum 

ether/dichloromethane (5:1 by v/v) to give a yellow solid. 

Yield: 400 mg (95.4%). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.74 (d, 2H), 7.50 (d, 2H), 7.13 (t, 2H) (thiophene 

protons), 3.30 (d, 4H), 1.77 (m, 2H), 1.42−1.24 (m, 16H), 0.98−0.86 (m, 12H).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 180.05, 153.5, 142.41, 133.4, 130.5, 129.27, 127.17, 

124.51, 123.83, 41.26, 33.62, 32.74, 28.80, 25.99, 14.12, 10.82. 

5.3.1.7 Synthesis of 1,3-bis(5-bromothiophen-2-yl)-5,7-bis(2-ethylhexyl)-benzo[1,2-

c:4,5-c']dithiophene-4,8-dione (BDD monomer) 

Into 100 mL single necked round bottom flask equipped with a reflux condenser, 

were added compound 6 (0.476 mmol, 290 mg) and DMF (9 mL). After the solid dissolved 

completely, N-bromosuccinimide (NBS) (0.952 mmol, 180 mg) was added in one portion. 

The reaction mixture was heated at 60°C for 3 h. Then, water (50 mL) was added into the 

mixture, and it was extracted with CHCl3 (3X100 mL). The organic layer was washed with 

brine water and dried over anhydrous sodium sulphate. The solvent was removed under 

reduced pressure; the residue was purified by column chromatography on silica gel with 

petroleum ether/ethyl acetate (30:1 v/v) to give a red solid.  

Yield: 256.7 mg (70.4%). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.45 (d, 2H, thiophene C3 protons), 7.08 (d, 2H, 

thiophene C4 protons), 3.31 (m, 4H), 1.76 (m, 2H), 1.45−1.30 (m, 16H), 0.98−0.87 (m, 

12H).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 177.55, 154.08, 141.41, 134.64, 132.67, 132.12, 

130.33, 129.75, 118.05, 41.22, 33.66, 32.79, 28.86, 26.01, 23.02, 14.18, 10.85. 
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5.3.2 Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP(HD) monomer) 

Precursor- 3,6-Di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione was 

synthesised as described in section 3b.3.2.1 of this thesis.  

5.3.2.1 Synthesis of 2,5-bis(2-hexyldecyl)-3,6-di(thiophen-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (7) 

The compound 7 was synthesized by reaction of 3,6-di(thiophen-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione  (3 g, 9.98 mmol) with 2-hexyl-1-bromodecane 

(12.14 g, 39.9 mmol) according to the procedure described in section 3b.3.2.2 of the thesis. 

The crude product was purified by column chromatography using hexane-dichloromethane 

(7:3, v/v) mixture to obtain purple coloured solid. 

Yield: 2.84 g (38%). 

1H-NMR (400 MHz, CDCl3, δ/ppm): 8.87 (2 H, d, thiophene C5 protons), 7.62 (2 H, d, 

thiophene C3 protons), 7.26 (2 H, t, thiophene C4 protons), 4.01 (4 H, d, -CH2- of hexyldecyl 

chain), 1.90 (2 H, m, -CH- at branch position of hexyldecyl chain), 1.43 – 1.09 (48 H, m, -

CH2-), 0.85 (12 H, m, -CH3). 

5.3.2.2 Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-

c]pyrrole-1,4(2H,5H)-dione (DPP(HD) monomer) 

The DPP(HD) monomer was synthesized by reaction of 2,5-bis(2-hexyldecyl)-3,6-

di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2) (1 g, 1.1 mmol) with N-

bromosuccinimide (432 mg, 2.5 mmol) according to the procedure described in section 

3b.3.2.3 of the thesis. The crude product was purified by column chromatography using 

hexane- dichloromethane (3:7, v/v) mixture to obtain purple coloured product. 

Yield: 0.68 g (56 %) 

1H-NMR (400 MHz, CDCl3, δ/ppm): 8.63 (2H, d, thiophene C3 protons), 7.22 (2H, d, 

thiophene C4 protons), 3.90 (4H, d), 1.88 (2H, s), 1.35 – 1.02 (48H, m), 0.86 (12H, t). 

5.3.3 Synthesis of 2,6-bis(trimethyltin)-4,8-bis(2-ethylhexyl)benzo[1,2-b:4,5-

b']dithiophene (BDT monomer) 

5.3.3.1 Synthesis of thiophene-3-carbonyl chloride (8) 

Into a 100 mL single necked round bottom flask fitted with a nitrogen gas balloon 

were added thiophene-3-carboxylic acid (19.2 g, 0.15 mol) and 30 mL of DCM. The 
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reaction mixture was cooled in an ice-bath, and then oxalyl chloride (38.1 g, 0.3 mol) was 

added in one portion. The reaction mixture was stirred overnight at room temperature. The 

resulting clear solution was concentrated under reduced pressure to obtain the product as 

colorless solid. It was dissolved into dichloromethane (100 mL) and used for the next step. 

5.3.3.2 Synthesis of N,N-diethylthiophene-3-carboxamide (9) 

Into a 100 mL single necked round bottom flask equipped with a magnetic stir bar 

were added 62.5 mL of diethylamine (21.9 g, 0.3 mol) and dichloromethane (50 mL) and 

the solution was cooled by ice-bath.  The solution of thiophene- 3-carbonyl chloride was 

added slowly into the reaction mixture. The ice bath was removed after the addition, and 

the reaction mixture was stirred at room temperature for 30 min. Then, the reaction mixture 

was washed with water, and the organic layer was dried over Na2SO4. After removing 

solvent, the crude product was purified by vacuum distillation. The pure product was 

obtained as a yellow viscous liquid.  

Yield: 23.5 g (86 %). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.54 (s, 1H, proton on C2 carbon of thiophene ring), 

7.39 (d, 1H, proton on C4 carbon of thiophene ring), 7.26 (d, 1H, proton on C5 carbon of 

thiophene ring), 3.41 (m, 4H, -CH2- attached to nitrogen atom of amide group), 1.19 (t, 6H, 

-CH3).  

5.3.3.3 Synthesis of 4,8-dihydrobenzo[1,2-b:4,5-b′]dithiophen-4,8-dione (10) 

Into a 250 mL single-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar were added compound 2 (0.1 mol, 18.3 g) and tetrahydrofuran (100 

mL) and the solution was degassed for 30 min. After degassing, the solution was cooled 

by an ice-water bath, and n-butyllithium (0.2 mol, 2 M cyclohexane) was added into the 

reaction mixture dropwise over a period of 30 min. After stirring at room temperature for 

1h, the reaction mixture was poured into ice water (200 mL) and stirred overnight. The 

mixture was filtrated and the yellow precipitate was washed by 100 mL of water, then with 

methanol, and finally with hexane. The product was obtained as a yellow powder.  

Yield: 17.5 g (78 %) 

1H-NMR (200 MHz, CDCl3, δ/ppm):7.75 (d, 2 H, proton near to thiophene atom on fused 

thiophene ring), 7.95 (d, 2 H, proton on fused thiophene ring). 

13C-NMR (200 MHz, CDCl3, δ/ppm): 174.50, 144.90, 142.82, 133.60, 126.60. 



 

Chapter 5                                                                Benzo[1,2-c:4,5-c′]dithiophene-4,8-dione Containing… 

Savitribai Phule Pune University                         180                             CSIR-National Chemical Laboratory 

 

5.3.3.4 Synthesis of 4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b']dithiophene (11) 

Into a 250 mL single-necked round bottom flask equipped with a reflux condenser 

and a magnetic stir bar were added compound 3 (5.0 g, 22.7 mmol), zinc powder (3.25 g, 

50 mmol) and water (60 mL) and stirred for 15 min. After addition of 15 g of NaOH, the 

mixture was refluxed for 1 h. Then, 2-ethylhexyl bromide (17 g, 68 mmol) and a catalytic 

amount of tetrabutylammonium bromide were added into the reaction mixture. After 

refluxing for 6 h, the reaction mixture was poured into cold water and extracted with diethyl 

ether (3X200 mL). The ether layer was dried over anhydrous Na2SO4. After removing 

solvent, the crude product was purified by recrystallization from ethanol to yield colourless 

sticky solid.  

Yield: 8.24 g (82 %).  

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.48 (d, 2H), 7.39 (d, 2H), 4.20 (t, 4H, -CH2-on 

ethylhexyl chain), 1.87(m, 4H, -CH- at branch position), 1.53 (m, 4H, -CH2-), 1.67-1.30 

(m, 16H, -CH2-), 1.05-0.90 (m, 12H, -CH3).  

5.3.3.5 Synthesis of 2,6-dibromo-4,8-bis(2-ethylhexyl)benzo[1,2-b:4,5-b']dithiophene 

(12)  

Into a 250 mL single-necked round bottom flask equipped with an addition funnel 

and a magnetic stir bar were added compound 4 (5.0 g, 11.2 mmol) and dichloromethane 

(50 mL). The solution was cooled by keeping the flask in an ice-bath. The solution of 

bromine (3.58 g, 22.4 mmol) in dichloromethane (60 mL) was slowly added into the flask 

at 0°C, and then the reaction mixture was stirred overnight at room temperature. The 

reaction mixture was concentrated under reduced pressure and the residue was 

recrystallized with hexane to obtain desired product as a pale-yellow sticky solid.  

Yield: 5.38 g (89 %) 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.43 (s, 2H), 4.17 (d, 4H), 1.85 (m, 4H), 1.54-1.27 

(m, 16H), 1.04-0.89 (m, 12H).  

5.3.3.6 Synthesis of 2,6-bis(trimethyltin)-4,8-bis(2-ethylhexyl)benzo[1,2-b:4,5-

b']dithiophene (BDT monomer) 

Into a 250 mL three-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar were added compound 12 (5.0 g, 8.3 mmol) and THF (100 mL). 

The solution was degassed for 30 min and then cooled to -78 °C by a liquid nitrogen-
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acetone bath.  Into the reaction mixture, n-butyllithium (9 mL, 18.3 mmol, 2 M in 

cyclohexane) was added dropwise and stirred at -78 °C for 1 h. Trimethyltin chloride (19 

mL, 19 mmol, 1 M in THF) was added. After stirring at room temperature for 2 h, the 

reaction mixture was poured into cold water and extracted with diethylether (3X200 mL). 

The organic layer was washed with water and dried over anhydrous Na2SO4. The solvents 

were removed under vacuum and the residue was recrystallized from ethanol. The pure 

product was obtained as colourless crystalline solid.   

Yield: 6.48 g (75 %) 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.52 (s, 2H), 4.19 (t, 4H), 1.80 (m, 2H), 1.64 (m, 4H), 

1.49-0.65 (multiple peaks, 24H), 0.45 (t, 18H).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 143.25, 140.37, 132.89, 127.97, 75.63, 40.66, 30.53, 

29.23, 23.89, 23.16, 14.17, 11.34, 8.37.  

5.3.4  Synthesis of (4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene-

2,6-diyl)bis(trimethylstannane) (CPDT monomer) 

5.3.4.1 Synthesis of 4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (13) 

Into a 150 mL single-necked round bottom flask equipped with nitrogen gas inlet 

and a magnetic stir bar were added cyclopentadithiophene (CPDT) (3.0 g, 16.8 mmol), 2-

ethylhexyl bromide (6.45 g, 33.4 mmol), potassium iodide (75 mg) and dimethyl sulfoxide 

(75 mL). The mixture was degassed for 15 minutes and cooled in an ice bath. Into it, 

powdered potassium hydroxide (3.0 g) was added portion wise. The reaction mixture was 

stirred vigorously overnight at room temperature. After cooling in an ice bath, water (75 

mL) was added. The organic phase was extracted with diethyl ether; washed with water, 

brine water and dried on sodium sulphate. The extracts were concentrated under vacuum 

and purified by column chromatography on silica using hexane as an eluent to remove 

monoalkylated product and unreacted ethylhexyl bromide. The product was obtained as a 

yellow coloured oily liquid.  

Yield: 5.76 g (85%). 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.11 (d, 2H), 6.94 (m, 2H), 1.95–1.80 (m, 4H), 1.0–

0.6 (m, 30H). 

13C-NMR (200 MHz, CDCl3, δ/ppm): 157.56, 136.76, 123.93, 122.29, 53.20, 43.20, 34.95, 

34.10, 28.55, 27.23, 22.73, 14.07, 10.63. 
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5.3.4.2 Synthesis of (4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene-

2,6-diyl)bis(trimethylstannane) (CPDT monomer) 

Into a 250 mL single-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar were added compound 13 (0.82 g, 2 mmol) and dry THF (160 mL). 

The reaction mixture was degassed with nitrogen for 30 min. The addition of n-BuLi and 

trimethyltin chloride was performed sequentially in two portions. First portion of n-BuLi 

(2 M in cyclohexane, 1.50 mL, 3.0 mmol) was added dropwise at -78oC, and allowed to 

stir at -78oC for 1 h. Subsequently, the mixture was allowed to warm to room temperature 

and stirred for 30 min. After stirring, the first portion of 1 M trimethyltin chloride in THF 

(2.11 mL, 2.11 mmol) was added at -78oC, and stirred for 1 h. Then, the second portion of 

n-BuLi (2 M in cyclohexane, 1.50 mL, 3.0 mmol) was added, and stirred at -78oC for 1 h. 

Again, the mixture was allowed to warm to room temperature and stirred for 30 min. After 

stirring, the second portion of 1 M trimethyltin chloride in THF (2.11 mL, 2.11 mmol) was 

added at -78oC, and stirred overnight at room temperature. The reaction mixture was 

extracted with hexane, purified by column chromatography on silica using hexane-

methanol (1:4, v/v) solvent mixture as an eluent. The pure product was obtained as a yellow 

liquid. 

Yield: 0.72 g (98.6 %).  

1H-NMR (200 MHz, CDCl3, δ/ppm): 6.95 (m, 2H, aromatic proton), 1.95–1.75 (m, 4H, -

CH2- proton near to fused aromatic ring ), 1.28 (m, 2H, -CH- at branch position of 

ethylhexyl chain) 1.10–0.90 (m, 16H, -CH2- proton on sidechain), 0.75 (m, 6H, -CH3 

proton on ethyl chain), 0.59 (t, 6H, -CH3 proton on hexyl chain), 0.45-0.12 (t, 18H, -CH3 

proton on Sn atom).  

5.3.5  Synthesis of copolymers and terpolymers 

5.3.5.1 Synthesis of CPDT-BDD copolymer: Typical procedure 

Into a 50 mL Schlenk tube equipped with a nitrogen gas inlet and a magnetic stir 

bar were added BDD monomer (230 mg, 0.30 mmol), CPDT monomer (219 mg, 0.30 

mmol) and 10 mL of dry toluene. The reaction mixture was purged with nitrogen for 30 

min. after which tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) (10.99 mg, 0.012 

mmol) and tri(o-tolyl)phosphine (P(o-tolyl)3) (14.61 mg, 0.048 mmol) were added into the 
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solution. The reaction mixture was again purged with nitrogen for 30 min and was stirred 

at 100°C for 12 h. Upon cooling to room temperature, the reaction mixture was added 

dropwise into methanol (100 mL). The precipitate was filtered, dried and further purified 

by Soxhlet extraction with methanol, hexane, chloroform, respectively for 48 h each. The 

chloroform fraction was concentrated and added dropwise into methanol. Subsequently, 

the precipitate was collected and dried under vacuum overnight to obtain polymer as a 

black solid.  

Yield: 295 mg (88 %).  

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.77, 7.21, 7.06 (6H, aromatic protons), 3.37 (4H, d, 

-CH2- protons of ethylhexyl chain on BDD unit which are near to fused thiophene ring), 

1.95 (4H, d, -CH2- protons of ethylhexyl chain on CPDT unit which are near to fused 

thiophene ring), 1.81 (4H, m, methine proton at branch position of ethyl hexyl chain) 1.1-

0.67 (56H, m, -CH2- and -CH3). 

5.3.5.2 Synthesis of BT-BDD copolymer 

 The BT-BDD copolymer was synthesised by following the procedure described in 

section 5.3.5.1.  5,5'-Bis(trimethylstannyl)-2,2'-bithiophene (103.2 mg, 0.21 mmol) was 

reacted with BDD monomer (161 mg, 0.21 mmol) in presence of Pd2(dba)3 (7.69 mg, 0.008 

mmol) and P(o-tolyl)3 (10.23 mg, 0.034 mmol) to yield BT-BDD copolymer as a brown 

solid. 

Yield: 112 mg (71 %).  

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.50-7.30 (4H, thiophene protons of BDD unit), 7.20-

7.09 (4H, thiophene protons of bithiophene unit), 2.48 (4H, d, -CH2- protons of ethylhexyl 

chain on BDD unit which are near to fused ring), 1.87-0.68 (30H, m, methine, -CH2- and -

CH3 of ethylhexyl chain). 

5.3.5.3 Synthesis of BDT-DPP(EH)-BDD terpolymer: Typical procedure 

 Into a 50 mL Schlenk tube equipped with a nitrogen gas inlet and a magnetic stir 

bar were added BDD monomer (110 mg, 0.14 mmol), DPP(EH) monomer (97.93 mg, 0.14 

mmol), BDT monomer (221.6 mg, 0.29 mmol) and dry toluene (10 mL). The reaction 

mixture was purged with nitrogen for half hour, and then   

tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) (10.25 mg, 0.011 mmol) and tri(o-

tolyl)phosphine (P(o-tolyl)3) (13.62 mg, 0.045 mmol) was added into the solution. The 
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reaction mixture was again purged with nitrogen for half hour and was stirred at 100°C for 

12 hours. The reaction mixture started thickening within 3 h of polymerisation. Upon 

cooling to room temperature, the reaction mixture was added dropwise to 100 mL of 

methanol. The precipitate was filtered, dried and further purified by Soxhlet extraction with 

methanol, hexane, chloroform respectively for 48 h each. The chloroform fraction was 

concentrated and added dropwise into methanol. Subsequently, the precipitate was 

collected and dried under vacuum overnight to obtain polymer as an indigo coloured solid. 

Yield: 411.7 mg (71 %). 

1H-NMR (400 MHz, TCE-d2, 80°C, δ/ppm): 7.95-7.65 (4H, thiophene protons of DPP 

unit), 7.63-6.95 (8H, thiophene protons of BT and BDD units), 4.31 (12H, m, -CH2- 

protons attached to oxygen or nitrogen atoms on sidechains of BDT and DPP unit) 3.39 

(4H, d, -CH2- protons of ethylhexyl chain on BDD unit which are near to fused ring), 1.93 

(8H, m, methine at branch position of ethylhexyl chain), 1.43-1.20 (64H, -CH2- protons of 

sidechains), 0.97-0.75 (48H, -CH3 protons of sidechains). 

5.3.5.4 Synthesis of BDT-DPP(HD)-BDD terpolymer  

 BDT-DPP(HD)-BDD terpolymer was synthesised by following the procedure 

described in section 5.3.5.3.  2,6-bis(trimethyltin)-4,8-bis(2-ethylhexyl)benzo[1,2-b:4,5-

b']dithiophene (BDT monomer) (200 mg, 0.259 mmol) reacted with DPP monomer (117.4 

mg, 0.129 mmol) and BDD monomer (99.27 mg, 0.129 mmol) in presence of Pd2(dba)3 

(9.5 mg, 0.010 mmol) and P(o-tolyl)3 (12.66 mg, 0.042 mmol) to yield BDT-DPP(HD)-

BDD copolymer as an indigo coloured solid. 

Yield: 471 mg (82 %). 

1H-NMR (400 MHz, TCE-d2, 80°C, δ/ppm): 8.05-7.63 (4H, thiophene protons of DPP 

unit), 7.60-6.72 (8H, thiophene protons of BT and BDD units), 4.33 (12H, m, -CH2- 

protons attached to oxygen or nitrogen atoms on sidechains of BDT and DPP unit) 3.42 

(4H, d, -CH2- protons of ethylhexyl chain on BDD unit which are near to fused ring), 1.93 

(8H, m, methine at branch position of ethylhexyl chain), 1.40-1.30 (96H, -CH2- protons of 

sidechains), 0.95-0.89 (48H, -CH3 protons of sidechains). 

5.3.5.5 Synthesis of BT-DPP(EH)-BDD terpolymer 

 BT-DPP(EH)-BDD terpolymer was synthesised by following the procedure 

described in section 5.3.5.3.  5,5'-Bis(trimethylstannyl)-2,2'-bithiophene (BT monomer) 
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(128 mg, 0.259 mmol) reacted with DPP monomer (89.02 mg, 0.130 mmol) and BDD 

monomer (100 mg, 0.130 mmol) in presence of Pd2(dba)3 (9.5 mg, 0.010 mmol) and P(o-

tolyl)3 (12.66 mg, 0.042 mmol) to yield BT-DPP(EH)-BDD copolymer as a black solid. 

Yield: 304 mg (80 %).  

1H-NMR (400 MHz, CDCl3, δ/ppm): 9.15-7.28 and 7.25-5.31 (16H, m, all aromatic 

protons), 3.94 (4H, m, -CH2- protons attached to nitrogen atoms on sidechains of DPP 

unit), 3.32 (4H, d, -CH2- protons of ethylhexyl chain on BDD unit which are near to fused 

ring), 1.80 (4H, m, methine at branch position of ethylhexyl chain), 1.50-1.20 (32H, -CH2- 

protons of sidechains), 1.06-0.76 (24H, -CH3 protons of sidechains). 

5.3.5.6 Synthesis of BT-DPP(HD)-BDD terpolymer 

 BT-DPP(HD)-BDD terpolymer was synthesised by following the procedure 

described in section 5.3.5.3.  5,5'-Bis(trimethylstannyl)-2,2'-bithiophene (BT monomer) 

(134.72 mg, 0.274 mmol) reacted with DPP monomer (124.2 mg, 0.137 mmol) and BDD 

monomer (105.04 mg, 0.137 mmol) in presence of Pd2(dba)3 (10.04 mg, 0.011 mmol) and 

P(o-tolyl)3 (13.34 mg, 0.044 mmol) to yield BT-DPP(HD)-BDD copolymer as a black 

solid. 

Yield: 227 mg (49.9 %).  

1H-NMR (400 MHz, TCE-d2, 80°C, δ/ppm): 9.10-6.45 (16H, m, all aromatic protons), 4.07 

(4H, m, -CH2- protons attached to nitrogen atoms on sidechains of DPP unit), 3.41 (4H, d, 

-CH2- protons of ethylhexyl chain on BDD unit which are near to fused ring), 1.87 (4H, m, 

methine at branch position of ethylhexyl chain), 1.37-1.25 (64H, -CH2- protons of 

sidechains), 0.95-0.87 (24H, -CH3 protons of sidechains). 

5.4  RESULTS AND DISCUSSION 

5.4.1  Synthesis of 1,3-bis(5-bromothiophen-2-yl)-5,7-bis(2-ethylhexyl)-benzo[1,2-

c:4,5-c']dithiophene-4,8-dione (BDD monomer) 

 The seven-step route for the synthesis of BDD monomer starting from thiophene is 

depicted in Scheme 5.1. In one scheme, 2,5-bis(2-ethylhexyl)thiophene (3) was 

synthesised in a step-wise manner from thiophene.  Thiophene was first monoalkylated 

with 2-ethylhexyl bromide in presence of n-butyl lithium to form 2-(2-Ethyl-

hexyl)thiophene (1).  Friedel-Crafts acylation of compound 1 with 2-ethylhexanoyl 
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chloride in presence of Lewis acid, AlCl3, afforded compound 2-ethyl-1-(5-(2-

ethylhexyl)thiophen-2-yl)hexan-1-one (2). Compound 2 on reduction with lithium 

aluminium hydride yielded the dialkylated compound - 2,5-bis(2-ethylhexyl)thiophene (3). 

In another scheme, thiophene-3,4-dicarboxylic acid was first brominated to produce 2,5-

dibromothiophene-3,4-dicarboxylic acid (4). Compound 4 was then reacted with oxalyl 

chloride to produce corresponding acid chloride- 2,5-dibromothiophene-3,4-dicarbonyl 

dichloride which underwent Friedel-Crafts acylation with 2,5-bis(2-ethylhexyl)thiophene 

(3) to produce 1,3-dibromo-5,7-bis(2-ethylhexyl)-4H,8H-benzo[1,2-c:4,5-c']dithiophene-

4,8-dione (5). Compound 5 reacted with trimethyl(thiophen-2-yl)stannane in presence of 

catalyst Pd(PPh3)4 to synthesise 1,3-bis(2-ethylhexyl)-5,7-di(thiophen-2-yl)benzo[1,2-

c:4,5-c′]-dithiophene-4,8-dione (6) which on bromination using N-bromosuccinimide 

afforded the desired monomer 1,3-bis(5-bromothiophen-2-yl)-5,7-bis(2-ethylhexyl)-

benzo[1,2-c:4,5-c']dithiophene-4,8-dione (BDD monomer). The chemical structures of all 

the intermediates were confirmed by 1H and 13C NMR spectroscopy. (Data provided in the 

supporting information) 
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Scheme 5.1 Synthesis of 1,3-bis(5-bromothiophen-2-yl)-5,7-bis(2-ethylhexyl)-benzo[1,2-

c:4,5-c']dithiophene-4,8-dione (BDD monomer) 

 1H-NMR spectrum of BDD monomer is presented in Figure 5.1. The protons on 

C3 and C4 carbon atoms of thiophene ring appeared as doublets at 7.45 and 7.08 δ ppm, 

respectively. The methylene protons on ethylhexyl side chain which are directly attached 

to thiophene ring were observed as a doublet at 3.31 δ ppm. The proton at branch position 

of ethylhexyl side chain was observed as a multiplet in the range 1.84-1.72 δ ppm. The 

remaining methylene protons on ethylhexyl side chain observed in the range 1.45- 1.30 δ 

ppm. The methyl protons appeared as multiplet in the range 0.98−0.87 δ ppm.  
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Figure 5.1 1H-NMR spectrum (CDCl3) of 1,3-bis(5-bromothiophen-2-yl)-5,7-bis(2-

ethylhexyl)-benzo[1,2-c:4,5-c']dithiophene-4,8-dione (BDD monomer) 

13C-NMR spectrum of BDD monomer is presented in Figure 5.2. The carbonyl 

carbon appeared at 177.55 δ ppm. The remaining carbons on fused BDD unit and thiophene 

rings were observed in the range 154.08-118.05 δ ppm. The tertiary carbon at branch 

position of ethylhexyl side chain appeared at 41.22 δ ppm. The methylene carbon on side 

chain which is directly attached to thiophene ring were observed at 33.66 δ ppm. The 

remaining methylene carbons on ethylhexyl side chain appeared in the range 32.79- 23.02 

δ ppm. The methyl carbons on hexyl chain and ethyl chain appeared at 14.18 and 10.85 δ 

ppm, respectively. 

13C-DEPT NMR spectrum of BDD monomer is presented in supporting 

information in Figure SI 5.11. 
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Figure 5.2 13C-NMR spectrum (CDCl3) of 1,3-bis(5-bromothiophen-2-yl)-5,7-bis(2-

ethylhexyl)-benzo[1,2-c:4,5-c']dithiophene-4,8-dione (BDD monomer) 

5.4.2 Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-

c]pyrrole-1,4(2H,5H)-dione (DPP(HD) monomer) 

The synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-

c]pyrrole-1,4(2H,5H)-dione DPP(HD) monomer is depicted in Scheme 5.2. 3,6-

Di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione was N-alkylated using 2-

hexyldecyl bromide and potassium carbonate to yield 2,5-bis(2-hexyldecyl)-3,6-

di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (7). The subsequent 

bromination of N-alkylated derivative 7 with N-bromosuccinimide in chloroform afforded 

the desired product- DPP(EH) monomer.  
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Scheme 5.2 Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

hexyldecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP(HD) monomer) 

1H-NMR spectrum of DPP(HD) monomer is presented in Figure 5.3a. The protons 

on thiophene ring were appeared in the range 139.35-107.97 δ ppm. The methylene protons 

on hexyldecyl side chain which are adjacent to nitrogen atom of lactum ring, were observed 

as a doublet at 3.90 δ ppm. The proton at branch position of hexyldecyl side chain was 

observed as multiplet at 1.88 δ ppm. The remaining methylene protons on hexyldecyl side 

chain were observed in the range 1.35- 1.02 δ ppm. The peak due to methyl protons was 

appeared as triplet at 0.86 δ ppm. 

 13C-NMR spectrum of DPP(HD) monomer is presented in Figure 5.3b. The 

carbonyl carbon appeared at 161.33 δ ppm. The remaining carbons on DPP unit and 

thiophene rings were observed in the range 139.35-107.97 δ ppm. The methylene carbon 

on side chain which is directly attached to the nitrogen atom of DPP unit resonated at 46.30 

δ ppm.  The tertiary carbon at branch position of ethylhexyl side chain appeared at 37.72 δ 

ppm. The remaining methylene carbons on ethylhexyl side chain appeared in the range 

31.85- 22.64 δ ppm. The methyl carbon on side chain appeared at 14.08 δ ppm. 
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Figure 5.3 a) 1H-NMR and b) 13C-NMR spectrum (CDCl3) of 3,6-bis(5-bromothiophen-2-

yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP(HD) monomer) 
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5.4.3 Synthesis of 2,6-bis(trimethyltin)-4,8-bis(2-ethylhexyl)benzo[1,2-b:4,5-

b']dithiophene (BDT monomer) 

 The six-step route for the synthesis of 2,6-bis(trimethyltin)-4,8-bis(2-

ethylhexyl)benzo[1,2-b:4,5-b']dithiophene (BDT monomer) from thiophene-3-carboxylic 

acid is depicted in Scheme 5.3.  Thiophene-3-carboxylic acid was reacted with oxalyl 

chloride to form thiophene-3-carbonyl chloride (8) which was reacted in situ with diethyl 

amine to produce N,N-diethylthiophene-3-carboxamide, (9). Compound-9 on reaction with 

n-butyllithium in cyclohexane at 0°C afforded the compound- benzo[1,2-b:4,5-

b′]dithiophene-4,8-dione, (10). Further, compound-10 was first reduced by zinc dust in 

aqueous sodium hydroxide solution and then alkylated with 2-ethylhexyl bromide in 

presence of a catalytic amount of tetrabutylammonium bromide to yield 4,8-bis((2-

ethylhexyl)oxy)benzo[1,2-b:4,5-b']dithiophene (11). Compound-11 was brominated with 

bromine, to produce 2,6-dibromo-4,8-bis(2-ethylhexyl)benzo[1,2-b:4,5-b']dithiophene 

(12) which was further stannylated using trimethyltin chloride in THF to obtain the 

product, 2,6-bis(trimethyltin)-4,8-bis(2-ethylhexyl)benzo[1,2-b:4,5-b']dithiophene (BDT 

monomer) in 75% yield. The chemical structures of all the intermediates were confirmed 

by 1H and 13C NMR spectroscopy. (Data provided in the supporting information).  

 

Scheme 5.3 Synthesis of 2,6-bis(trimethyltin)-4,8-bis(2-ethylhexyl)benzo[1,2-b:4,5-

b']dithiophene (BDT monomer) 

1H-NMR spectrum of BDT monomer is presented in Figure 5.4. The aromatic 

proton appeared as a singlet at 7.52 δ ppm. The four methylene protons of side chains 
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which are directly attached to oxygen atom observed at 4.19 δ ppm. The proton at branch 

position of ethylhexyl chain appeared at 1.80 δ ppm. The remaining methylene protons and 

methyl protons resonated in the range 1.49-0.65 δ ppm. The methyl protons attached to tin 

(Sn) atom resonated in the range 0.63-0.19 δ ppm.  

 

Figure 5.4 1H-NMR spectrum (CDCl3) of 2,6-bis(trimethyltin)-4,8-bis(2-

ethylhexyl)benzo[1,2-b:4,5-b']dithiophene 

5.4.4  Synthesis of (4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene-

2,6-diyl)bis(trimethylstannane) (CPDT monomer) 

The synthesis of (4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene-

2,6-diyl)bis(trimethylstannane) (CPDT monomer) from 4H-cyclopenta[2,1-b:3,4-

b']dithiophene (CPDT) is depicted in Scheme 5.4. CPDT was reacted with 2-ethylhexyl 

bromide in presence of potassium hydroxide and potassium iodide to form alkylated 

derivative 4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (13). Compound-

13 was then reacted with n-butyl lithium and trimethyl tin chloride to afford desired 

product, CPDT monomer in 82 % yield. The chemical structure of alkylated CPDT 

(compound 13) was confirmed by 1H and 13C NMR spectroscopy (supporting information).  
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Scheme 5.4. Synthesis of (4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene-

2,6-diyl)bis(trimethylstannane) (CPDT monomer) 

1H-NMR spectrum of CPDT monomer is presented in Figure 5.5. Aromatic proton 

appeared as a singlet at 6.9 δ ppm. Methylene protons which are near to fused aromatic 

ring observed at 1.85 δ ppm. The proton at branch position of ethylhexyl chain appeared at 

1.28 δ ppm. The remaining methylene protons resonated in the range 1.10-0.90 δ ppm. The 

methyl protons on hexyl chain and ethyl chain appeared at 0.75 and 0.59 δ ppm, 

respectively. The methyl protons attached to tin (Sn) atom resonated in the range 0.45-0.12 

δ ppm.     

 

Figure 5.5 1H-NMR spectrum (CDCl3) of (4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-

b:3,4-b']dithiophene-2,6-diyl)bis(trimethylstannane) (CPDT monomer) 
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5.4.5  Synthesis of BDD based copolymers 

 Two copolymers comprising either cyclopenta[2,1-b:3,4-b']dithiophene (CPDT) or 

bithiophene as donor unit and benzo[1,2-c:4,5-c']dithiophene-4,8-dione (BDD) as an 

acceptor unit were synthesised. The synthesis of copolymers is depicted in Scheme 5.5. 

The Stille coupling reactions between distannylated compounds (CPDT monomer and BT 

monomer) and brominated compound (BDD monomer) in the presence of catalyst 

Pd2(dba)3 and ligand P(o-tolyl)3 in toluene at 100 °C for 24 h gave the target copolymers- 

CPDT-BDD and BT-BDD. The copolymers were purified by sequential Soxhlet extraction 

with methanol, hexane, chloroform, to remove catalysts and low molecular-weight 

compounds. The CPDT-BDD and BT-BDD were obtained in 60 and 45 % overall yield, 

respectively. 

 

Scheme 5.5 Synthesis of BDD based copolymers- 1) CPDT-BDD and 2) BT-BDD 

 1H-NMR spectrum of polymer CPBT-BDD is presented in Figure 5.6. The protons 

on thiophene rings of BDD appeared in the range of 8.05-7.30 δ ppm. Aromatic protons on 

CPDT unit was observed in the range of 7.23-6.98 δ ppm. The peak at 3.37 δ ppm was 

appeared for four methylene protons on side chain on BDD which are near to fused ring. 

The peak at 1.95 δ ppm was observed for four methylene protons on side chain on CPDT 
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unit which are near to fused ring. The four methine proton at branch position of ethylhexyl 

chain resonated at 1.81 δ ppm. The remaining methylene and methyl protons of side chains 

appeared in the range of 1.1-0.67 δ ppm. 

 

Figure 5.6 1H-NMR spectrum (CDCl3) of copolymer CPDT-BDD 

 1H-NMR spectrum of polymer BT-BDD is presented in Figure 5.7. The protons on 

thiophene rings of BDD appeared in the range of 7.50-7.30 δ ppm while those on the 

bithiophene ring observed in the range of 7.20-7.09 δ ppm. The peak at 2.48 δ ppm was 

observed for four methylene protons on side chain which are near to fused ring. The 

remaining methylene, methyl protons of side chain located in the range of 1.87-0.68 δ ppm. 
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Figure 5.7 1H-NMR spectrum (CDCl3) of copolymer BT-BDD 

5.4.6  Synthesis of BDD based random terpolymers 

5.4.6.1 Synthesis of BDD based random terpolymers comprising benzo[1,2-b:4,5-

b']dithiophene (BDT) as donor unit 

 Two random terpolymers comprising benzo[1,2-b:4,5-b']dithiophene (BDT) as 

donor unit and diketopyrrolo[3,4-c]pyrrole-1,4-dione (DPP), benzo[1,2-c:4,5-

c']dithiophene-4,8-dione (BDD) as acceptor units were synthesised. The two terpolymers 

differ only in the length of side chain of DPP unit. Terpolymers, BDT-DPP(EH)-BDD and 

BDT-DPP(HD)-BDD possess ethylhexyl and hexyldecyl side chains on DPP unit 

respectively, remaining structure being the same. The synthesis of terpolymers is depicted 

in Scheme 5.6. The Stille coupling reactions between distannylated compound (BDT 

monomer) and brominated compounds (DPP monomer, BDD monomer) in the presence of 

catalyst Pd2(dba)3 and ligand P(o-tolyl)3 in toluene at 100 °C for 12 h gave the target 

terpolymers- BDT-DPP(EH)-BDD and BDT-DPP(HD)-BDD. The copolymers were 

purified by sequential Soxhlet extraction with methanol, hexane and chloroform, to remove 
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catalysts and low molecular-weight compounds. The BDT-DPP(EH)-BDD and BDT-

DPP(HD)-BDD were obtained in 60 % and 42 % yield, respectively. 

 

Scheme 5.6 Synthesis of BDD based random terpolymers comprising BDT as donor unit- 

3) BDT-DPP(EH)-BDD and 4) BDT-DPP(HD)-BDD 

 1H-NMR spectrum of terpolymer BDT-DPP(EH)-BDD is presented in Figure 5.8. 

The aromatic protons of DPP ring appeared in the range of 7.95-7.65 δ ppm. The remaining 

aromatic protons on BDD and BDT ring observed in the range of 7.63-6.95 δ ppm. The 

peak at 4.31 δ ppm was appeared for twelve methylene protons (attached to oxygen or 

nitrogen atom) on sidechains on BDT and DPP unit. The peak at 3.39 δ ppm was appeared 

for four methylene protons on sidechain of BDD unit which are near to fused ring. Eight 

methine protons at branch position of ethylhexyl chain resonated at 1.93 δ ppm. The 

remaining methylene and methyl protons of side chains appeared in the range of 1.43-1.20 

and 0.97-0.75 δ ppm, respectively. 
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Figure 5.8 1H-NMR spectrum (TCE-d2) of terpolymer BDT-DPP(EH)-BDD 

1H-NMR spectrum of terpolymer BDT-DPP(HD)-BDD is presented in Figure 5.9. 

The aromatic protons of DPP ring appeared in the range of 8.05-7.63 δ ppm. The remaining 

aromatic protons on BDD and BDT ring observed in the range of 7.60-6.72 δ ppm. The 

peak at 4.33 δ ppm was appeared for twelve methylene protons (attached to oxygen or 

nitrogen atom) on side chains on BDT and DPP unit. The peak at 3.42 δ ppm was appeared 

for four methylene protons on side chain of BDD unit which are near to fused ring. Eight 

methine protons at branch position of ethylhexyl chain resonated at 1.96 δ ppm. The 

remaining methylene and methyl protons of side chains appeared in the range of 1.40-1.30 

and 0.95-0.89 δ ppm, respectively. 
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Figure 5.9 1H-NMR spectrum (TCE-d2) of terpolymer BDT-DPP(HD)-BDD 

5.4.6.2 Synthesis of BDD based random terpolymers comprising bithiophene (BT) as 

donor unit 

Two random terpolymers comprising bithiophene (BT) as donor unit and 

diketopyrrolo[3,4-c]pyrrole-1,4-dione (DPP), benzo[1,2-c:4,5-c']dithiophene-4,8-dione 

(BDD) as acceptor units were synthesised. The two terpolymers differ only in the length 

of side chain of DPP unit. Terpolymers, BT-DPP(EH)-BDD and BT-DPP(HD)-BDD 

possess ethylhexyl and hexyldecyl side chains on DPP unit respectively, remaining 

structure being the same. The synthesis of terpolymers is depicted in Scheme 5.7. The 

Stille coupling reactions between distannylated compound (BT monomer) and brominated 

compounds (DPP monomer, BDD monomer) in the presence of catalyst Pd2(dba)3 and 

ligand P(o-tolyl)3 in toluene at 100 °C for 24 h gave the target terpolymers- BT-DPP(EH)-

BDD and BT-DPP(HD)-BDD. The copolymers were purified by sequential Soxhlet 

extraction with methanol, hexane and chloroform, to remove catalysts and low molecular-
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weight compounds. The BT-DPP(EH)-BDD and BT-DPP(HD)-BDD were obtained in 74 

% and 50 % overall yield, respectively. 

 

Scheme 5.7 Synthesis of BDD based random terpolymers comprising BT as donor unit- 

5) BT-DPP(EH)-BDD and 6) BT-DPP(HD)-BDD 

1H-NMR spectrum of terpolymer BT-DPP(EH)-BDD is presented in Figure 5.10. 

The various aromatic protons appeared in the range of 9.15-7.28 and 7.25-5.31 δ ppm. The 

peaks at 3.94 δ ppm was observed for four methylene protons on side chains of DPP ring 

which are attached to nitrogen atom. The peak at 3.32 δ ppm was appeared for four 

methylene protons on side chains of BDD which are near to fused ring. The four methine 

protons at branch position of ethylhexyl chain resonated at 1.80 δ ppm. The remaining 

methylene and methyl protons of side chains appeared in the range of 1.50-1.20 and 1.06-

0.76 δ ppm, respectively. 
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Figure 5.10 1H-NMR spectrum (CDCl3) of terpolymer BT-DPP(EH)-BDD 

1H-NMR spectrum of terpolymer BT-DPP(HD)-BDD is presented in Figure 5.11. 

The various aromatic protons appeared in the range of 9.10-6.45 δ ppm. The peak for four 

methylene protons on side chains of DPP ring which are attached to nitrogen atom observed 

at 4.07 δ ppm. The peak at 3.41 δ ppm was appeared for four methylene protons on 

sidechains of BDD which are near to fused ring. The four methine protons at branch 

position of ethylhexyl chain resonated at 1.87 δ ppm. The remaining methylene and methyl 

protons of side chains appeared in the range of 1.37-1.25 and 0.95-0.87 δ ppm, respectively. 
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Figure 5.11 1H-NMR spectrum (TCE-d2) of terpolymer BT-DPP(HD)-BDD 

 Two D-A copolymers and four D-A-A terpolymers comprising benzo[1,2-c:4,5-

c']dithiophene-4,8-dione BDD as acceptor unit (A) were synthesized. Three different  

donor units, namely- cyclopenta[2,1-b:3,4-b']dithiophene, bithiophene (BT) and 

benzo[1,2-b:4,5-b']dithiophene (BDT) were used. Either 2,5-bis(2-ethylhexyl)pyrrolo[3,4-

c]pyrrole-1,4(2H,5H)-dione (DPP (EH)) or 2,5-bis(2-hexyldecyl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione (DPP (HD)) was used as second acceptor unit in terpolymeric systems. 

Copolymers were soluble in organic solvents such as chloroform, dichloromethane, 

tetrahydrofuran, toluene and chlorobenzene at room temperature. Terpolymers were 

soluble in organic solvents such as chloroform, tetrahydrofuran, toluene and chlorobenzene 

at higher temperatures (70°C). Polymers were obtained with the yields in the range of 50 

% to 88 %.  

Molecular weights of polymers were determined by gel permeation 

chromatography (GPC) in THF using polystyrene as the standard. The data obtained from 

GPC and thermogravimetric analysis (TGA) is summarised in Table 5.1. Number average 
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molecular weights were in the range 1.70- 28.66 kg/mol. Dispersities were in the range of 

2.80– 1.52. TG curves for various polymers are shown in Figure SI 5.16. Thermal 

degradation under nitrogen at 10 % weight loss was started between 285 and 411 °C for 

various polymers.  

Table 5.2 Data obtained from GPC and TGA studies. 

a: Mn= number-average molecular weight, b: Mw= weight-average molecular weight, c: T10% 

=decomposition temperatures at 10% weight loss. 

* for this polymer molecular weight was determined on Agilent Technologies GPC220 HT using 1,2,4-

trichlorobenzene as an eluent at a flow rate of 1 mL min-1 at 140°C. Sample concentration was 2 mg mL-1 

and PS Easivial PS-M was used as calibration standards. 

 

5.4.7  Photophysical Study 

The photophysical data of copolymers and terpolymers was measured in 

chloroform solution as well as on thin films spin coated from chlorobenzene. Table 5.2 

summarizes photophysical data which include wavelength at absorption maximum (λa), 

wavelength at emission maximum (λf), wavelength at which absorbance starts to increase 

rapidly, on the lower energy side (λonset), the optical band gap energy (Eg
opt) calculated 

using 1240/λonset,  

The absorption and photoluminescence spectra of copolymer and terpolymers 

comprising bithiophene as donor unit, in dilute chloroform solution is depicted in Figure 

5.12.  

Polymers Mn 

(kg/mol)a 

Mw 

(kg/mol)b 

Dispersity 

(Mw/Mn) 

T10% /°Cc 

CPDT-BDD* 28.66 79.58 2.80 - 

BT-BDD 1.70 2.59 1.52 410 

BT-DPP(EH)-BDD 2.70 5.22 1.94 411 

BT-DPP(HD)-BDD 3.50 8.17 2.41 310 

BDT-DPP(EH)-BDD 9.01 15.83 1.76 352 

BDT-DPP(HD)-BDD 16.10 45.81 2.84 285 
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Figure 5.12 The absorption and photoluminescence spectra of copolymer and terpolymers 

comprising bithiophene (BT) as donor unit in dilute chloroform solution 

In solution, bithiophene containing copolymer (BT-BDD) shows absorption and 

emission maximum at 496 nm and 618 nm, respectively. The terpolymer bearing 

ethylhexyl chain on DPP (BT-DPP(EH)-BDD), exhibits absorption and emission 

maximums at 505 and 618 nm, along with shoulder peaks at 621 and 702 nm, respectively. 

The shoulder peak in absorption spectrum of terpolymer BT-DPP(EH)-BDD may be due 

to intramolecular charge transfer (ICT). Apart from this, absorption spectra of terpolymer 

bearing hexyldecyl chain on DPP (BT-DPP(HD)-BDD), is red shifted by 167 nm as 

compared to that for BT-DPP(EH)-BDD. This may be due to increased molecular weight 

of this terpolymer due to enhanced solubility of the polymer in reaction mixture as a result 

of incorporation of longer side chains (hexyldecyl) on DPP ring.  

The absorption and photoluminescence spectra of terpolymers comprising 

benzo[1,2-b:4,5-b']dithiophene (BDT) as donor unit in dilute chloroform solution is 

exhibited in Figure 5.13. 
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Figure 5.13 The absorption and photoluminescence spectra of terpolymers comprising 

benzo[1,2-b:4,5-b']dithiophene (BDT) as donor unit in dilute chloroform solution 

Absorption and emission spectra of terpolymers- BDT-DPP(EH)-BDD and BDT-

DPP(HD)-BDD), in solution were almost identical. These polymers show absorption 

maximum at about 656 nm with shoulder peak at 716 nm while emission maximum at 

about 686 nm with shoulder peak at about 758 nm. 

The absorption and photoluminescence spectra of thin films of copolymer and 

terpolymers comprising bithiophene as donor unit, spin coated from chlorobenzene 

solution is depicted in Figure 5.14. 
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Figure 5.14 The absorption and photoluminescence spectra of thin films of copolymer and 

terpolymers solution comprising bithiophene (BT) as donor unit, spin coated from their 

chlorobenzene solution. 

The absorption and photoluminescence spectra of thin films of terpolymers 

comprising BDT as donor unit, spin coated from chlorobenzene solution is depicted in 

Figure 5.15.  

 

Figure 5.15 The absorption and photoluminescence spectra of thin films of terpolymers 

comprising BDT as donor unit, spin coated from chlorobenzene solution 
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The absorption maxima of various polymers in thin films were slightly red-shifted 

compared to that in solution. Also, there is broadening of the absorption spectra in films 

due to enhanced planarization of the molecules in films. These polymers are characterized 

by large Stoke’s shift. Especially, stokes shift for thin films of terpolymers BDT-

DPP(EH)-BDD and BDT-DPP(HD)-BDD is very high (153 and 133 nm, respectively). In 

case of these polymers, incorporation of planer BDT unit in the backbone of terpolymers, 

enhances planarization of polymer chains in solid state, facilitating stronger intermolecular 

interaction in terpolymer films, resulting in larger stokes shift. The optical band gap 

energies (calculated from onset of absorption, onset in the film state) of all the polymers 

were found to be between 1.44 and 1.71 eV. 

Table 5.3 Photophysical data of BDD based polymers in solution and on thin films 

Polymers 

 

 

a [nm] f [nm] onset [nm] Eg
opt [eV] 

CPDT-BDD a) 625 - 728 1.70 

BT-BDD 496 618 725 1.71 

BT-BDD a) 

AnE-PVab b) 

501 733 

BT-DPP(EH)-BDD 505, 621(s) 618, 702(s) 814 1.52 

BT-DPP(EH)-BDD a) 

AnE-PVad b) 

517 784 

BT-DPP(HD)-BDD 672 707 861 1.44 

BT-DPP(HD)-BDD a) 

AnE-PVba b) 

671 890, 583 

BDT-DPP(EH)-BDD 656, 716(s) 686, 758(s) 832 1.49 

BDT-DPP(EH)-BDD a) 575, 708(s) 861 

BDT-DPP(HD)-BDD 655, 717(s) 689, 762(s) 840 1.48 

BDT-DPP(HD)-BDD a) 649, 716(s) 849 

Thin film spin coated from a) chloroform solution  

The absorption and photoluminescence spectra of the pristine polymer films (red 

and black circles respectively) of all polymers and of the corresponding polymer-PC70BM 

blend films (weight ratio 1:1) (blue and brown circles, respectively) is depicted in Figure 

5.16. The films were spin-coated from chlorobenzene. It was observed that, there is a 
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quenching of photoluminescence in the blend due to photoinduced charge transfer from the 

polymer to PC70BM except the polymers BT-DPP(HD)-BDD and BDT-DPP(HD)-BDD.  

 

Figure 5.16 Thin film absorption and photoluminescence spectra of polymers and their 1:1 

blends with PC70BM   

The absorption spectra of BDT-DPP(EH)-BDD exhibited a shoulder at around 716 

nm, which is ascribed to the formation of aggregates, in dilute solution. This aggregate 

formation was confirmed by recording temperature-dependent absorption spectra of BDT-



 

Chapter 5                                                                Benzo[1,2-c:4,5-c′]dithiophene-4,8-dione Containing… 

Savitribai Phule Pune University                         210                             CSIR-National Chemical Laboratory 

 

DPP(EH)-BDD in chlorobenzene (Figure 5.17). Upon increasing the temperature from 20 

to 60 °C, the shoulder band gradually disappeared with simultaneous blue shift of the 

absorption peak from 716 to 708 nm. Similarly, the terpolymer BDT-DPP(HD)-BDD also 

exhibited temperature dependent aggregation behaviour and blue shift of the absorption 

peak from 717 to 709 nm upon heating from 20 to 60 °C.  This study proved that the heating 

and cooling process facilitates backbone planarization and stronger intermolecular 

interactions (aggregate formation) in polymer solution. Thus, this heating and cooling 

process might be useful to induce preorganization of polymers, before the spin-coating 

step, during device preparation.  

 

Figure 5.17 The temperature dependent absorption spectrum of BDT-DPP(EH)-BDD and 

BDT-DPP(HD)-BDD in chlorobenzene solution 

5.4.8  Electrochemical Study 

Electrochemical experiments were performed on thin polymer films drop coated 

from chlorobenzene solutions under inert condition by using cyclic voltammetry technique 

(CV). The HOMO and LUMO energy levels were estimated from oxidation and reduction 

onset potentials on the basis of the reference energy level of ferrocene (4.8 eV below the 

vacuum level) using the equations, EHOMO = - (Eonset, ox + 4.8) eV and ELUMO = - (Eonset, red + 

4.8) eV. The CV curves are shown in the Supporting Information (Figure) and the 

electronic data are summarized in Table 5.3 (values for Eg
opt were included from Table 

5.2 for comparison).  
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Table 5.4 Electrochemical data for polymer films spin-coated from chlorobenzene solution 

Polymers HOMO 

(eV) 

LUMO (eV) Eg
elc 

(eV) 

Eg
opt 

(eV) 

CPDT-BDD -4.99 -3.48 1.51 1.70 

BT-BDD -5.09 -3.50 1.59 1.71 

BT-DPP(EH)-BDD -5.05 -3.53 1.52 1.52 

BT-DPP(HD)-BDD -5.15 -3.49 1.66 1.44 

BDT-DPP(EH)-BDD -5.07 -3.51 1.56 1.49 

BDT-DPP(HD)-BDD -5.13 -3.55 1.58 1.48 

The electrochemical band gap energy, Eg
elc for all polymers was found in the range 

1.51-1.66 eV. The difference, between Eg
opt and Eg

elc, may be related, along with other 

reasons, to the differences in thin film preparation during the optical and electrochemical 

process, resulting in differences in thin film thicknesses and backbone coplanarity. 

5.4.9  Photovoltaic Studies 

Photovoltaic devices based on polymer:PCBM active layers with weight ratios of 

1:1 were prepared and optimized by variation of solution concentration and film thickness. 

Influence of additive (DIO) was also studied. Two polymers among the series – copolymer 

CPDT-BDD and terpolymer BDT-DPP(EH)-BDD exhibited solar cell device performance. 

For CPDT-BDD polymer, solar cells were prepared by the both the configurations: 

conventional (glass substrate/ ITO/PEDOT:PSS/active layer/Mg/Al) and inverted (glass 

substrate/ ITO/ZnO/active layer/MoO3/Al). Figure 5.18 depicted the current-voltage (J-V) 

curves of the solar cells based on polymer: PC70BM (1:1) active layers. A solar simulator 

(AM1.5, class A) was used for illumination. 
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Figure 5.18 J-V curves of solar cells incorporating polymer: PC70BM active layers of 1) 

CPDT-BDD 2) BDT-DPP(EH)-BDD 

In Table 5.4, are summarized the photovoltaic parameters obtained from current 

density-voltage (J-V) measurements for polymer: PCBM blends. These include the short 

circuit current, (JSC) the open circuit voltage (VOC), the fill factor (FF), the series and 

parallel resistance (RS and Rp). In general, solar cells with active layers having higher 

fullerene contents yielded higher power conversion efficiencies (η). CPDT-BDD polymer 

exhibited highest power conversion efficiency (η) of 1.63 %, in inverted device 

architecture, without DIO.  Terpolymer BDT-DPP(EH)-BDD showed power conversion 

efficiency of 1.57 % in conventional device architecture, in presence of DIO. Other 

copolymers and terpolymers exhibited negligible photovoltaic performance. 

Table 5.5 Photovoltaic parameters for polymer solar cells 

Polymer Additive Jsc 

(mA/cm²) 

Voc 

(mV) 

FF 

(%) 

PCE 

(%) 

Rs 

(Ohm) 

Rp 

(Ohm) 

CPDT-BDD 

conventional 

- 4.726 675 43 1.39 5 1073 

CPDT-BDD 

Inverted 

- 4.533 766 47 1.63 8 1541 

BDT-

DPP(EH)-BDD 

DIO 5.629 646 43 1.57 7 789 

In case of BDD based terpolymers, superior photovoltaic properties were expected 

from polymer BDT-DPP(HD)-BDD as compared to BDT-DPP(EH)-BDD, since the 
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former one has longer solubilizing side chains and higher molecular weight. Absorption 

spectrum of the polymer BDT-DPP(HD)-BDD was also redshifted by 167 nm than that of 

polymer BDT-DPP(EH)-BDD. In spite of this, the polymer BDT-DPP(HD)-BDD showed 

inferior photovoltaic performance which can be explained by Atomic force microscopy 

studies and photoluminescence studies. The AFM topography images of polymer: PC70BM 

blend is shown in Figure 5.19. It was observed that the blend film of polymer BDT-

DPP(EH)-BDD has much smooth surface than the blend film of polymer BDT-DPP(HD)-

BDD. In fact, the polymer BDT-DPP(HD)-BDD is phase separating in the blend film to 

form bead like structures. This unfavorable morphology limits the exciton dissociation due 

to the reduced donor acceptor interfacial area and hence the inferior photovoltaic 

performance. The longer hexyl decyl sidechains on DPP unit might be causing steric 

hindrance and disturbing the planarity of polymer BDT-DPP(HD)-BDD. Such a 

phenomenon was also observed by Lee et al.54 The PL spectrum of this polymer:PCBM 

blend didn’t show quenching of photoluminescence (as a result of energy transfer from 

polymer to PC70BM) which further supported the observed results.   

 

Figure 5.19 AFM image of active layer (polymer:PC70BM blend film) of polymer BDT-

DPP(EH)-BDD and BDT-DPP(HD)-BDD. 

5.5  CONCLUSIONS 

In summary, two copolymers and four terpolymers comprising 

cyclopentadithiophene (CPDT), bithiophene (BT), benzo[1,2-b:4,5-b′]dithiophene (BDT) 
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as electron donor units and diketopyrrolopyrrole (DPP), benzo[1,2-c:4,5-c′]dithiophene-

4,8-dione (BDD) as electron acceptor units were synthesized and characterized by 1H and 

13C-NMR spectroscopy. Terpolymers showed much broader absorption in visible and near 

IR region of light spectrum and improved solubility in common solvents as compared to 

copolymers comprising same electron donor and electron acceptor units. 

Terpolymers BDT-DPP(EH)-BDD and BDT-DPP(HD)-BDD exhibited temperature 

dependent UV-Vis absorption spectra indicating presence of aggregates. This property can 

be utilized to manipulate morphology of active layer in the fabrication of solar cell devices. 

The two polymers -CPDT-BDD and BDT-DPP(EH)-BDD were used as donor material 

with PC70BM to evaluate their performance in bulk heterojunction solar cells. CPDT-BDD 

polymer showed maximum power conversion efficiency of 1.63 % and 1.39 % in inverted 

and conventional device architecture, respectively. The terpolymer BDT-DPP(EH)-BDD 

exhibited η=1.57 % in conventional device. The terpolymer BDT-DPP(HD)-BDD showed 

negligible solar cell performance as compared to polymer BDT-DPP(EH)-BDD which is 

attributed to the longer side chains on this polymer causing steric hindrance and thus the 

unsuitable morphology in polymer:PC70BM blend film used as active layer in device 

fabrication process. The results were confirmed by atomic force microscopy studies and 

photoluminescence studies. 
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Supporting Information

 

Figure SI 5.1 1H-NMR spectrum (CDCl3) of 2-(2-ethylhexyl)thiophene (1)

 

Figure SI 5.2 1H-NMR spectrum (CDCl3) of 2-ethyl-1-(5-(2-ethylhexyl)thiophen-2-

yl)hexan-1-one (2) 
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Figure SI 5.3 13C-NMR spectrum (CDCl3) of 2-ethyl-1-(5-(2-ethylhexyl)thiophen-2-

yl)hexan-1-one (2) 

 

Figure SI 5.4 1H-NMR spectrum (CDCl3) of 2,5-bis(2-ethylhexyl)thiophene (3) 
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Figure SI 5.5 13C-NMR spectrum (CDCl3) of 2,5-bis(2-ethylhexyl)thiophene (3) 

 

Figure SI 5.6 1H-NMR spectrum (Acetone-d6) of 2,5-dibromothiophene-3,4-dicarboxylic 

acid (4) 
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Figure SI 5.7 13C-NMR spectrum (Acetone-d6) of 2,5-dibromothiophene-3,4-

dicarboxylic acid (4) 

 

Figure SI 5.8 1H-NMR spectrum (CDCl3) of 1,3-dibromo-5,7-bis(2-ethylhexyl)-4H,8H-

benzo[1,2-c:4,5-c']dithiophene-4,8-dione (5) 
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Figure SI 5.9 13C-NMR spectrum (CDCl3) of 1,3-dibromo-5,7-bis(2-ethylhexyl)-4H,8H-

benzo[1,2-c:4,5-c']dithiophene-4,8-dione (5) 

 

Figure SI 5.10 1H-NMR spectrum (CDCl3) of 1,3-bis(2-ethylhexyl)-5,7-di(thiophen-2-

yl)benzo[1,2-c:4,5-c′]-dithiophene-4,8-dione (6) 
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Figure SI 5.11 13C-DEPT-NMR spectrum (CDCl3) of 1,3-bis(5-bromothiophen-2-yl)-5,7-

bis(2-ethylhexyl)-benzo[1,2-c:4,5-c']dithiophene-4,8-dione (BDD monomer) 

 

Figure SI 5.12 1H-NMR spectrum (CDCl3) of N,N-diethylthiophene-3-carboxamide (9) 
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Figure SI 5.13 a) 1H-NMR spectrum and b) 13C-NMR spectrum (CDCl3) of 4,8-

dihydrobenzo[1,2-b:4,5-b′]dithiophen-4,8-dione (10). 
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Figure SI 5.14 1H-NMR spectrum (CDCl3) of 4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-

b']dithiophene (11). 
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Figure SI 5.15 1) 1H-NMR spectrum and 2) 13C-NMR spectrum (CDCl3) of 4,4-bis(2-

ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (13) 
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Figure SI 5.16 TG curves of BDD based copolymers and terpolymers 
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Figure SI 5.17 CV curves for BDD based copolymers and terpolymers. 
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6.1  INTRODUCTION 

Conjugated polymers have been potentially used in large area, flexible and low cost 

electronic devices that are processable by printing technologies, due to their solution 

processability and superior mechanical properties.1–3 In the past, a variety of new design 

motifs for the synthesis of conjugated polymers have been developed to meet the 

requirements for solution-processable optoelectronic devices such as organic field effect 

transistors (OFETs), organic light emitting diodes (OLEDs) and organic solar cells (OSCs). 

In general, charge carrier mobility of polymer FETs is low due to the poor packing of the 

polymeric material. One of the important approaches to solve this problem is to improve 

the intermolecular interactions between neighbouring molecules by enhancing their 

molecular orbital overlapping. This can be achieved by incorporating fused aromatic 

moieties such as diketopyrrolopyrrole and thieno[3,2-b]-thiophene which provide large 

orbital overlapping area useful for charge carrier transport. Another approach is to develop 

alternating donor- acceptor (D-A) copolymers, as these polymers exhibit small π-π stacking 

distance (thus, strong intermolecular interactions) due to attractive forces between donor 

and acceptor units and hence the enhanced charge carrier mobility.4 In spite of these 

tremendous efforts, simultaneous improvement of charge carrier mobility along with air 

and operational stability of device remains a big challenge in the development of organic 

electronics. 

In recent years, the focus of research from synthetic point of view is changed from 

designing novel structures of conjugated material to the chemical modification of the 

existing materials to achieve desired physical properties.5 The development in the structure 

of alkyl side chains is crucial in this regard as they are no longer considered as only 

solubilizing groups but attractive functional groups which severely influence the physical 

properties of polymeric semiconductors. Several studies have demonstrated that the alkyl 

chains influence the interchain packing and backbone conformation which in turn affect 

thin-film microstructure and charge transport. Long and branched alkyl side chains, on one 

hand, provide better solubility and thus increase processability, but on other hand reduce 

effective molecular packing and thus charge carrier mobilities in OFETs.6,7 On the 

contrary, short and linear alkyl side chains increase π–π interactions and crystallinity, 
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usually resulting in enhanced charge carrier mobilities but at the expense of material 

processability.8,9 Moving the branching point of alkyl chain away from the conjugated 

backbone has been found to be effective strategy for enhancing the charge carrier mobility 

for isoindigo and DPP-based conjugated polymer.10–13 By using similar strategy an 

outstanding value of 12.04 cm2 V-1 s-1 of charge carrier mobility was obtained for DPP 

based copolymer in which branching point of alkyl side chain was moved six carbon away 

from the main conjugated backbone.7  

 Yet another strategy for rational design of conjugated polymers with improved 

electronic properties includes incorporation of non-covalent interactions apart from usual 

π- π and hydrogen bonding interactions. These non-covalent interactions comprise 

interactions between sulfur-oxygen, sulfur-nitrogen, fluorine-hydrogen, nitrogen-

hydrogen, etc.14–16 These interactions create intramolecular conformational locks which 

help in improving polymer backbone planarity, π-delocalization and thus charge carrier 

mobility in OFETs. Hydrogen bonds have also known to influence polymer self-assembly 

and the solid-state morphology of conjugated materials.17–26 Recently, Zhang et al. reported 

DPP-quarterthiophene conjugated polymers in which part of branching alkyl chains were 

replaced by urea containing alkyl chains.27 Incorporation of urea groups in the side chains 

promoted hydrogen bonding and induced inter-chain interactions in the polymer resulting 

in improved photovoltaic performance (Power Conversion Efficiency = 6.8 %) in solar cell 

devices and an outstanding value of hole mobility (13.1 cm2 s−1 V−1) in Field Effect 

Transistor (FET) devices. The same research group further synthesized new thiazole-

flanked DPP-based polymers with urea containing linear side-chains.28 Ambipolar 

semiconducting properties of thin films of these polymers, including the hole and electron 

mobilities (μh and μe) and current on/off ratios were enhanced compared to those of the 

polymer without urea groups. In 2018, Rondeau-Gagné et al. synthesized DPP based 

conjugated polymers with amide group containing alkyl side chains.29 They showed that 

the intermolecular hydrogen bonds formed between adjacent amide moieties directly 

affected the lamellar packing of the polymer and aggregation, without affecting the π-

conjugation. The charge carrier mobility in organic field-effect transistor (OFET) devices 

using these materials achieved a maximum value of 2.46 cm2 s−1 V−1 for 5 mol % of amide 

containing polymer. They further demonstrated that introduction of hydrogen bonding 
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influenced the mechanical properties of this class of DPP-polymers, by promoting their 

stretching ability, reducing the elastic modulus of the polymers and facilitating the 

molecular alignment after stretch. The resulting polymers with 10% hydrogen bonding side 

chains showed a maximum stretchability of 75% elongation, without the appearance of 

nanoscale cracks.30 

 Apart from numerous efforts for enhancing charge carrier mobility and mechanical 

strength of the photoactive blend film comprising polymeric donor and PCBM acceptor, 

improving long term morphological stability of BHJ film is one of major challenges in the 

photovoltaics. The inherent thermodynamic immiscibility of the donor and acceptor phases 

promotes phase separation and thus decreases device performance. Crystallization of donor 

phase is found to be another driving force for blend separation. Various strategies such as, 

volatile additives like diiodooctane, 31 non-volatile nucleation promotors,32  or insulating 

polymers33 have been employed to address the issue. But these approaches were not 

effective to offer control over donor crystallization or the stability of blend morphology. 

Introduction of a “flexible linker” or “conjugation break spacer” in which well-defined 

conjugated segments are covalently linked with flexible aliphatic chains in a polymer, was 

found to be an interesting approach to circumvent above mentioned problems.34–36 

Nonetheless, this strategy is already known to modulate molecular arrangement in solid 

state and resulting opto-electronic properties of small organic materials.37–39 and poly 

phenylene-vinylene (PPV) based polymers.40 The incorporation of flexible aliphatic 

linkers/spacers in the conjugated backbone provides unique control over solution 

processability of semiconducting polymers,41,42 morphology,43 thermal stability,44,45 and 

mechanical properties46–48 of solution processed polymer thin films without negatively 

affecting charge transport properties. The superior mechanical properties of this class of 

conjugated systems possessing flexible linkers in their backbone make them potential 

candidates for stretchable electronics applications.47,49,50  

 Inspired by these approaches, herein, we propose a method to enhance the charge 

mobility of semiconducting polymers through the simultaneous incorporation of 

intermolecular hydrogen bonding and flexible linker/spacer in the backbone. Towards that 

objective, we designed and synthesized DPP-based semiconducting copolymers 

incorporating a flexible spacer unit containing four carbon atom chain in the backbone and 
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urethane linker containing aliphatic side chains. The urethane linker containing aliphatic 

side chains enable intermolecular hydrogen bonding in the polymer and the spacer unit is 

proposed to control the crystallisation/self-assembly induced by the H-bonding in the thin 

films. Thus, the combination of two approaches may affect supramolecular interactions 

which can modify the thin film morphology and potentially affect the charge transport in 

solid state. 

6.2  EXPERIMENTAL 

6.2.1  Materials:  

 Bromine, 2-octyl-1-dodecanol, triphenylphosphine, imidazole, iodine, 3,6-

bis(thiophen-2-yl)-2H,5H-pyrrolo[3,4-c]pyrrole-1,4-dione, 11-bromoundecanoic acid, 

sodium azide, thiophene, 1,4-dibromobutane, n-BuLi (2.5 M in n-hexane), 

tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) and tri(o-tolyl)3), phosphine (P(o-

tolyl)) (97%) (Aldrich Chemicals) were used as received.  Anhydrous potassium carbonate, 

triethylamine, ethyl chloroformate and N-bromosuccinimide (Merck) were purchased and 

were used as received.  

N,N-Dimethylformamide (DMF), dimethyl sulphoxide (DMSO), diethyl ether, 

tetrahydrofuran (THF) and toluene (Aldrich Chemicals) were dried and distilled according 

to standard procedures and stored under argon. Methanol, chloroform, n-hexane, and ethyl 

acetate (Merck) were purchased and were used as received. If not otherwise specified, 

solvents or solution were degassed by bubbling with nitrogen 1 h prior to use. 

11-Bromoundecanoyl azide (compound 1) was synthesised from 11-

bromoundecanoic acid using triethylamine, ethyl chloroformate and sodium azide by 

following literature protocol51 and used in the synthesis of compound 2. 

6.2.2  Characterisation and techniques 

Different techniques were used for characterization of monomers and polymers. 

They are listed below. 

NMR Spectroscopy: 1H and 13C NMR spectra of monomers and polymers were recorded 

using a Bruker-AV spectrometer at operating frequency of 200 MHz, 400 MHz and 500 

MHz in CDCl3 or DMSO-d6 with tetramethylsilane as an internal standard.  
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Gel permeation chromatography (GPC): Molecular weights and dispersity values of 

polymers were determined on Thermo-Finnigan make gel-permeation chromatography 

(GPC) using THF as an eluent at a flow rate of 1 mL min-1 at 25 °C. Sample concentration 

was 2 mg mL-1 and narrow dispersity polystyrenes were used as calibration standards. 

Thermogravimetric analysis (TGA): TGA was performed on a Mettler TA-300-thermal 

analyzer operating under nitrogen atmosphere. The samples were heated from 0 to 700 °C 

at a heating rate of 10 K/min.  

Absorption spectroscopy: The absorption spectra were recorded in dilute chloroform 

solutions (5×10-7 mol L-1 per repeating unit) on a Perkin–Elmer Lambda 950 

spectrophotometer. The absorption spectra were recorded on thin films spin-coated from 

chloroform and methylcyclohexane solution on glass substrates. The smooth and uniform 

films with a thickness of about 100 nm were tested.  

Cyclic Voltammetry: Cyclic voltammetry measurements were performed on Solartron 

electrochemical station (METEK, Versa STAT3) with a three-electrode cell in a 0.1 M 

tetra-n butylammonium hexafluorophosphate (n-Bu4NPF6) solution in acetonitrile at a scan 

rate of 100 mV/s at room temperature. Ag/Ag+ (0.01M AgNO3 in acetonitrile) electrode, 

a platinum wire, and a polymer-coated platinum electrode were used as the reference 

electrode; counter electrode, and working electrode, respectively. The Ag/Ag+ reference 

electrode was calibrated using a ferrocene/ferrocenium redox couple as an internal 

standard, whose oxidation potential is set at -4.8 eV with respect to zero vacuum level. The 

HOMO energy levels were obtained from the equation HOMO (eV) = LUMO - Eg opt. The 

LUMO levels of the polymers were obtained from the equation LUMO (eV) = -4.8 – (E1/2red 

first – E1/2ox Fc/Fc+). 

6.3  SYNTHESIS 

6.3.1 Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP(OD) monomer) 

A precursor compound, namely- 3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione was synthesised as described in section 3b.3.2.1 of this thesis.  
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6.3.1.1 Synthesis of 9-(iodomethyl) nonadecane  

 Into a 250 mL two-necked round bottom flask equipped with a nitrogen gas inlet 

and a magnetic stir bar were added 2-octyl-1-dodecanol (10.0 g, 33.6 mmol), 

triphenylphosphine (10.55.g, 40.3 mmol), imidazole (2.74 g, 40.25 mmol) and 50 mL of 

dichloromethane at 0°C. The solution was stirred for 20 min. Iodine (10.16 g, 40.25 mmol) 

was added to the solution with continuous stirring at 0°C. The reaction mixture was allowed 

to warm to room temperature over 2 h. Then, 10 mL of sat. Na2SO3 solution was added. 

The organic layer was separated, concentrated on rotavapor and 50 mL hexane was added. 

The resulting mixture was washed with water, brine solution and passed through a silica 

gel plug, and dried over Na2SO4. The hexane solution was concentrated under reduced 

pressure and dried under vacuum to give light yellow color oil.  

Yield: 11.3 g (93%). 

1H-NMR (400 MHz, CDCl3, δ/ppm): 3.01 (2 H, d, methylene group attached to I atom), 

1.53 (1 H, m, hydrogen at branch position), 1.48–1.45 (32 H, m, -CH2-), 0.89 (t, 6H, -CH3).  

13C-NMR (400 MHz, CDCl3, δ/ppm): 39.2, 35.9, 31.9, 29.9, 29.3, 29.6, 27.7, 26.2, 14.1, 

13.2. 

6.3.1.2 Synthesis of 2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

Into a 250 mL two-necked round bottom flask equipped with an argon gas inlet, a 

magnetic stir bar and an addition funnel were added, 3,6-bis(thiophen-2-yl)-2H,5H-

pyrrolo[3,4-c]pyrrole-1,4-dione (2.5 g, 8.35 mmol), anhydrous potassium carbonate (4.6 g, 

33.3 mmol) and  150 mL anhydrous N,N-dimethylformamide at 120°C for 1 h. 9-

(Iodomethyl) nonadecane (10.21 g, 25.0 mmol) was then added drop wise and the reaction 

mixture was stirred at 120°C for 24 h. The reaction mixture was allowed to cool and then 

poured into ice water and stirred for 1 h. The mixture was filtered and the solid product 

was extracted with dichloromethane. The organic layer was washed with water and dried 

over anhydrous Na2SO4. Removal of the solvent afforded the crude product which was 

further purified by column chromatography on silica gel using hexane: dichloromethane 

(7:3, v/v) mixture as an eluent to get desired product as a dark red solid.  

Yield: 3.2 g (45%). 
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1H-NMR (400 MHz, CDCl3, δ/ppm): 8.88 (2H, dd, thiophene C5 proton), 7.62 (2H, dd, 

thiophene C3 proton), 7.27 (2H, t, thiophene C4 proton), 4.03(4H, d, -CH2- group attached 

to ‘N’ atom of lactum ring), 1.22–1.30 (66H, m, -CH- and -CH2- of sidechain), 0.88 (12H, 

m, -CH3). 

6.3.1.3 Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrolo 

[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP(OD) monomer) 

Into a 250 mL two-necked round bottom flask equipped with a nitrogen gas inlet, an 

addition funnel and a magnetic stir bar were added 2,5-bis(2-octyldodecyl)-3,6-

di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3 g, 3.48 mmol), 

chloroform (50 mL) and reaction mixture was protected from light. After the reaction 

mixture was stirred in an ice bath at 0°C for 20 min, chloroform solution (20 mL) of 

bromine (0.696 g, 8.7 mmol) was added drop wise into the reaction mixture. The solution 

was stirred at room temperature for 48 h. The obtained crude product was extracted with 

chloroform (50 mLx3), washed with water (50 mLx3), and dried over anhydrous Na2SO4. 

Volatile components were removed under reduced pressure and product was purified by 

column chromatography on silica gel using hexane: dichloromethane (7:3, v/v) mixture as 

an eluent to get the product as dark purple red solid. 

Yield: 2.5 g, (70 %) 

1H-NMR (400 MHz, CDCl3, δ/ppm): 8.90 (2H, d, thiophene C3 proton), 7.22 (2H, d, 

thiophene C4 proton), 3.93(4H, d, -CH2- group attached to ‘N’ atom of lactam ring ) 1.22–

1.29 (66H, m, -CH- and -CH2- of sidechain), 0.88 (12H, m, -CH3). 

13C-NMR (400 MHz, CDCl3, δ/ppm): 161.6, 139.6, 135.5, 131.6, 119.2, 46.6, 38.8, 32.2, 

31.4, 30.2, 29.9, 29.8, 29.6, 26.9, 22.9, 14.4. 

6.3.2  Synthesis of DPP monomer with urethane linkage containing side chain 

(DPPurethane monomer)  

6.3.2.1 Synthesis of 2-octyldodecyl (10-bromodecyl)carbamate (urethane linkage 

containing side chain) (compound 2) 

Into a 250 mL two-necked round bottom flask equipped with a nitrogen gas inlet, 

an addition funnel and a magnetic stir bar were added 11-bromoundecanoyl azide (5 g, 17 

mmol) and anhydrous toluene (50 ml). The reaction mixture was heated at 70 °C for 1 hour.  

A solution of 2-octyldodecan-1-ol (5.1 g, 17 mmol) in toluene (20 mL) was added drop-
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wise for 15 min. into the mixture. The resulting solution was heated at same temperature 

for 12 h. The solution was poured into the water and extracted with diethyl ether (100 mL 

x3). The organic layer was washed with brine (100 mLx2) and dried over Na2SO4. The 

product was purified using column chromatography on silica gel using ethyl acetate: pet 

ether (1:4, v/v) mixture as an eluent to obtain viscous oil. 

Yield: 8.7 g, (90 %) 

1H-NMR (400 MHz, CDCl3, δ/ppm):  4.62 (1H, s, hydrogen attached to nitrogen atom), 

3.96 (2H, d, -CH2- attached to oxygen atom), 3.41 (2H, d, -CH2 attached to bromine atom), 

3.16 (2H, d, -CH2- attached to nitrogen atom), 1.92-1.54 (5H, m), 1.44-1.2 (44H, m, -CH2- 

of aliphatic chain ), 0.89 (6H, t, -CH3). 

13C-NMR (400 MHz, CDCl3, δ/ppm): 156.94, 77.32, 77.20, 77.00, 76.68, 67.61, 40.97, 

37.63, 34.00, 32.80, 31.91, 31.90, 31.21, 30.92, 29.99, 29.66, 29.64, 29.61, 29.56, 29.41, 

29.35, 29.32, 29.23, 28.72, 28.14, 26.88, 26.72, 22.68, 14.11.  

6.3.2.2 Synthesis of DPPurethane (compound 3) 

Into a 100 mL two-necked round bottom flask equipped with an argon gas inlet, an 

addition funnel and a magnetic stir bar were charged K2CO3 (0.15 g, 8.3 mmol) and 20 mL 

anhydrous DMF. 3,6-Bis(thiophen-2-yl)-2H,5H-pyrrolo[3,4-c]pyrrole-1,4-dione (1 g, 3 

mmol) was added into the mixture and the solution was heated at 100°C for 1 h under argon 

atmosphere. The solution of compound 2 (4.5 g, 8.3 mmol) in anhydrous DMF was added 

to the reaction mixture slowly. The resulting solution was heated at 100 °C for 24 h. The 

reaction mixture was allowed to cool and then added in water, extracted with DCM. The 

organic layer was washed with brine three times and dried over Na2SO4. The product was 

purified using column chromatography on silica gel using hexane: DCM (1:1, v/v) mixture 

as an eluent to get red solid. 

Yield: 1.86 g, (65%) 

1H-NMR (400 MHz, CDCl3, δ/ppm):  8.93 (d, 2H, thiophene C5 proton ), 7.64 (d, 2H, 

thiophene C3 proton), 7.29 (m, 2H, thiophene C4 proton), 4.63 (s, 2H, -N-H proton of 

urethane group), 4.07 (m, 4H, -CH2- group attached to oxygen of urethane group), 3.95 (d, 

4H, -CH2- group attached to nitrogen atom of lactam ring), 3.15 (m, 4H, -CH2- group 

attached to nitrogen atom of urethane group), 1.75 (m, 2H, -CH- at branch position), 1.64 
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(m, 4H, -CH2- group on middle decyl chain), 1.48 (m, 4H, -CH2- group on middle decyl 

chain), 1.26 (m, 88H, -CH2- group on middle decyl chain and octyldecyl chain), 0.88 (t, 

12H, -CH3). 

13C-NMR (400 MHz, CDCl3, δ/ppm): 161.34, 156.93, 139.99, 135.25, 130.66, 129.74, 

128.59, 107.65, 67.57, 42.18, 40.98, 37.61, 31.89, 31.18, 29.97, 29.62, 29.33, 29.22, 26.71, 

22.66, 14.10. (Figure SI 6.2) 

6.3.2.3 Synthesis of DPPurethane monomer (compound 4) 

Into a 100 mL two-necked round bottom flask equipped with an argon gas inlet and 

magnetic stir bar were charged the compound 3 (1.86 g, 0.006 mol) and chloroform (30 

mL). The solution was protected from light. NBS (2.76 g, 0.0155 moles) was then added 

to the reaction mixture in three portions, and the reaction mixture was allowed to stir for 

24 h. Then, the mixture was poured into water and extracted with dichloromethane (50 

mLx3). The organic layer was washed with brine and dried over Na2SO4. The product was 

purified using column chromatography on silica gel using dichloromethane as an eluent to 

get red solid.  

Yield: 1.65 g, (75%) 

1H-NMR (400 MHz, CDCl3, δ/ppm): 8.68 (d, 2H, thiophene C3 proton), 7.25 (d, 2H, 

thiophene C4 proton), 4.63 (broad singlet, 2H, -N-H proton of urethane group), 3.98  (m, 

8H, -CH2- group attached to oxygen of urethane group and -CH2- group attached to 

nitrogen atom of lactam ring), 3.15 (t, 4H, CH2- group attached to nitrogen atom of 

urethane group), 1.72 (m, 2H, -CH- at branch position of octyldodecyl chain), 1.48 (m, 4H, 

-CH2- group on middle decyl chain), 1.41 (m, 4H, -CH2- group on middle decyl chain), 

1.91-1.85 (d, 88H, -CH2- group on middle decyl chain and octyldecyl chain), 0.88 (t, 12H, 

-CH3).  

13C-NMR (400 MHz, CDCl3, δ/ppm): 161.02, 156.95, 138.99, 135.38, 131.66, 131.09, 

119.17, 107.79, 67.63, 42.27, 40.97, 37.65, 31.93, 31.23, 30.01, 29.96, 29.68, 29.66, 29.63, 

29.59, 29.44, 29.39, 29.37, 29.34, 29.27, 29.14, 26.80, 26.75, 22.70, 14.13. (Figure SI 6.3) 

6.3.3 Synthesis of 1,4-bis(5-(trimethylstannyl)thiophen-2-yl)butane (spacer 

monomer) 
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6.3.3.1 Synthesis of 1,4-di(thiophen-2-yl)butane 

 Into a 100 mL two-necked round bottom flask equipped with an argon gas inlet and 

a magnetic stir bar were added thiophene (5.0 g, 59.6 mmol), anhydrous THF (30 mL) and 

the mixture is cooled to -78 ºC. The solution of n-BuLi (44.9 mmol, 2.5 M) in n-hexane 

was added drop-wise and kept stirring for 1 h at 0 ºC. Then, 1,4-dibromobutane (3.0 g, 15 

mmol) was added into the reaction mixture. The reaction mixture was stirred overnight at 

room temperature and was poured into water and then extracted with hexane. The 

combined organic layers were dried over Na2SO4 and concentrated under reduced pressure. 

The crude product was purified by column chromatography on silica gel using hexane as 

an eluent. The product was obtained as a colorless solid.  

Yield: 1.96 g, (63 %) 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.11 (dd, 2H), 6.94 (dd, 2H), 6.8 (d, 2H), 2.88 (t, 4H), 

1.78 (m, 4H). (Figure SI 6.1) 

6.3.3.2 Synthesis of 1,4-bis(5-(trimethylstannyl)thiophen-2-yl)butane (spacer 

monomer) 

Into a 100 mL two-necked round bottom flask equipped with an argon gas inlet and 

a magnetic stir bar were added 1,4-di(thiophen-2-yl)butane (2.0 g, 8.9 mmol), 50 mL of 

THF and the solution was cooled to -78 °C. The solution of n-BuLi (2.5 M, 22 mmol) in 

hexane was slowly added dropwise to the solution. The reaction was maintained at -78 °C 

for 30 min, and warmed up to 25 °C for another 30 min. Then the solution was cooled to -

78 °C again, and trimethyltin chloride (1 M, 22 mL, 22 mmol) was added dropwise through 

a syringe. The mixture was slowly warmed up to room temperature and stirred overnight. 

The solvent was evaporated and the residue was dissolved in diethyl ether and washed with 

water. The combined organic layers were dried over Na2SO4, kept on activated carbon and 

concentrated under reduced pressure. The crude product was purified by recrystallization 

from ethanol to give white solid. 

Yield: 3.5 g, (68 %) 

1H-NMR (200 MHz, CDCl3, δ/ppm): 7.02 (d, 2H), 6.90 (d, 2H), 2.91 (t, 4H), 1.77 (m, 2H), 

0.35 (m, 18H).  

13C-NMR (200 MHz, CDCl3, δ/ppm): 135.52, 134.97, 126.17, 125.80, 33.95, 29.60, -7.81. 
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6.3.4 Synthesis of spacer polymers 

6.3.4.1 Synthesis of DPPurethane spacer polymer: Typical procedure 

Into 50 mL Schlenk tube equipped with an argon gas inlet and a magnetic stir bar 

were added DPPurethane monomer (300 mg, 0.21 mmol), 1,4-bis(5-

(trimethylstannyl)thiophen-2-yl)butane (116 mg, 0.21 mmol) and dry toluene (10 mL). The 

reaction mixture was purged with argon for half hour, and then 

tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) (9.61 mg, 0.011 mmol) and tri(o-

tolyl)phosphine (P(o-tolyl)3) (5.11 mg, 0.017 mmol) was added into the solution. The 

reaction mixture was again purged with nitrogen for half an hour and was stirred at 100°C 

for 90 min. Upon cooling to room temperature, the reaction mixture was added dropwise 

to methanol (100 mL). The precipitated polymer was filtered, dried and further purified by 

Soxhlet extraction with methanol, hexane, acetone and chloroform to remove catalytic 

impurity and oligomers. The chloroform fraction containing high molecular weight 

polymer was concentrated and added dropwise into methanol. Subsequently, the precipitate 

was collected and dried under vacuum overnight to obtain target polymer as a dark black 

solid.  

Yield: 220 mg (69 %).  

1H-NMR (400 MHz, CDCl3, δ/ppm): 8.89 (m, 2H, proton on thiophene ring attached to 

DPP unit), 7.23-6.41 (multiple peaks, 6H, protons on various thiophene rings), 4.67 (broad 

singlet, 2H,  N-H proton of urethane group), 3.95 (m, 8H, methylene protons attached to 

oxygen atom of urethane group and protons attached to nitrogen atom of DPP ring), 3.15 

(t, 4H, methylene protons attached to N-H of urethane group), 2.85 (t, 4H, methylene 

protons of butane chain (spacer unit)), 1.76 (6H, methyne protons at branch position of 

octyldodecyl chain and methylene protons of spacer unit), 1.40-1.15 (m, 96H, methylene 

protons of octyldodecyl chain ), 0.88 (m,12H, methyl protons) 

GPC (PS standards): Mw = 25.0 kg/mol, Mn = 18.2 kg/mol, PDI = 1.38. 

6.3.4.2 Synthesis of DPPalkyl spacer polymer (DPPalkyl-Th-C4-Th polymer) 

 The DPPalkyl spacer polymer was synthesised by following the procedure described 

in section 6.3.4.1.  DPPalkyl monomer (300 mg, 0.28 mmol), reacted with spacer monomer 

(152 mg, 0.28 mmol) in presence of Pd2(dba)3 (12.82 mg, 0.014 mmol) and P(o-tolyl)3 

(6.82mg, 0.022 mmol) to yield DPPalkyl spacer polymer as a black solid. 
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Yield: 232.5 mg (73 %).  

1H-NMR (400 MHz, CDCl3, δ/ppm): 8.90 (m, 2H, proton on thiophene ring attached to 

DPP unit), 7.53 (m, 2H, proton on thiophene ring attached to butane chain i.e. spacer unit, 

in the conjugated backbone ), 7.23-6.70 ( multiple peaks, 2H, protons on various thiophene 

rings), 6.75( m, 2H proton on thiophene ring attached to spacer unit), 4.02(d, 4H, methylene 

protons directly attached to nitrogen atom of DPP), 2.87(t, 4H, methylene protons of butane 

chain ), 1.97 (2H, methyne protons at branch position of octyldodecyl chain), 1.81 (m, 4H, 

methylene protons of butane chain), 1.35-1.12 (m, 64H, methylene protons of octyldodecyl 

chain ), 0.85(m,12H, methyl protons) 

GPC (PS standards): Mw = 47.1 kg/mol, Mn = 23.8 kg/mol, PDI = 1.98. 

6.4 RESULTS AND DISCUSSION: 

6.4.1  Synthesis of spacer polymers 

6.4.1.1 Synthesis of DPPurethane monomer 

Synthesis of DPPurethane monomer is outlined in Scheme 6.1. The first step in the 

synthesis of DPPurethane monomer is the synthesis of urethane containing side chain (2-

octyldodecyl (10-bromodecyl)carbamate i.e. compound 2) by Curtius reaction. 11-

Bromoundecanoic acid was reacted with ethyl chloroformate in the presence of 

triethylamine to form in situ carboxylic carbonic anhydride, which then reacted with 

sodium azide to obtain 11-bromoundecanoyl azide (compound 1). The corresponding 

isocynate of compound 1 was synthesized by gentle heating, which was converted to 

compound 2 by reaction with octyl dodecanol, in the yield 90 %. In the second step, DPP 

was alkylated with compound 2 in the presence of K2CO3, to obtain DPPurethane (compound 

3). The final DPPurethane monomer (compound 4) was obtained by bromination of 

compound 3 using NBS in overall yield of 55 %.  
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Scheme 6.1 Synthetic scheme of DPPurethane monomer (4). 

1H-NMR spectrum of urethane containing side chain i.e. 2-octyldodecyl (10-

bromodecyl)carbamate (compound 2) is presented in Figure 6.1. The presence of urethane 

group was confirmed by the singlet at 4.62 δ ppm due to N-H proton. The methylene 

protons attached to oxygen atom of urethane group were observed at 3.96 δ ppm. The 

methylene protons attached to bromine atom appeared at 3.41 δ ppm.  The methylene 

protons attached to nitrogen atom of urethane group were observed at 3.16 δ ppm. The 

multiple peaks in the range of 1.92-1.54 δ ppm were observed due to the protons at branch 

position of octyldodecyl side chains and methylene protons decyl chain.  The remaining 

methylene protons on side chains and on aliphatic chain appeared in the range 1.44-1.20 δ 

ppm. The methyl protons on side chains were observed at 0.89 δ ppm as a triplet. 
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Figure 6.1 1H-NMR spectrum (CDCl3) of 2-octyldodecyl (10-bromodecyl)carbamate 

(urethane linkage containing side chain) (2). 

1H-NMR spectrum of the DPPurethane 3 is presented in Figure 6.2. The 

appearance of three peaks in the aromatic region at 8.93, 7.64, and 7.29 δ ppm, confirmed 

the presence of DPP ring. The incorporation of urethane group was confirmed by the 

presence of singlet at 4.63 δ ppm due to N-H proton. The methylene protons attached to 

oxygen atom of urethane group were observed at 4.07 δ ppm. The methylene protons 

attached to nitrogen atom of lactam ring appeared at 3.95 δ ppm.  The methylene protons 

attached to nitrogen atom of urethane group were observed at 3.15 δ ppm. The proton at 

branch position of octyldodecyl side chains was observed as multiplet at 1.75 δ ppm.  The 

remaining methylene protons on side chains and on aliphatic spacer chain appeared in the 

range 1.69-1.13 δ ppm. The methyl protons on side chains were observed at 0.88 δ ppm as 

a triplet. 
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Figure 6.2 1H-NMR spectrum (CDCl3) of DPPurethane (3). 

1H-NMR spectrum of the DPPurethane Monomer 4 is presented in Figure 6.3. The 

one aromatic proton of each thiophene ring was replaced by bromine. So, the aromatic 

region showed two peaks at 8.68 and 7.25 δ ppm due to remaining two protons on each 

thiophene ring. The N-H proton of urethane group appeared as singlet, at 4.63 δ ppm. The 

methylene protons attached to oxygen atom of urethane group and those attached to 

nitrogen atom of lactam ring appeared as multiplet in the range 4.19-3.85 δ ppm.  The 

methylene protons attached to nitrogen atom of urethane group were observed at 3.15 δ 

ppm. The aliphatic region of NMR spectrum of DPPurethane monomer exhibited similar 

peaks as that of NMR spectrum of DPPurethane, since aliphatic region is not affected by 

bromination. 



 

Chapter 6                                                                      DPP-Based Spacer Polymers Functionalised ... 

Savitribai Phule Pune University                         244                             CSIR-National Chemical Laboratory 

 

 

Figure 6.3 1H-NMR spectrum (CDCl3) of DPPurethane monomer (4). 

 

6.4.1.2 Synthesis of 1,4-bis(5-(trimethylstannyl)thiophen-2-yl)butane (spacer 

monomer) 

 1,4-Di(thiophen-2-yl)butane was synthesised by reaction of thiophene with 1,4-

dibromobenzene in presence of n-butyl lithium at 0°C. The final spacer monomer was 

synthesised by reaction of 1,4-di(thiophen-2-yl)butane with trimethyltin chloride in 

presence of n-butyl lithium at -78°C in 42 % overall yield. 

 

Scheme 6.2 Synthesis of 1,4-bis(5-(trimethylstannyl)thiophen-2-yl)butane (spacer 

monomer). 
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 1H-NMR spectrum (CDCl3) of 1,4-bis(5-(trimethylstannyl)thiophen-2-yl)butane 

(spacer monomer) is depicted in Figure 6.4. The protons on thiophene rings were observed 

at 7.02 and 6.90 δ ppm, respectively. The triplet at 2.91 δ ppm was observed for protons 

on the methylene group attached to thiophene ring. The remaining methylene protons were 

observed at 1.77 δ ppm. The triplet at 0.35 δ ppm was appeared due to methyl group 

attached to tin atom. 

 

Figure 6.4 1H-NMR spectrum (CDCl3) of 1,4-bis(5-(trimethylstannyl)thiophen-2-

yl)butane (spacer monomer). 

6.4.1.3 Synthesis of polymers- DPPurethane-Th-C4-Th polymer and DPPalkyl-Th-C4-Th 

polymer  

Synthesis of the polymers is depicted in Scheme 6.3. DPPurethane monomer and 

DPPalkyl monomer were polymerized with 1,4-bis(5-(trimethylstannyl)thiophen-2-

yl)butane (spacer monomer) under Stille coupling protocol (in presence of Pd2(dba)3 as 

catalyst and P(o-tolyl)3 as ligand) to obtain PDPPurethane-Th-C4-Th polymer, DPPalkyl-Th-

C4-Th polymer, respectively. The polymerization time was restricted to 3 h to achieve 
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soluble polymers. All the polymers are soluble in chloroform, chlorobenzene, 1, 1, 2, 2 

tetrachloroethane and toluene. The molecular weights of DPPurethane-Th-C4-Th polymer and 

DPPalkyl-Th-C4-Th polymer were measured using GPC by using chloroform as eluent and 

polystyrene standard. The structures of all polymers were confirmed by 1H-NMR. 

 

Scheme 6.3 Synthesis of spacer polymers A) DPPurethane-Th-C4-Th polymer B) DPPalkyl-

Th-C4-Th polymer. 

1H-NMR spectrum of the DPPurethane-Th-C4-Th polymer is presented in Figure 6.5. 

The peaks at 4.67 δ ppm (due to N-H proton) and at 2.85 δ ppm (due to proton on spacer 

unit) are the characteristic peaks of DPPurethane and spacer unit, respectively. The 

appearance of these two peaks confirmed the incorporation of spacer unit in the conjugated 

backbone and hence the polymer formation. The proton on thiophene ring which is attached 

to DPP unit was observed as multiplet at 8.89 δ ppm. The remaining protons on thiophene 

rings were observed in the range 7.23-6.41 δ ppm. The broad singlet at 4.67 δ ppm was 

observed for N-H proton. The multiple peaks in the range 4.22-3.84 δ ppm correspond to 
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methylene protons attached to nitrogen atom of DPP group and those attached to oxygen 

atom of urethane group. The methylene protons attached to N-H of urethane group 

appeared as a triplet at 3.15 δ ppm. The methylene protons of spacer unit were observed at 

2.85 δ ppm. The methylene protons of spacer chain and the methine protons at branch 

position of octyldodecyl chain appeared at 1.76 δ ppm. The remaining methylene protons 

of octyldodecyl chain were observed in the range 1.40-1.15 δ ppm. The twelve methyl 

protons were observed as triplet at 0.88 δ ppm. 

 

Figure 6.5 1H-NMR spectrum (CDCl3) of DPPurethane-Th-C4-Th polymer. 

1H-NMR spectrum of the DPPalkyl-Th-C4-Th polymer is presented in Figure 6.6. 

The appearance of peaks at 2.87 and 1.81 δ ppm confirmed the incorporation of spacer unit 

in the conjugated backbone and hence the formation of polymer. The proton on thiophene 

ring which is attached to DPP unit was observed as multiplet at 8.90 δ ppm. The protons 

on thiophene ring which is attached to spacer unit, were appeared at 7.53 δ ppm and 6.75 

δ ppm. The remaining protons on various thiophene rings were observed in the range 7.23-

6.70 δ ppm. The peak at 4.02 δ ppm corresponds to methylene protons directly attached to 
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nitrogen atom of DPP. The methylene protons of spacer unit were observed at 2.87 and 

1.18 δ ppm as triplet and multiplet, respectively. The peak at 1.97 δ ppm was due to methine 

protons at branch position of octyldodecyl chain. The remaining methylene protons of 

octyldodecyl chain were observed in the range 1.35-1.12 δ ppm. The methyl protons were 

observed as triplet at 0.85 δ ppm. 

 

Figure 6.6 1H-NMR spectrum (CDCl3) of DPPalkyl-Th-C4-Th polymer. 

The data obtained from gel permeation chromatography (GPC) and 

thermogravimetric analysis (TGA) is summarised in Table 6.1. Number average molecular 

weights of DPPurethane-Th-C4-Th polymer and DPPalkyl-Th-C4-Th polymer are found to be 

18.2 and 23.8 kg/mol with dispersities 1.4 and 2.0, respectively. Figure 6.7 shows TGA 

curves for the spacer polymers. TGA curve for DPPurethane-Th-C4-Th polymer exhibited two 

stage degradation profile. This may be because the urethane containing side chains would 

degrade first and then the polymer backbone. Temperature at 10 % weight loss was 

recorded at 325°C for DPPalkyl-Th-C4-Th polymer. 
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Table 6.1 Data obtained from GPC and TGA studies. 

a: Mn= number-average molecular weight, b: Mw= weight-average molecular weight, c: T10% 

=decomposition temperatures at 10% weight loss 

 

 

 

Figure 6.7 TG curves for the spacer polymers. 

Variable temperature 1H-NMR spectrum of DPPurethane-Th-C4-Th polymer is 

presented in Figure 6.8. 1H-NMR spectra of DPPurethane-Th-C4-Th polymer in 1,1,2,2-

tetrachloroethane-d2 (TCE-d2) at different temperatures, were examined to confirm the 

formation of interchain H-bonding. 1H-NMR signal corresponding to urethane groups in 

DPPurethane spacer polymer was found at 4.71 ppm at 23°C. The signal showed an upfield 

shift to 4.63, 4.59 and 4.56 ppm at 50°C, 70°C and 90°C, respectively. This observation 

agrees with the interchain hydrogen-bonding formation of urethane groups. Thus, this 

variable temperature 1H-NMR data provides the evidence for the interchain hydrogen-

bonding formation of urethane groups. 

Polymers Mn 

(kg/mol)a 

Mw 

(kg/mol)b 

Dispersity 

(Mw/Mn) 

T10% /°Cc 

DPPurethane-Th-C4-Th 18.2 25.0 1.38 - 

DPPalkyl-Th-C4-Th 23.8 47.2 1.98 325 
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Figure 6.8 Variable temperature 1H-NMR spectrum of DPPurethane-Th-C4-Th polymer. 

6.4.2   Optical and Electrochemical studies:   

HOMO and LUMO energy levels of PDPPurethane-Th-C4-Th and PDPPalkyl-Th-C4-

Th were estimated from the respective onset oxidation and reduction potentials on the basis 

of their thin-film cyclic voltammogram as shown in Figure 6.9. As listed in Table 6.2, the 

HOMO energy of PDPPurethane-Th-C4-Th and PDPPalkyl-Th-C4-Th were -5.45 eV and -5.40 

eV respectively. 

The absorption spectra of polymers were measured in chloroform and methyl 

cyclohexane solution as well as on thin films spin coated from chloroform and methyl 

cyclohexane solution. Table 6.2 summarizes photophysical and electrochemical data of 

polymers. Figure 6.10 depicts the normalized absorption in dilute chloroform and 

methylcyclohexane solution. In solutions, the polymers show absorption maxima between 

550-680 nm. In general, absorption spectra of polymers in methyl cyclohexane solution 

were red shifted as compared to those in chloroform solution. The absorption spectra of 

both the polymers in chloroform solution as well as that of DPPalkyl-Th-C4-Th in methyl 
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cyclohexane solution, showed a shoulder peak indicating presence of more effective 

interaction between polymer backbones of these polymers. Figure 6.11 depicts the 

normalized absorption spectra on films, spin coated from their dilute chloroform and 

methylcyclohexane solution. In films, the polymers show absorption maxima between 600-

690 nm. Thin-film absorption spectra of both the polymers are slightly red shifted and 

broadened with respect to the solution ones, as a result of polymer–polymer/ intermolecular 

interactions. A broad absorption around 800 nm in the DPPurethane-Th-C4-Th thin film from 

methyl cyclohexane solution, indicated the presence of strong excitonic interactions and 

the formation of π-stacks.36 Thus, optical data of also confirmed the presence of self-

assembly in this polymer as already evidenced through variable temperature 1H-NMR 

study as described in above section. 

 

Figure 6.9 Thin-film cyclic voltammogram of spacer polymers. 

Table 6.2 Photophysical and electrochemical data of polymers. 

Polymer Eox Ered HOMO LUMO λmax (nm) 

solution 

λmax (nm)  

film 

CHCl3 MCH CHCl3 MCH 

DPPurethane

-Th-C4-Th 

0.65 -1.0 -5.45 -3.80 593, 

631(s) 

640 666 648 

DPPalkyl-

Th-C4-Th 

0.60 -1.1 -5.40 -3.70 628,  

590 (s) 

629, 

670 (s) 

666, 

615(s) 

679, 

629 (s)  
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Figure 6.10 The absorption spectra of spacer polymers in dilute chloroform (CHCl3) 

solution and dilute methylcyclohexane (MCH) solution. 

 

Figure 6.11 The absorption and emission spectra of spacer polymers on thin films prepared 

from their dilute chloroform and methylcyclohexane (MCH) solution.  

6.4.3  Self-assembly in methyl cyclohexane 

 Figure 6.12 depicts 1H-NMR of spacer polymers in tetrachloroethane-d2 at room 

temperature (RT) and at 80°C. Figure 6.13 depicts 1H-NMR of spacer polymers in 

cyclohexane-d12 at RT and at 80°C. 
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Figure 6.12 1H-NMR spectra of spacer polymers in tetrachloroethane-D2 at RT and at 

80°C. 
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Figure 6.13 1H-NMR spectra of spacer polymers in cyclohexane-D12 at RT and at 80°C. 
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 1H-NMR spectra shown above (Figure 6.12) evidenced that the DPPurethane-Th-C4-

Th polymer was well solvated in tetrachloroethane and showed all the chemical shifts 

corresponding to the polymer structure. The same observation holds true for alkyl side 

chain counterpart i.e. PDPPalkyl-Th-C4-Th. Thus, both the polymers were well solvated in 

tetrachloroethane-d2. On contrary, the 1H-NMR spectra of both the polymers in 

cyclohexane-d12 (Figure 6.13) didn’t show any peak at room temperature but at higher 

temperature the peak intensity was increased slightly, additionally, the peak broadening 

was also observed. These results suggest that polymers were self-assembled in 

methylcyclohexane and cyclohexane. Thus, this study was also in agreement with the 

formation of self-assembled structures in these polymers as demonstrated by variable 

temperature NMR and UV. This property would have influence on charge carrier mobility 

in OFET devices. 

6.5  CONCLUSIONS 

 Two DPP-based spacer polymers functionalized with urethane linker containing 

alkyl side chains namely- DPPurethane-Th-C4-Th and PDPPalkyl-Th-C4-Th were synthesized 

and characterized by 1H-NMR, 13C-NMR and UV spectroscopy. The incorporation of the 

spacer units reduced the backbone conjugation and improved the solubility in various 

solvents. Both the polymers were soluble in CHCl3 and tetrachloroethane at room 

temperature and at 800C. But in cyclohexane or in methylcyclohexane, they formed self-

assembly at room temperature, which was confirmed by high temperature 1H-NMR 

spectroscopy in cyclohexane-D12 and UV-Vis absorption spectroscopy. Variable 

temperature 1H-NMR spectra demonstrated the presence of hydrogen bonding and self-

assembled behavior in these polymers. It would be interesting to study the influence of 

polymer self-assembly on charge carrier mobility in OFET device. In the present work, this 

study could not be taken up due to lack of device fabrication facilities. 
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7.1  SUMMARY AND CONCLUSIONS 

 The overall objective of the work was to design and synthesize new solution 

processable π-conjugated materials (small molecules/polymers) for photovoltaic 

applications and to derive structure-property relationship with respect to their 

optoelectronics properties. 

Poly(-p-arylene-ethynylene)-alt-poly(-p-arylene-vinylene)s (PAE-PAVs) 

constitute an important class of conjugated polymers which exhibit interesting properties 

like low-lying LUMO levels, higher molar extinction coefficients, and especially higher 

fluorescence quantum yields and have been successfully utilised as donor material in the 

active layer of the optoelectronic devices like OLEDs and OSCs. Introduction of 

anthracene group in PAE-PAV system resulted in lowering of the band-gap of the 

polymer. With an objective to tune the π-π stacking distance of PAE-PAV polymers, 

alkoxy side chains of different nature (linear/branched) and length were appended onto 

polymer backbone with an anticipation that it would result in favorable nanoscale 

morphology of polymer:PCBM blend in optoelectronic devices. Five anthracene-

containing PPE-PPV polymers bearing different side chains lengths and nature were 

synthesized and characterized by 1H-NMR and 13C-NMR spectroscopy. Polymers were 

obtained with number average molecular weights in the range 15.8- 47.5 kg/mol. 

Polymer with octyloxy substitution close to the AnE units (AnE-PVab, -ad) arranged in a 

stacked structure. Whereas asymmetric (AnE-PVcc) or branched side chain substitution 

(AnE-PVbb, -ba) near the AnE unit yielded less organized or even amorphous polymers. 

Polymers with strong tendency of stacking exhibited well resolved thin film absorption 

peaks in UV-Vis spectra. Polymers with less or no intrinsic stacking ability exhibited 

featureless absorption peaks. Polymers (AnE-PVbb, -ba, -cc) exhibited higher hole 

mobilities as compared to polymers (AnE-PVab, -ad) but they exhibited poor 

photovoltaic performance as a result of insufficient donor-acceptor phase separation in 

their blends with PCBM which hindered efficient charge separation. On the other hand, 

the polymers (AnE-PVab, -ad) having inclination to stack, exhibited stronger phase 

separation and better photovoltaic performance. Among the series of synthesized 

polymers, the best photovoltaic performance (= 3.14 %) was achieved for polymer 

AnE-PVab, which exhibited stacking ability. Thus, it was concluded that the alkoxy 
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chains appended onto the polymer backbone, not only improved polymer solubility, but 

also played a significant role in controlling active layer nanomorphology and hence the 

solar cell performance. Thus, a correlation between the ability to form π-π-stacking, the 

absorption behavior, the charge carrier mobility, the active layer nanoscale morphology, 

and the photovoltaic performance was established in anthracene-containing PAE-PAV 

polymers. 

It is generally recognized that donor-acceptor (D-A) type of low band-gap 

materials are promising candidates as an active layer material in optoelectronic devices. 

Taking a clue from this, a new anthracene containing PPE compound; viz. 9,10-bis((2,5-

bis(octyloxy)-4-vinylphenyl)ethynyl)anthracene (AnPPE) was synthesised. AnPPE was 

reacted with two different acceptor units namely, DPP and BTDA by Pd-catalyzed Heck 

reaction to form two new D-A small molecules namely- AnPPE-Th-DPP(EH) and 

AnPPE-Th-BTDA. The small molecules were characterized by 1H-NMR, HRMS and 

MALDI (TOF). AnPPE-Th-DPP(EH) was soluble in organic solvents such as 

chloroform, dichloromethane, dimethyl sulphoxide and chlorobenzene. AnPPE-Th-

BTDA was partially soluble in dichloromethane, and chlorobenzene at higher 

temperature. UV-Vis spectra of AnPPE-Th-DPP(EH) and AnPPE-Th-BTDA showed 

wavelength of absorption maxima at 676 nm and 535 nm, respectively. Optical band gap 

energy for AnPPE-Th-DPP(EH) was found to be 1.47 eV. Photoluminescence spectrum 

of AnPPE-Th-BTDA showed emission maximum at 643 nm. Electrochemical band-gap 

values of AnPPE-Th-DPP(EH) and AnPPE-Th-BTDA were 1.35 and 1.55 eV, 

respectively. OFET devices fabricated using AnPPE-Th-DPP molecule showed hole 

mobility value of 4.19x 10-6 cm2 V -1 s-1. 

 The introduction of a conjugated side chain on main donor–acceptor conjugated 

backbone is considered to be an effective approach for enhancing photovoltaic 

performance by broadening the absorption in visible to near IR region and by improving 

short circuit current density (Jsc). Towards this end, PPE-PPV polymers incorporating a 

bithienylene-vinylene thiophene group as a conjugated side chain on the PPE unit (BTE-

PVs) were synthesized. The polymers differ in the nature of solubilizing side chains, viz 

octyloxy (linear) or 2-ethylhexyloxy (branched) chains on the PPE and PPV units. 

Polymers were characterized by 1H-NMR and 13C-NMR spectroscopy. Polymers were 
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obtained with number average molecular weights in the range 5.9- 26.7 kg/mol. XRD 

study on films indicated a completely amorphous feature of polymer films. Even though 

the thin film absorption spectra for the polymers containing linear octyloxy chains, (BTE-

PVab and BTE-PVaa), suggested the presence of a moderate organization in the 

polymers, no obvious evidence of ordering (π-π stacking) appeared in the XRD study of 

films. Time of flight technique was used to study charge carrier mobility. Polymers 

exhibited very different charge transport properties. The bulk hole mobility at a field of 

about 8×104 V cm-1 ranged from 1.3×10-5 cm2 V-1 s-1 for BTE-PVaa, substituted with 

solely linear chains, to the outstanding value of 2.2×10-2 cm2 V-1 s-1 for BTE-PVba, with 

branched and linear solubilizing chains. This remarkable difference of mobility values 

(order of three), is mainly attributed to the chemical structure of the polymers. The 

combination of linear and branched chains was found to be favorable for charge transport 

properties of the investigated polymers, compared to the incorporation of only linear or 

branched side-chains. The bulk heterojunction solar cells were fabricated with BTE-PV 

as donors and PC60BM as acceptor. The highest photovoltaic performance (= 2.1 %) 

was observed for polymer BTE-PVab. Polymer BTE-PVba exhibiting highest hole 

mobility showed poor photovoltaic performance because of an unfavorable morphology 

of the blends. 

Recently, terpolymers comprising three different components in the polymer 

backbone have emerged as a new design strategy for conjugated polymers. These 

polymers are known to exhibit improved solubility, solar absorption and photocurrent. 

With added new D or A unit, tuning of HOMO-LUMO energy levels and π-π stacking in 

terpolymers is possible. In this context, a new molecule-1,3-dibromo-5,7-dihexyl-4H,8H-

benzo[1,2-c:4,5-c′]dithiophene-4,8-dione (BDD) was incorporated as second acceptor in 

the synthesis of terpolymers. Two copolymers and four terpolymers comprising 

cyclopentadithiophene (CPDT), bithiophene (BT), benzo[1,2-b:4,5-b′]dithiophene (BDT) 

as electron donor units and diketopyrrolopyrrole (DPP), benzo[1,2-c:4,5-c′]dithiophene-

4,8-dione (BDD) as electron acceptor units were synthesized and characterized by 1H and 

13C-NMR spectroscopy. Terpolymers showed much broader absorption in visible and 

near IR region of light spectrum and improved solubility in organic solvents such as 

chloroform, dichloromethane, dimethyl sulphoxide and chlorobenzene as compared to 
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copolymers comprising same electron donor and electron acceptor units. 

Terpolymers- BDT-DPP(EH)-BDD and BDT-DPP(HD)-BDD, exhibited temperature 

dependent UV-Vis absorption spectra which indicated presence of aggregates in these 

polymers. This property can be utilized to manipulate morphology of active layer in the 

fabrication of solar cell devices. Bulk heterojunction solar cells were fabricated using two 

polymers- CPDT-BDD and BDT-DPP(EH)-BDD as donor material with PC70BM 

acceptor. CPDT-BDD polymer showed maximum power conversion efficiency of 1.63 % 

and 1.39 % in inverted and conventional device architecture, respectively. The 

terpolymer BDT-DPP(EH)-BDD exhibited η=1.57 % in conventional device. The 

terpolymer BDT-DPP(HD)-BDD showed negligible solar cell performance as compared 

to polymer BDT-DPP(EH)-BDD which is attributed to the longer side chains on this 

polymer causing steric hindrance and thus the unsuitable morphology in polymer: 

PC70BM blend film used as active layer during device fabrication.  

 Hydrogen bonds have also known to influence polymer self-assembly and the 

solid-state morphology of conjugated materials. It was found that the intermolecular 

hydrogen bonds formed between adjacent moieties directly affect the lamellar packing of 

the polymer and aggregation, without affecting the π-conjugation. With certain DPP- 

based polymers incorporating hydrogen-bonding sites, it is possible to achieve excellent 

mechanical properties such as enhanced stretching ability and reduction in elastic 

modulus of the polymers for stretchable electronics applications. Another exciting 

approach to improve long term morphological stability of BHJ film by reducing donor 

crystallization, is the incorporation of flexible aliphatic linkers/spacers in the conjugated 

backbone without negatively affecting charge transport properties. Taking a clue from 

these strategies, two DPP-based semiconducting copolymers incorporating a flexible 

spacer unit (containing four carbon atom chain) in the conjugated backbone and urethane-

linker containing alkyl side chains were synthesized. The urethane-containing aliphatic 

side chains enable intermolecular hydrogen bonding in the polymer and the spacer unit is 

proposed to control the crystallization/self-assembly induced by the hydrogen-bonding in 

the thin films. The two spacer polymers, namely- DPPurethane-Th-C4-Th and DPPalkyl-Th-

C4-Th were characterized by 1H-NMR, 13C-NMR and UV-Vis spectroscopy. The 

incorporation of the spacer units reduced the backbone conjugation and improved the 
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solubility in solvents such as chloroform, dichloromethane, dimethyl sulphoxide, etc. 

Variable temperature 1H-NMR spectra demonstrated the presence of hydrogen bonding 

and self-assembled behavior in the DPPurethane-Th-C4-Th polymer. Both the polymers 

were soluble in CHCl3 and tetrachloroethane at room temperature and at 80°C. But in 

cyclohexane or in methylcyclohexane (MCH), they formed self-assembly at room 

temperature, which was confirmed by high temperature 1H-NMR spectroscopy in 

cyclohexane-D12 and UV-Vis absorption spectroscopy. These supramolecular interactions 

have been known to modify the thin film morphology and potentially affect the charge 

transport in the solid state. Based on these results, the synthesized polymers could find 

potential application as active layer in OFET devices. However, the evaluation couldn’t 

be carried out due to lack of device fabrication facility at this point of time. 

7.2  FUTURE PERSPECTIVES 

The work embodied in the thesis was focused on design and synthesis of new 

solution-processable π-conjugated small molecules and polymers with improved 

photovoltaic properties and has opened many new avenues for the future work. 

1. In case of terpolymers, the percentage of co-monomers in a terpolymer could be

 varied. The optimum composition of monomers would lead to the terpolymeric 

 system with optimized thin film morphology for enhanced photophysical and

 photovoltaic properties. 

2. The terpolymers can be further evaluated for their solar cell performance with non-

 fullerene acceptors such as ITIC (2,2′-[[6,6,12,12-tetrakis(4-hexylphenyl)-6,12

 dihydrodithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene-2,8

 diyl]bis[methylidyne(3-oxo-1H-indene2,1(3H)-diylidene)]]bis[propanedinitrile]) to 

 achieve higher efficiency values in solar cell devices. 

3. The spacer polymers exhibited self-assembled behavior in solution. It would be

 interesting to study, as how to transfer this self-assembly in solid state/films.  

4. There is a scope to vary the percentage of urethane linkage in the spacer polymers

 and to study its influence on solid state self-assembly.    
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5. It would be worthwhile to investigate the spacer polymers for the charge carrier

 mobility studies in OFET devices. The influence of these supramolecular forces

 on charge transport in OFET devices would be interesting to study. 

6. Anthracene containing PPE-PPV polymers are highly fluorescent materials. It would 

 be worth to evaluate them for sensor applications. 
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Synopsis of the Thesis Entitled 

“New π-Conjugated Materials for Optoelectronic Applications” 

Chapter 1: Introduction   

Replacing the fossil fuels by renewable energy sources is essential to solve the non-

avoidable future energy problems of our society. In addition, they contribute to the 

protection of our fragile environment. Photovoltaics are of great importance in this context. 

Organic Photovoltaics (OPVs) has recently gained significant attention due to the 

possibility of processing organic semiconductors (conjugated polymers or small 

molecules) from solution at low temperature and for large area devices with lower cost. 

Moreover, organic semiconductors can be deposited on various substrates including 

flexible plastic substrates which open up the way for their applications in products with 

lower cost, flexibility and lighter weight. In addition, the structural versatility of organic 

semiconductors allows the incorporation of functionalities by molecular design, which is 

the most attractive feature of OPV. Thus, OPV technology can be considered as a 

promising alternative to current silicon technology for potential applications in 

optoelectronics.1d,1e 

OPV devices (also known as Organic Solar Cell (OSC) or Polymer Solar Cell 

(PSC)) generate electrical power by converting solar radiations into electricity by means 

of organic semiconductors. Organic semiconductors can be classified into two broad 

categories, namely small molecules and conjugated polymers, both of which possess π-

conjugation, enabling optical absorption and proper charge transport. These 

semiconductors are used as an active material in single layer OSC4a-4i, donor materials in 

Bilayer and Bulk Heterojunction (BHJ) OSC2a-2d and non-fullerene acceptor.3 Conjugated 

polymers, on one hand, have advantages over small molecular semiconductors such as 

isotropic transport characteristics, solution processability, control on structural and 

morphological characteristics of the film and robust mechanical properties for roll-to-roll 

fabrication on flexible substrates. On the other hand, small-molecule semiconductors 

exhibit properties such as well-defined molecular structure, defined molecular weight, and 

high purity without batch- to -batch variations which are hard to achieve for polymers. 
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Chapter 2: Scope and Objectives 

The last two decades have been marked by intensive research in the field of 

OPVs.1a-1e A number of interesting conjugated polymeric materials, exhibiting band gap 

energies around and below 2 eV have been synthesized for organic solar cell 

applications.5a-5d High power conversion efficiencies have been reported by various 

research groups using various conjugated polymers as donor material in conjunction with 

fullerene derivatives (PC61BM or PC71BM) as acceptors in a bulk hetero-junction 

construct.6a-6e 

Realization of high-performance polymer solar cells (PSCs) requires efficient 

harvesting of the solar energy which can be achieved by-  

1. Optimizing the energy gap and film absorption coefficient of conjugated polymers.  

2. Designing the conjugated polymers with strong and broad absorption covering 

 entire solar radiation range. 

3. Improving the active layer morphology to provide extended donor-acceptor

 interfaces facilitating exciton diffusion and charge transfer.  

          Theoretically, the ideal band gap of conjugated polymers for PSCs should be 

around 1.5 eV.7a-7c However, the most studied conjugated polymers, such as 

polythiophenes (PTs) and poly(phenylene vinylene)s (PPVs),8a,8b exhibit optical band gap 

energies larger than or around 2.0 eV and therefore can harvest only visible light. This 

mismatch of the absorption to the solar spectrum significantly limits the device 

performance of PSCs. Therefore, development of NIR-absorbing or low band gap polymers 

is very important. One of the strategies for lowering the band gap energy is to design push-

pull conjugated polymer (D-A conjugated polymer). Such polymers have been 

demonstrated to be highly efficient donor materials in BHJ-PSCs because their light 

harvesting abilities and energy levels can be well tuned by controlling the photo-induced 

intramolecular charge transfer (ICT) from donor to acceptor units. Therefore, different 

building units have significant influence on the final photovoltaic properties of the resulting 

polymers. 4a,4i,9a-9d  

Yet another approach for improving the absorption of solar spectrum is to design 

two-dimensionally conjugated polymers. Such polymers have strong and broad absorption 

covering UV as well as visible portion of solar spectrum.10a,10b Li et al. synthesized bi-
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(thienylenevinylene) substituted polythiophenes (biTV-PTs) which possess a broad and 

strong absorption band in the region 350 to 650 nm. The best performing polymer showed 

the maximum power conversion efficiency of 3.18 % which is 38 % increase in comparison 

with that of the devices based on P3HT under the same experimental conditions.10a 

Subsequently, few other two-dimentionally conjugated polymers have been designed and 

were found to exhibit excellent performance as donor material in BHJ solar cells. 10c-e 

  The aim of the research work was to design and synthesise polymers with enhanced 

solar absorption by appropriate band gap engineering which would find applications as 

active layer material in optoelectronic devices such as organic solar cells, organic field 

effect transistors, etc. Another objective of the present work was to utilise non-covalent 

interactions to guide polymer self-assembly and influence the solid-state morphology of 

the conjugated polymers.    

The following specific objectives were pursued in the research work- 

1. Synthesis of low band gap polymers with high absorption coefficient, study of 

 structure-property relationship and evaluation of their performance as donor

 material in BHJ solar cells. 

2. Synthesis of two-dimensionally conjugated polymers for strong and broad

 absorption in solar spectrum and evaluation of their performance as donor material

 in BHJ solar cells. 

3. Synthesis of terpolymers comprising three different units in the polymer backbone

 rendering broad absorption, deep energy levels, high mobility and good solubility and 

 to evaluate their performance in BHJ solar cells. 

4. The side chain engineering by introduction of urethane linkage (hydrogen-bonding

 sites) on DPP-based polymers, simultaneously incorporating non-conjugated spacer in 

 the polymer backbone to afford self-assembled polymers and study their solid-state 

 morphology. 
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Chapter 3- Part a: Anthracene Containing PAE-PV Polymers: Influence of π - π 

Stacking Distance on the Morphology and Performance of Solar Cells 

 

 Anthracene containing PAE-PV copolymers were successfully synthesized and their 

side chains were systematically varied between linear, branched and asymmetric 

substitution. Photophysical and electrochemical characterization were performed; typical 

band-gap energies were 2 eV (optical) and 1.8 eV (electrochemical), respectively.  

Structure investigation in the bulk and in filaments yielded information about crystallinity 

and order with respect to the interlayer distance and the π-π stacking distance. Polymers 

with linear side chains on PAE unit showed improved ordering during and after annealing 

at 80-100°C. Relatively high open circuit voltage values (0.9 V) were achieved due to the 

lower LUMO levels of the polymers. Solar cell efficiency up to 3.1 % was achieved. 

Chapter 3- Part b: Donor-Acceptor Low Band Gap Small Molecule Containing 

Anthracene Based Donor Unit and Diketopyrrolopyrrole, Benzothiadazole as 

Acceptor Units 
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 Two low band gap donor-acceptor small molecules comprising anthracene containing 

(p-phenylene ethynylene) (AnPPE) as a donor unit; and diketopyrrolopyrrole (DPP) or 

benzothiadiazole (BTDA) as acceptor units respectively were successfully synthesized by 

Pd-catalyzed Heck reaction. The small molecules were characterized by 1H-NMR and UV-

Vis spectroscopy. UV-Visible absorption spectrum of AnE-PV-DPP and AnE-PV-BTDA 

showed absorption maxima at 676 nm and 535 nm, respectively. Electrochemical band- 

gap energies of AnE-PV-DPP and AnE-PV-BTDA were 1.29 eV and 1.55 eV, respectively. 

AnE-PV-DPP showed hole mobility value of 4.19x 10-6 cm2 V-1 s-1 in OFET devices. 

Chapter 4: Bi(thienylene-vinylene)thiophene Containing PAE-PV: Modulation of 

Charge Carrier Mobility by Side Chain Engineering 
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 Four bi(thienylene-vinylene)thiophene based PAE-PV polymers bearing different 

side chain nature (linear/branched) were synthesised and characteried. The drift mobility 

of holes in BTE-PVba, reached a value of 10-2 cm2 V-1 s-1 which is quite attractive. 

Polymers having linear side chains (BTE-PVaa, BTE-PVab) at BTE unit showed higher 

efficiencies in solar cells. The highest efficiency was obtained for polymer BTE-PVab 

bearing linear side chains at PAE unit and branched side chain at PV unit. This result 

correlated well with previous results reported for AnE-PPV polymers.11 

Chapter 5: Benzo[1,2-c:4,5-c′]dithiophene-4,8-dione Containing Copolymers and 

Terpolymers: Implications of Active Layer Morphology on Photovoltaic Performance 
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 Two copolymers and four terpolymers comprising cyclopentadithiophene (CPDT), 

bithiophene (BT), benzo[1,2-b:4,5-b′]dithiophene (BDT) as electron donor units and 

diketopyrrolopyrrole (DPP), benzo[1,2-c:4,5-c′]dithiophene-4,8-dione (BDD) as electron 

acceptor units were synthesized and characterized by 1H and 13C-NMR spectroscopy. 

Terpolymers showed much broader absorption in visible and near IR region of light 

spectrum and improved solubility in organic solvents as compared to copolymers. CPDT-

BDD copolymer was used as donor material in active layer of bulk hetero-junction solar 

cells. It showed maximum power conversion efficiency of 1.63 % and 1.39 % in inverted 

and conventional device architecture, respectively. Terpolymers BDT-DPP(EH)-BDD and 

BDT-DPP(HD)-BDD exhibited temperature dependent UV-Vis absorption spectra, which 

indicated tendency to form aggregates in these polymers. This property can be utilized to 

manipulate morphology of active layer in the fabrication of solar cell devices. 

Chapter 6: DPP-Based Spacer Polymers Functionalized with Urethane Linker 

Containing Alkyl Side chains: Study of Self-assembly Behaviour 

 

    Diketopyrrolopyrrole (DPP) based polymers with either long alkyl chain or urethane 

linkage containing alkyl chain on DPP unit (namely PDPP-alkyl-Th-C4-Th and PDPP-

urethane-Th-C4-Th) were synthesized and characterized by 1H and 13C-NMR 

spectroscopy. These polymers were completely soluble in chloroform but insoluble in 

cyclohexane and methyl cyclohexane at room temperature. At higher temperature (80oC), 

they were found to dissolve in both the solvents as confirmed by 1H-NMR spectroscopy. 

This indicated that the polymers form self-assembly in cyclohexane or methyl cyclohexane 

at room temperature. These supramolecular interactions have been known to modify the 
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thin film morphology and potentially affect the charge transport in the solid state.12 It would 

be interesting to study the influence of polymer self-assembly on charge carrier mobility 

in OFET. In the present work, this study could not be taken up due to lack of device 

fabrication facilities. 
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