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Abstract 

There is an exponential growth in the development of world today and 

improvement in the lifestyle of the human beings. This change in developing 

countries is the cause of problems regarding the scarcity of the energy resources. 

The growing population and development makes the human beings to think 

about the renewable sources of energy. The nature has provided many renewable 

resources to our world like sun, water, wind, etc. The objective is now to use 

those resources in the proper way for the betterment of the mankind. However, 

the renewable resources are not ready to use energy sources. These resources 

require specific directional efforts to make them into usable form of energy, eg. 

electricity. 

The foremost focus of the present thesis is on the design and 

development of the polymeric systems for the demonstration of the applications 

in the areas of energy conversion, storage and conservation. The work deals with 

making use of simpler chemistry reactions tools and strategies for synthesizing 

the required polymeric structures. Herein the potential of the polymers in the 

energy field has been presented. The two classes of polymers viz. 

poly(phenylene vinylene) and polystyrene were explored for the energy 

applications. Conjugated polymers viz. PPV derivatives were used for the energy 

conversion and conservation. Polystyrene derivative was explored for energy 

storage. 

Chapter 1 describes the progression of non-renewable energy sources to 

renewable energy sources; their need and developments. It also reviews in detail 

the theoretical concepts of each aspect i.e. energy conversion: solar cells, energy 

storage: supercapacitors and energy conservation: field emission display. The 

chapter also deals with the materials used for the energy applications; especially 

about the polymeric systems.  

Chapter 2 deals with the description of the techniques used for the 

characterization of the materials. The chapter describes basic principles and the 

application of the characterization tools.  
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Chapter 3 describes use of the polymer sensitizer for Dye Sensitized Solar 

Cell application. The chapter deals with the chemical modification of conjugated 

polymer (poly{[2-[2’,5’-bis(2’’-ethylhexyloxy)phenyl]- 1,4-phenylenevin-

ylene]-co-[2-methoxy-5-(2’ -ethylhexyloxy)-1,4- phenylenevinylene]}) (BEHP-

co-MEH PPV) for introducing carboxylic acid group on the polymer for the 

attachment of polymer sensitizer on the surface of TiO2. Modified (BEHP-co-

MEH PPV) was characterized using spectroscopic tools viz. 1H NMR and IR. 

Polymeric dye (BEHP-co-MEH PPV) was adsorbed on the TiO2 film. The 

device was tested and the power conversion efficiency of 3 % was achieved. The 

work evidences the role of anchoring group for the performance of DSSC. The 

device was observed to be stable up to 90 °C. 

Chapter 4 demonstrates the potential of polymeric system for the charge 

storage application. Polystyrene derivative containing potassium salt of 

carboxylic acid was synthesized using “click chemistry” approach. The polymer 

was then subjected to pyrolysis in order to get the functionalized porous, high 

surface area carbon (P3KC). The carbon was found to possess high surface area 

of 1860 m2 g -1. The performance of the carbon was investigated for electrical 

double layer capacitor (EDLC) as well as lithium ion hybrid capacitor (Li-HEC). 

EDLC showed the specific capacitance of 137 F g -1 at the applied current 

density of 0.5 A g -1. For Li-HEC measurements P3KC exhibited the maximum 

energy density of 61 Wh k g-1 and maximum power density value of 10015 W k 

g-1. Approximately 70 % capacitance retention was observed after 2000 cycles.  

Chapter 5 demonstrates the synthesis of phenazine containing derivative of 

a conjugated polymer poly phenylenevinylene (PHN-PPV) and its performance 

was studied for field emission. Field emission display devices are low power 

devices that have performance similar to traditional system with lower power 

consumption. Molecular weight (Mn) of PHN-PPV was observed to be 6 *103. 

The polymer PHN-PPV showed reversible redox properties with lower 

oxidation onset of ~0.2 V. The field emission measurements depicted the lower 

turn on voltage of 1.68 V/µm for 1 µA/cm2. At the applied field of 3.6 V/µm, the 

maximum current density of ~4.9 mA/cm2 was achieved. 
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Chapter 6 condenses the results of the current dissertation along with the 

future scope of the work.  
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Chapter 1 

 

Introduction 

 
   

 

The current chapter deals with the introduction to energy needs and demands of 

the growing world. The course of the depletion of non-renewable energy 

resources and the necessity of the renewable sources is included herein. The 

dissertation is mainly focused on the synthesis of polymeric systems for energy 

applications and thus the contents include detailed discussion regarding the 

mechanism and theory of energy conversion, energy storage and energy 

conservation devices. Here we have focused on polymeric systems hence, the 

chapter encompasses the detailed discussion about polymers and their properties. 
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1.1 Grand Challenges for the Modern Society 

The present era is of great innovations and discovery-driven developments, and 

there have been spectacular advances in the globalization of industrial sector 

with stupendous progress in the fields of transportation, communication and 

information technologies. The lifestyle of the modern society is changing rapidly 

with remarkable advances and growing demands on the quality of life. Thus, this 

era is also facing many new challenges on different fronts. The global village, as 

the modern society is termed in different contexts, has identified several grand 

challenges in the areas such as food, water, energy, environment, security, 

education, global health, poverty etc.1 as depicted in Figure 1.1.  

 

	
  
Figure 1.1: Global grand challenges 

(http://zezantam.com/2013/07/02/week-two/) 

 

These various challenges not only are independently very important to be 

addressed but are also intertwined in various ways and hence have to be 

addressed and possibly resolved simultaneously. For example, health depends on 

climatic conditions, pollution, surroundings, and circumstances, which are 

deeply influenced by the sectors of the quality of environment, water and food. 

To address environmental issues, education is the most important pathway to 

walk on. To deal with the global health issues economics needs to be considered 

along with environment, education, etc. The increase in population is driving 

more attention to look into these grand challenges. According to an estimate, the 

population has increased exponentially in the last few decades and it will grow 

even further. Therefore, there is a necessity to understand the demands of the 

rising population and their requirements. It is thus imperative to focus on the 

above global grand challenges of the modern society on an urgent basis to fulfill 
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the demands and requirements of the increasing population and thereby 

enhancing the quality of life for all.  

 

1.2 Energy: The Central Factor 

Interestingly, while the grand challenges are braided with each other, all of them 

are connected to the energy sector in one way or the other, directly or indirectly. 

Hence energy is the most important sector that we must deal with.  

 

1.2.1 Usage of Energy and Related Consequences 

 

	
  
Figure 1.2: World energy consumption (a) by sector and (b) by population 

 ((a)http://earthzine.org/2014/07/08/vermont-law-school-the-ethical-dimensions-

of-energy-policy/, (b) http://www.diercke.com/kartenansicht.xtp?artId=978-3-

14-100790-9&seite=190&id=17702&kartennr=2) 

 

Figures 1.2 (a) and (b) describe the world energy consumption by the sector and 

by population, respectively. The energy utilization for the development is 

exponentially increasing. In the year 1980, the total primary energy consumption 

was 284 Quadrillion Btu2 and it is predicted to rise above 600 Quadrillion Btu 

by 2050, which is huge. The major volume (approximately 52%) of available 

energy source is required for the industrial purpose. Transportation is one of the 

biggest users with ~ 26% and is also one of the main contributors to pollution. 

From these studies it is clear that modern civilization and globalization needs 

tremendous amount of energy in various forms. Figure 1.3 depicts the scenario 

of the total world energy consumption categorized by the available sources. 
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Figure 1.3: Total world energy consumption 

(https://commons.wikimedia.org/wiki/File:Total_World_Energy_Consumption_b

y_Source_2013.png) 

 

Amongst the available forms, till date the largest amount of energy is derived 

from non-renewable resources like coal, natural gas, oil, petroleum resources, 

etc. Such energy sources are depleting rapidly with growing use and these will 

not be able to satisfy the future needs of the growing population. Moreover, 

these traditional non-renewable resources require efforts for their extraction, 

purification as well as burning to convert them into the required useful forms of 

energy. Burning of fossil fuels leads to production of carbon dioxide, a major air 

pollutant and greenhouse gas. In the world, fossil fuels are the biggest 

greenhouse gas emitters and contribute methane, 3/4 of all carbon, and other 

greenhouse gas emissions.3 Burning of various kinds of fuels leads to production 

of other hazardous gases such as CO2, CO, SO2, NOx, along with particulate 

matter, volatile organic compounds (VOCs), etc., which are the primary cause of 

several heath hazards4 as shown in Figure 1.4. 
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Figure 1.4: Health effects of air pollution. 

(http://environment-

pollution.weebly.com/uploads/2/9/5/6/29566681/613097_orig.jpg). 

 

Air pollution and greenhouse effects are concurrently affecting the UV 

protecting ozone layer. As a consequence, diseases like cancer, UV-rays induced 

skin problems are placing lives of the humans in danger.  

As the worldwide demand for the energy is increasing day by day and the 

planet’s resources are exhausting rapidly, there is clearly an urgent need to 

manage the existing resources and to find new innovative solutions to the 

problems of energy.  

 

1.2.2 Renewable Energy  

As indicated in Figure 1.3, the use of different renewable energy sources has 

reached only up to 19% of the total energy consumption by the sector. These are 

clean, green (environmentally friendly), and low cost alternative energy sources, 

which will be the key to our sustainable future. In the forthcoming section the 

renewable sources of energy are described in brief. 

 

1.2.2.1 Biomass 

One of the most consumed forms of the renewable energy sources is the biomass 

-the energy derived from the organic matter. There are broadly three classes of 

the biomass viz. woody biomass, non-woody biomass and animal/human-
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derived biomass.5 Plant residues, waste wood, industrial wood residues etc. form 

the class of woody biomass. Oil, sugar, starch, waste and residues from food 

industries comprise the non-woody biomass. The animal/human derived biomass 

class contains the household and industrial organic waste, slaughter waste etc. 

Energy derived from biomass is called as bioenergy. Figure 1.5 depicts sources 

of biomass and conversion of it to bioenergy.  

 

	
  
Figure 1.5: Biomass to bioenergy  

(greenenergy.reviewforcash.com) 

 

Biomass can be converted into heat, electricity, biofuels, etc. Figure 1.6 

indicates the various methods of processing the biomass to generate energy 

forms from the biomass feedstock. Primary processes include gasification, 

pyrolysis and combustion. After the intermediate processing, the final energy 

forms like electricity, fuel gases, methane, etc. are formed in the energy plants. 

Compared to other forms, energy from biomass requires big power plants and 

processing units, which in turn leads to enormous economic investment. The 

foremost disadvantage of the biomass energy production is that the combustion 

causes emission of toxic gases in the air.6 
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Figure 1.6: Methods to convert biomass into various products. 

 (http://static.trunity.net/files/171801_171900/171890/biomass-crs-figure-1.png)  

 

1.2.2.2 Wind energy 

	
  
Figure 1.7: Wind energy to electricity. 

 (http://www.xcelenergy.com/staticfiles/xe/images/ElecGen762_wind.gif) 

 

The wind energy (Figure 1.7) refers to the conversion of mechanical energy 

carried by the wind into electrical energy with the use of turbines or to other 

forms of energy as desired. Wind energy is a clean, green source of energy; as it 

does not produce any byproducts like greenhouse gases or any form of 
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pollutants.7 Wind power generation has evolved over the years. As the wind 

flow and speed varies according to the change in the climate (it is not a 

constantly available source, it is an intermittent source), it is usually associated 

with the other electric power sources for steady stream of energy.  

Around 40% of electricity in the Denmark is generated by wind power,8,9 and 

around 83 other countries in the world are consuming wind power in different 

proportions depending on the availability of strong wind systems to satisfy their 

electricity demands.10 Worldwide, the total wind energy production is rapidly 

growing and has reached about 4% of the total electricity usage.11 This form of 

renewable energy also requires large initial economic investment.  

 

1.2.2.3 Hydro Energy 

	
  
Figure 1.8: Hydro power 

 (http://www.technologystudent.com/energy1/hydr1.htm) 

 

This energy is derived from down-stream running water. The reservoirs or tanks 

are built on the river. Water discharged from the tanks or the reservoir flow 

through a turbine and causes the turbine blades to rotate or spin by the force of 

flowing water, which in turn triggers a generator for the production of 

electricity. The hydroelectric power plant certainly does not need a huge dam. 

Several hydroelectric power plants make use of a small channel for passage of 

flowing water that can cause a turbine to spin.12 Nevertheless, while the 

maximum amount of energy in the U. S is obtained from fossil fuel and then 

from nuclear power plants; hydroelectricity is significant, as more than 6% share 

is of hydro power.13 Amongst the renewable sources, hydroenergy is a very 
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important and extensively used source. Essentially, 19% of global electricity 

production is from hydro concept.14  

 

1.2.2.4 Geothermal Energy 

Another renewable source of energy is geothermal energy (Figure 1.9), which 

means Earth heat. This is the alternative energy for the future and having a 

potential to replace fossil fuels. In this case, mostly a stream of hot water vapor 

is passed across the turbines for the production of electricity.  

 

	
  
Figure 1.9: Geothermal Energy 

(https://en.wikipedia.org/wiki/Geothermal_energy 

http://www.bbc.co.uk/schools/gcsebitesize/science/aqa_pre_2011/energy/mainse

lectricityrev5.shtml) 

 

Internal heat content of the Earth is about 1031 Joules that is many times more 

than the global requirement. U.S. (2687 MW), Philippines (1967 MW) and 

Indonesia (992 MW) produce a significant amount of electricity from 

geothermal energy. From the geothermal power, Iceland acquires approximately 

50% of its energy. In this energy source gases like hydrogen, CO2, ammonia are 

evolved from the Earth’s crust containing trace amount of arsenic, which is a 

toxic element.15 

 

1.2.2.5 Solar Energy 

Amongst all forms of renewable energy sources, solar energy is the most 

abundant (Figure 1.10) form of energy over the planet. However, this energy is 

very dilutely distributed across the planet surface. The concentration of the solar 

energy also varies worldwide. At the upper atmosphere; the Earth accepts 
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174,000 terra-watts (TW) of incoming solar radiation. Roughly 30% of it is 

reflected back and the remaining amount is absorbed by clouds, oceans and land 

masses. 

 

	
  
Figure 1.10: Comparison of solar energy with other energy forms 

 

The solar power can be converted into usable forms of energy using 

technologies like photovoltaics, solar thermal etc. Solar energy is perhaps the 

most clean and totally cost-free source available to mankind.  

 

In order to attain highly efficient harvesting of solar or other forms of renewable 

energy at low cost, advanced materials research is absolutely essential. Towards 

this end, the past decade has witnessed a tremendous progress and the 

emergence and rapid growth of nanotechnology has contributed greatly to this 

progress. Totally new and highly innovative designs of devices and systems are 

currently being pursued to solve the energy problem and by implication some of 

the other big challenges which basically emanate from the same. In addition to 

energy harvesting, energy storage and conservation are equally important 

endeavors. Since the usage of the most renewable sources of energy such as 

solar energy is not concurrent with their availability, the storage of harvested 

energy is extremely important for latter use. Research on battery systems, 
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thermal storage, phase change materials, etc. is therefore a major focus of 

current research. Energy conservation is also a very important goal of energy 

research for obvious reasons. Low power consuming inexpensive lighting or 

display systems are therefore attracting great attention lately. In this work, we 

have dealt with designs of organic and polymeric systems and materials as well 

as related device architectures for efficient solar energy harvesting, energy 

storage and electrical energy conservation in display systems. In the following, 

background information related to the specific problems undertaken in this work 

is briefly reviewed.  

 

Section1: Energy Conversion 

1.3 Solar Energy Conversion 

Solar energy, a renewable source of energy, is available in plenty on the earth 

surface. This energy can be used directly or can be converted into other usable 

forms of energy. Various technologies have been implemented till today for 

solar energy harvesting and conversion; and these are still growing. Following 

are some intensely researched technologies for solar energy conversion: 

• Solar Photovoltaics 

• Solar Thermal 

• Solar to Fuel: water splitting, hydrogen generation 

 

1.4 Photovoltaics: Solar Cell 

The area of photovoltaics has always attracted great attention of researchers all 

over the world as the electricity thus generated can be distributed by using local 

distribution grid. In the solar cell device, the conversion of solar energy directly 

into the electricity is achieved by using devices based on semiconducting 

materials, which exhibit photovoltaic effect. French experimental physicist 

Edmund Becquerel observed the “Photovoltaic effect” in 1839.16 Principally 

most of the early generation photovoltaic devices are based on p-n junction 

semiconductor systems (Figure 1.11).   
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Figure 1.11: A p-n junction and depletion region. 

(https://en.wikipedia.org/wiki/Depletion_region) 

 

The p and n-type regions are joined together to get the p-n junction. At the 

interface, diffusion of electrons occurs from n-type material into p-type region. 

The process continues to get the positive charges accumulated in the n-type area 

while negative charges are accumulated in the p-type area. This creates an 

electric field termed as the “built-in potential”. Eventually the equilibrium state 

is achieved where no charge carries flow across the junction producing a 

“potential barrier” at the interface region, called as the depletion region. In a 

photovoltaic device when sunlight illuminates, it creates free electrons and holes 

in and around the depletion region. The generated electrons and holes are carried 

away to the opposite directions by the built-in potential across the depletion 

layer creating a photo-voltage and the external load connected to p-n region 

carries the current. Though the concept of solar light to electricity conversion 

existed before 1900, the actual practical silicon solar cell with efficiency of 6% 

was demonstrated by Bells Labs in 1954. Thereafter several generations of 

photovoltaic technologies have been developed and power conversion efficiency  

values in the range of 20-40% have been realized. 17,18 

 

1.4.1 Distinctive Generations of Solar Cell 

There are various designs of solar cells based on the types of materials and 

architectures as well as physical mechanisms that have been researched over the 

years. Based on their efficiency values, stability etc. they have found uses in 

different application sectors. Some basic classification of solar cell types is 

shown in Figure 1.12.  
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Figure 1.12: Different types and generations of solar cell. 

 

1.4.1.1. Classical Silicon Solar Cells:  

Classic silicon solar cells (Figure 1.13) are the very first generation solar cells. 

Existing photovoltaic production is using 90% of first generation p-n junction 

solar cells, which are mainly only one junction solar cells, formed by mono-

crystalline silicon wafers (c-Si) or polycrystalline silicon (poly c-Si). 

 

	
  
Figure 1.13: Classic silicon solar cells- (a) Monocrystalline solar cell (b) 
polycrystalline solar cell. 

(http://www.verdiatechnologies.com/solar-modules-cells/mono-crystalline/ 

http://www.wifinotes.com/energy/types-of-solar-cells.html) 

 

The module level efficiency of single crystal silicon cells is 18-19%.  However, 

12-14% is delivered by polycrystalline silicon solar cells19 and these are the 
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most efficient, robust, reliable and well-established solar cells. However, their 

processing comprises of high temperature and high vacuum conditions which 

makes them very expensive, though large scale production has downgraded the 

costs over the years. Still their cost (single crystalline silicon solar cells) and 

brittle nature are the limitations in the context of the large scale implementation.  

 

1.4.1.2. Thin Film Solar Cells:  

Thin film solar cells have emerged as second-generation solar cells (Figure 

1.14). They are relatively cheaper than the conventional c-Silicon cells and 

materials with lesser purity than Si-solar cells are also acceptable and give 

optimum performance. In this category; on the substrates like glass, plastic or 

metal, thin films of several nanometers or micrometers of the photovoltaic 

materials are used.  

	
  
Figure 1.14: Thin film solar cells 

 (http://blogs.reuters.com/from-reuterscom/2009/10/06/graphic-thin-film-solar-

cells/) 

 

Generally, the materials used include amorphous silicon (a-Si), micro-crystalline 

silicon (µc-Si), CdTe, CIGS, CZTS and thin film silicon. Over the years, the 

efficiency number has significantly improved for CIGS and CdTe (above 21 %). 

So far promising conversion efficiencies have been stated for the a-Si (6-9%),20 

µc-Si (11%),21 CIGS (20%),22 and CdTe (20%).23 Even though thin film 
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technology is cost effective, material uniformity and reproducibility confines 

further and large scale scope of applicability. Toxicity of some of the elements 

used is also a concern. 

 

1.4.1.3. Organic/Hybrid Solar Cells:  

The third generation solar cells include organic, polymeric solar cells and hybrid 

solar cells, which are multi-junction solar cells. Unlike the conventional solar 

cells, the new generation solar cells make use of photoactive organic (small 

molecules, polymers, Figure 1.15), and certain metal oxide inorganic 

semiconducting materials. Although the current efficiency values are 

comparatively low as compared to c-Si cells along with issues about stability, 

there is a wide scope for further development of the 3rd generation solar cells as 

the variety of materials and their combinations that are possible are many with 

different possible device architectures. Furthermore, this emerging technology 

offers newer benefits that emanate from solution processing character of the 

protocols involved; the materials are less expensive, flexible, and easily 

amenable to large-scale production by roll to roll printing technique. 

The simplest design of an organic solar cell comprises of opto-electronically 

active conjugated polymer placed between two conducting electrodes whereby 

the photo-generated charges are separated. Karg et al. reported 0.1 % efficiency 

on the basic structure of ITO/PPV/Al.24 The further developments led to the 

bilayer type of device architectures. In this case, the active matrix consists of 

two materials, one electron donor and other electron acceptor. The excitons are 

generated and separated at donor-acceptor interface because of difference in the 

ionization potential and electron affinity of these materials. For example, 1% 

efficiency was presented for the PPV/C60 case.25 However, in both these devices 

recombination and short diffusion length (10 nm) limited the further efficiency 

enhancement. 

	
  
Figure 1.15: Organic solar cell  
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(http://www.azonano.com/article.aspx?ArticleID=2434) 

 

Thereafter, the third type of architecture evolved and this makes use of the 

nanoscale blend of donor and acceptor materials together, and is named as the 

Bulk Heterojunction solar cell (BHJ). The advantage of such architecture is that 

this allows the exciton to diffuse comparatively easily across the interface, 

which is in the range of the excitonic diffusion length. The methods of 

processing are being improved and the efficiencies have escalated from 2.5 % to 

greater than 10 %.26 

Additional class of third generation solar cells is named as hybrid solar cells 

wherein organic plus inorganic materials are functionally assembled together. 

The organic part is comprised of light absorbing, hole transporting conjugated 

polymer(s) or small molecule(s) and the inorganic part consists of materials that 

carry electrons or holes.  

There are three kinds of hybrid solar cells based on their donor-acceptor material 

class: Dye Sensitized Solar Cells (DSSC), Quantum Dot Solar Cells (QD-DSSC) 

and Polymer-nanocomposite hybrid solar cell. In the polymer-nanocomposite 

cell the blend of nanomaterials and polymers is made, which has the advantages 

of the high surface area of nanoparticles for better charge transfer processes. 

Generally the nanomaterials used are metal oxides and sulfides like TiO2, ZnO, 

SiO2, CdS, CdSe, etc. and conjugated polymers like P3HT, MEH-PPV etc.27 

 

Dye Sensitized Solar Cell forms the first part  (Energy conversion) of this thesis 

and is amongst the leading third generation solar cell technology. This solar cell 

architecture is discussed briefly in the next sections. 

 

1.5. Dye Sensitized Solar Cell (DSSC) 

Dye sensitized solar cell (DSSC)- a third generation, advanced solar cell is 

believed to be the promising substitute to the well-established silicon solar cell 

technologies because of its fairly good power conversion efficiency, use of 

relatively low cost materials and the device simplicity. The design of the device 

mimics Nature’s light absorption during photosynthesis and its use in redox 

processes; hence DSSC can be articulated as artificial photosynthesis to generate 

electricity. 
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DSSC, which is often recognized as the Grätzel cell that was developed in 1991 

by Micheal Gratzel and Brian O’regan at École Polytechnique Fédérale de 

Lausanne (EPFL), Switzerland.28 The first report of the DSSC demonstrated 

conversion efficiency of 7.1 %, which has by now improved to 13 %. Since its 

discovery; efforts have been made across the world, on improving various 

components of DSSC and their combinations so as to push efficiency number 

higher to really compete with the silicon solar cell technology. Till date,  DSSCs 

are at the frontiers in third generation solar cells, although during the last few 

years the perovskite cells have gained significant grounds with efficiencies 

crossing 20%. 

 

1.5.1. Various Components of DSSC 

The DSSC device architecture is shown in Figure 1.16. 

a) Substrate: Mostly, a glass having the transparent conducting oxide (TCO) 

coating is used as the bottom electrode. It is usually fluorine doped tin oxide 

(FTO) or sometimes indium doped tin oxide (ITO). The crucial part for the 

selection of the substrate is that the conductivity of the electrode must be higher 

but at the same time transparency should be good too. Hence, generally FTO 

glass used is with low sheet resistance of 10-15 Ω/□ and transparency of > 80 %. 

 

b) Working electrode: The working electrode comprises of a porous 

semiconducting metal oxide layer on a transparent conducting substrate. This is 

one of the most important layers or the component of the device architecture as 

it governs many factors like dye loading, electron transport and collection, which 

in turn affect the photo-voltage, photocurrent and the efficiency of the device.  

The materials used for this are n-type, nano-dimensional, semiconducting metal 

oxides like TiO2, ZnO, SnO2, etc. Amongst these, TiO2 has been explored more 

widely. The metal oxide layer should meet several criteria to be able to render 

the desired high efficiency. 
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Figure 1.16: DSSC device architecture 

 

An appropriate band matching is required to enable excitonic dissociation and 

charge separation i.e. the metal oxide conduction band must be below the 

LUMO of a sensitizer. The semiconducting film should be of high surface area 

metal oxide for more dye loading. Another key factor is the porosity of the film, 

which helps in the electrolyte diffusion to build electrical connectivity. The 

conductivity of the metal oxide should be good in order to facilitate better charge 

transport. 

 

c) Dye/ Sensitizer: The important component of the DSSC device is the dye/ 

sensitizer, as it absorbs sunlight. The sensitizer is required to satisfy some 

important considerations in order to exhibit a good performance: (1) The 

sensitizer should absorb a broad range of the solar spectrum extending even up 

to the IR region with high molar extinction coefficient, (2) It should have 

appropriate binding functionalities like carboxylic acid, phosphonate group, 

pyridine, silane, etc. to anchor on the TiO2 surface,29-35 (3) The conduction band 

of the TiO2 must lie below the LUMO of the sensitizer, (4) The sensitizer should 

have HOMO lower with respect to the electrolyte for better regeneration via 

electrolyte or hole transport layer, (5) It should show enough thermal and photo 

stability. 

 

Since the work reported in the thesis deals with the polymeric sensitizer 

modification for DSSC; this section is described in more details. 
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Several materials work as sensitizers as they can fulfill the above requirements 

and these fall into three major categories: Organic, Inorganic and 

Organometallic materials. Figure 1.17 gives the view at glance of the sensitizer 

evolution over years, which is described in the sections below. 

 

	
  
Figure 1.17: Evolution of different types of sensitizers. 

 

(i) Organometallic Materials: Taking the advantage of metal-ligand charge 

transport, good absorption in the visible region, and better molar extinction 

coefficient; organometallic class has been well explored as a sensitizer. The first 

report was on the ruthenium-based complex, which is the organometallic 

complex used as a dye in DSSC.27 Ruthenium being rare earth metal; the 

numerous organometallic complexes with varying metal core and different 

ligand structures have been synthesized and explored for their use in DSSC. 

Organometallic materials such as porphyrenes, phthalocyanines, pigments etc. 

have also been explored. The maximum conversion efficiency reported for 

DSSC was 12.3 % 36 using Zn-porphyrene based system as a sensitizer. Lower 

thermal stability of many of these organometallic complexes limits their use as 

sensitizers. Following dyes have been commercialized for DSSC (Figure 1.18). 
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Figure 1.18: Commercially available ruthenium dyes 

 

(ii) Inorganic Materials: Quantum dots have also been explored for DSSC as 

sensitizers and have attracted significant interest lately and the so developed area 

is named as QD-SSC. Quantum dots of several materials like CdS, PbS, CdTe, 

CdSe etc. with many varying sizes and structures (like core-shell types) have 

been synthesized and tested for the DSSC devices. The plus points of quantum 

dots as sensitizers include easy band tunability by varying sizes, high quantum 

yields, multiple exciton generation, etc. The efficiencies of the QD-SSCs have 

improved from less than 1% up to more than 6% over the past years.37 Tedious 

synthetic steps and toxicity of some of the components are the major issues for 

these materials, which need to be addressed.  

(iii) Organic/ Polymeric Materials: To overcome the complications and 

difficulties of other sensitizer materials, this class of metal free organic materials 
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as sensitizers (Figure 1.19) is evolving greatly due their structural versatility.38 

Because the structural versatility of this class has the potential to be tuned in 

terms of the absorption spectra, molar extinction coefficients and band 

alignments in order to achieve better and better performance.39 A variety of 

distinguishing structural derivatives have been synthesized including 

coumarin,40 triarylamine,41 phenothiazine,42 squarine,43 oligothiophene,44 

indoline45 and polymers 46-54 and these have been tested for DSSC device. The 

major advantage of these organic materials is the design, synthesis and 

molecular engineering. Specifically pi-conjugated molecules are strategically 

designed in which donor and acceptor groups play efficient role in the intra-

molecular charge transfer for better performance.55  

	
  
Figure 1.19: Structure of organic dyes exhibiting high efficiency. 

 

Conjugated polymers with their extended conjugation display broadening of the 

absorption spectrum and high thermal stability. Due to these factors, they are 

also the potentially promising candidates for use as the sensitizers in DSSC. 

Recently, Peng-Wang et al. reported the highest efficiency of 12.5 % using N-

annulated indenoperylene as donor and benzothiadiazolylbenzoic acid as an 

acceptor unit.56 The field of natural dyes/sensitizers has also been investigated 

fairly widely.57 Table 1.1 shows examples of polymeric systems used as 

sensitizers. 
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ABSTRACT: An N-annulated indenoperylene electron-
donor decorated with photochemically inactive segments
is synthesized and further conjugated via triple bond with
electron-acceptor benzothiadiazolylbenzoic acid for a
metal-free donor/acceptor dye. Without use of any
coadsorbate, the judiciously tailored indenoperylene dye
achieves a high-power conversion efficiency of 12.5%
under irradiance of 100 mW cm−2 AM1.5G sunlight.

In the global motif of sustainable development, massive
research endeavors have been devoted to dye-sensitized solar

cells (DSCs)1 with the aim of eco-friendly and low-cost
converting of solar energy to clean electricity. Apart from carrier
transporters, the self-assembled layer of dye molecules on the
surface of titania in DSCs largely regulates the yield of harnessed
solar photons and separated charges, dominating the final power
output.2 From the viewpoints of stability and efficiency, a few
ruthenium polypyridine3 and zinc porphyrin4 complexes are the
hitherto best-performing dyes for DSCs. However, ruthenium
dyes own the obvious dilemma of resource scarcity and heavy
metal toxicity; zinc poryphyrin dyes have the painful obstacles of
low synthetic yield and handling of highly toxic chemicals (e.g.,
thiophosgene and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone).
Attention has also been drawn tometal-free organic dyes because
of abundant raw materials, adjustable molecular designs, and
cheerful vision effects.5 Although a zinc porphyrin dye has
already reached a power conversion efficiency (PCE) of 13%,4d

thus far only a few donor/acceptor (D/A) organic dyes have
achieved over 11% PCE.6,7 Two years ago, we employed
benzothiadiazolylbenzoic acid (BTBA) as electron-acceptor for a
low-energy-gap organic dye with an 11.5% PCE.6 Later, Kakiage7

and his co-workers reported an alkoxysilyl carbazole dye by
modifying seminal dyeMK-28 (Figure S1) to reach an over 12%
PCE for organic DSCs. Both organic dyes needed to be coupled
with some photovoltage-enhancing coadsorbates, in either one
or two steps, to attain a high efficiency.
Organic small molecules derived from a coplanar perylene

skeleton are ordinarily endowed with a high molar absorption
coefficient, large luminescence yield, and attractive photo-
stability, promoting their extensive utilizations as fluorescent
probes, light-emitting materials, and paints/pigments.9 Mean-
while, perylene has been pursued as a polycyclic aromatic
hydrocarbon (PAH)module of metal-free organic DSC dyes, but
most of them have disappointing PCEs.10 Luo et al.11 used a

phenyl-functionalized N-annulated perylene (PNP) as the
electron-donor for low-energy-gap zinc porphyrin dye WW6
(Figure S1) with a PCE of 10.5%, comparable to that of
structurally simpler benchmark dye YD2-o-C84b (Figure S1)
because of fast interfacial charge recombination. More recently,
we slightly modified the PNP11 electron-donor with bulkier
photochemically idle substitutents and conjugated it with an
ethynylbenzothiadiazolylbenzoic acid (EBTBA) electron-accept-
or4c,d,10q to prepare simple perylene dye C272 (Figure 1) with a
PCE of 10.4%.12

Bearing in mind our prior studies13 on synchrously enhanced
light absorption and photovoltage of D/A dyes via rigidifying
aromatic units with cyclopentadiene, here we envisage a
coplanar, electron-rich PAH, N-annulated indeno[2,1-b]-
perylene (NIP, Figure 1). In our design of metal-free D/A dye
C275 with electron-acceptor EBTBA, the insoluble rigid
segment of NIP is end-capped with one branched 2-
hexyldecyloxy and side-tethered with 2-hexyldecyl and hexyl-
phenyl principally to abate strong intermolecular π/π stacking.
Dye aggregation is generally considered to have an adverse effect
on carrier photogeneration because of excited-state annilia-
tion.4,14 Without any coadsorbate, judiciously tailored C275
derived from NIP can be used alone to make a DSC with an
impressive PCE of 12.5% under 100 mW cm−2 air mass global
(AM1.5G) conditions.

Received: February 11, 2015
Published: March 5, 2015

Figure 1. Chemical structures of perylene dyes C272 and C275 with
EBTBA as electron-acceptor. PNP and NIP are displayed in blue and
red, respectively.
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Table 1.1: List of polymers used as sensitizers in DSSC 

 

No.  

Polymer 
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46 
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S S S
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N

C8H17 C8H17

n

COORROOC

polymer electrotyte was prepared by adding 0.083 g of P25 TiO2

powder, 0.1 g of LiI, 0.019 g of I2, 0.264 g of PEO, and 44 µL
of 4-tert-butylpyridine to a (1:1) acetone/propylene carbonate
solution. Finally the electrolyte was spin coated over the
polymer-sensitized TiO2 electrode.

To prepare the platinum counter electrode, H2PtCl6 solution
in isopropanol (2 mg /mL) was deposited onto the FTO glass
substrates and sintered at 400 °C for 30 min. The polymer-
sensitized solar cells were fabricated by sandwiching the
electrolyte between the polymer-sensitized photoanode and
counter electrode.

The current-voltage (J-V) characteristics of these devices
were measured in the dark and under illumination by a
semiconductor parameter analyzer (Keithley 4200-SCS). A
xenon light source (Oriel, USA) was used to give an irradiance
of 100 mW/cm2 (equivalent to AM1.5) at the surface of the
device. The photoaction spectrum of the devices was measured
with a monochromator (Spex 500 M, USA) and the resulting
photocurrent was measured with a Keithley electrometer (model
6514), which is interfaced to the computer by LABVIEW
software.

Results and Discussion

In the present study, we have used two diketopyrrolopyrrole
(DPP)-based copolymers with different donor (phenyl and
thiophene in DPP core) segments as organic sensitizers for the
quasi-solid state DSSCs and the chemical structures are shown
in Figure 1. The synthesis and characterization of these two
copolymers, i.e., PDPP-BBT and TDPP-BBT, is reported
elsewhere.46

Figure 2 shows the UV-visible spectra of PDPP-BBT and
TDPP-BBT thin films deposited from chloroform solution. The
absorption spectra of these copolymers cover the entire solar
spectrum. The PDPP-BBT and TDPP-BBT exhibit an intra-
molecular charge transfer (ICT) band at 563 and 655 nm,
respectively. Both the copolymers show broad absorption spectra
with an extended absorption edge in the solid state. The optical
band gaps of these polymers has been estimated from the
absorption edge of the film, using Eg

op ) 1240/λ, and are 1.70

and 1.43 eV for PDPP-BBT and TDPP-BBT, respectively.
Figure 2 also shows the normalized absorption spectra of
copolymers adsorbed on TiO2 film. In comparison to the
absorption spectra of copolymer films, the absorption on the
TiO2 film was broadened and slightly red-shifted in both cases,
indicating that both copolymers were assembled on the TiO2

film in a monolayer state. The CdO groups at the backbone of
the polymers are capable of anchoring on the surface of TiO2.53

Figure 3 shows the IPCE spectra obtained from DSSCs with
use of PDPP-BBT and TDPP-BBT as sensitizers. The IPCE
value (∼54%) for the TDPP-BBT based cell is higher than that
of the PDPP-BBT based cell. The IPCE spectra of the TDPP-
BBT based device confirm the analysis for the absorption spectra
of TDPP-BBT has a red-shifted and broadened light response
as compared to that of PDPP-BBT. As the relatively narrowed
absorption peak is one of the main drawbacks of organic dyes,
this result indicates that the polymers could be potentially more
effective sensitizers for DSSCs.

The current-voltage characteristics of the quasi-solid state
polymer-sensitized solar cells under illumination intensity of
100 mW/cm2 are shown in Figure 4. Both the devices were
fabricated under identical conditions. The photovoltaic param-

Figure 1. Chemical structure of PDPP-BBT and TDPP-BBT.

Figure 2. Absorption spectra of thin films of (a) PDPP-BBT and (b)
TDPP-BBT, (c) PDPP-BBT, and (d) TDPP-BBT adsorbed on TiO2

films.

Figure 3. IPCE spectra of the quasi-solid state DSSCs based on PDDP-
BBT and TDDP-BBT as sensitizers.

3288 J. Phys. Chem. C, Vol. 114, No. 7, 2010 Kanimozhi et al.
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(PPh3)4 in toluene for 48 h under nitrogen atmosphere. Following
the polymerization reaction, the precursor polymer were then
tackled with Knoevenagel condensation reaction, under nitrogen
atmosphere, with the addition of cyanoacetic acid and piperridine,
the polymer dyes were synthesized.

2.2.1. Synthesis of 2,6-Bis(trimethyltin)- 4, 8-Dithienylbenzo[1,2-
b:4,5-b']dithiophene, M1

Compound M0 (2.15 g, 3 mmol) and 60 mL of superdry THF were
added into a flask under N2 atmosphene. The solution was cooled
down to !78 "C, and 2.75 mL of n-butylllithium (6.6 mmol, 2.4 M in
hexane) was added dropwise. After being stirred at !78 "C for 1 h, a
great deal of yellow solid precipitate appeared in the flask. Then
7 mmol of trimethyltin chloride (7 mL, 1 M in hexane) was added in
one portion, after stirred at !78 "C for 15 min, the reactant was
then stirred at room temperature over night. 100 mL water was
added to terminate the reaction, the resultant mixture was
extracted three times with ether before the organic phase was
washed with water and dried over anhydrous sodium sulphate.
After removing solvent under vacuum, the residue was recrystal-
lized by ethyl alcohol two times. 1.78 g of compound M1 (2.1 mmol,
yield 70%) was obtained as yellow solid. 1H NMR (CDCl3, 500 MHz),
s(ppm): 7.3(s, 2H), 6.7(d, 2H), 6.6(d, 2H), 2.55(m, 4H), 1.62(m, 4H),
1.21–1.29(m, 12H), 0.96(m, 6H), 0.9(s, 18H).

2.2.2. Synthesis of 2, 5-dibromide-thiophene-3-carbaldehyde, M3
To a solution of thiophene-3-carbaldehyde (1.12 g, 10 mmol) in

30 mL CHCl3, NaHCO3 (4.2 g, 50 mmol) was added, then a solution
of Br2 (4.1 g, 26 mmol) in 30 mL CHCl3was added dropwise over 1 h,
the reactant was then stirred at ambient temperature overnight
and then filtrated, washed with water two times and dried over
anhydrous sodium sulphate. After removing solvent under
vacuum, the residue was recrystallized by ethyl alcohol. 1.5 g of
compound M3 (5.55 mmol, yield 55.5%) was obtained as faint
yellow solid. 1H NMR (CDCl3, 500 MHz), s (ppm): 9.78(s, 1H), 7.33
(s, 1H).

2.2.3. Synthesis of P1
M1(g, 0.5 mmol), M2(g, 0.5 mmol) and Pd(PPh3)4 (g, 0.05 mmol)

were dissolved in degassed toluene (10 mL) in a 25 mL two-necked
round bottom flask. Under N2 atmosphene, the mixture was stirred
vigorously at 110 "C for 48 h. The resulting mixture was then
poured into 100 mL of methanol. The precipitate was collected by
filtration, and then the solid product was extracted with methanol
and hexane for 24 h, respectively, in Soxhlet apparatus to remove
monomers. Then the final product was extracted with CHCl3 for
24 h to yield 0.31 g red solid (yield 70%). 1H NMR (CDCl3, 500 MHz),
s (ppm): 9.84(s, 1H), 8.2 ! 6.83(m, 20H), 2.21 !0.88(m, #26H).

2.2.4. Synthesis of P2
The synthesis procedure for 2 was the same as that for 1.

Purification afforded a red filmy solid (yield 65.5%). 1H NMR (CDCl3,
500 MHz), s (ppm): 9.85(s, 1H), 8.51 !6.89(m, 7H), 2.23 ! 0.88(m,
#26H).

2.2.5. Synthesis of PPAB7
A mixture of 1 (0.31 g, 0.28 mmol in repeat unit), cyanoacetic

acid (71 mg, 0.84 mmol), piperidine (0.3 mL) and CHCl3 (10 mL)
was refluxed for 12 h under argon. After cooling to rt., the mixture
was washed with 2 M HCl(10 mL). The organic portion was dried
with anhydrous MgSO4. The solvent was removed by evaporation
to yield 0.163 g dark-red solid (60%). 1H NMR (CDCl3, 500 MHz), s
(ppm): 12.45(s, 1H), 8.8(s, 1H) 8.52 ! 7.01(m, 20H), 2.27 ! 0.88(m,
#26H). DP: #5.

2.2.6. Synthesis of PPTB8
The synthesis procedure for PSP-14 was the same as that for

PSP-13. Purification afforded a dark-red solid (85%). 1H NMR
(CDCl3, 500 MHz), s (ppm): 12.59(s, 1H), 8.51 !6.93(m, 8H),
2.77 ! 0.88(m, #26H). DP: #6.

2.3. UV–vis, photoluminescence, voltammetric and FTIR
measurements

UV–vis absorption spectra were measured on an Agilent
8453 spectrometer. Emission spectra were recorded with a
HITACHI F-7000 luminescence spectrometer. The emitted light
was detected with a Hamamatsu R928 red-sensitive photo-
multiplier. A computer-controlled RST5200 electrochemical work-
station was used for cyclic voltammetry measurements with a
three-electrode electrochemical cell. Cyclic voltammetry of the
oxidation behavior of the dyes was measured in dry DMF
containing 0.1 M tetrabutylammonium hexaflourophosphate
(TBAPF6) as supporting electrolyte (working electrode, glassy
carbon; reference electrode, Ag/AgCl (sat. KCl) calibrated with
ferrocene/ferrocenium (Fc/Fc+) as an internal reference; counter
electrode, Pt). FTIR were measured on a Varian660-IR instrument,
the pure dyes were measured by KBr pellets, the film were
sensitized by dyes and then measured by KBr pellets.

2.4. Computation

The ground state geometries were optimized using the hybrid
B3LYP function and a 6-31G** basis set, which have been widely
used in the calculation of organic photo-electric materials [23].
Vertical excitation energies were calculated by TD-DFT at MPW1K/
6-31G** levels [24,25]. The effect of the solvent (THF) on the
geometries and absorption spectra has been simulated by the C-
PCM method [26]. All calculations were carried out with the
Gaussian 03 program package [27].

2.5. Cell Fabrication

A screen-printed double layer film of interconnected TiO2

particles was used as the mesoporous negative electrode. A 7 mm
thick transparent layer of 20 nm sized titania particles were first
printed on the fluorine-doped SnO2 (FTO) conducting glass
electrode and further coated by a 5 mm thick scattering layer of
400 nm sized titania particles. The film thickness was measured by
a benchtop Ambios XP-1 stylus profilometer. A cycloidal TiO2

electrode (#0.28 cm2) was stained by immersing it into a dye
solution containing PPAB7 and PPTB8, sensitizer (200 mg/L) in THF
for 12 h. After being washed with acetonitrile and dried by air flow,
the sensitized titania electrode was assembled with a thermally
platinized FTO electrode. The electrodes were separated by a
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compound M3 (5.55 mmol, yield 55.5%) was obtained as faint
yellow solid. 1H NMR (CDCl3, 500 MHz), s (ppm): 9.78(s, 1H), 7.33
(s, 1H).
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vigorously at 110 "C for 48 h. The resulting mixture was then
poured into 100 mL of methanol. The precipitate was collected by
filtration, and then the solid product was extracted with methanol
and hexane for 24 h, respectively, in Soxhlet apparatus to remove
monomers. Then the final product was extracted with CHCl3 for
24 h to yield 0.31 g red solid (yield 70%). 1H NMR (CDCl3, 500 MHz),
s (ppm): 9.84(s, 1H), 8.2 ! 6.83(m, 20H), 2.21 !0.88(m, #26H).
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The synthesis procedure for 2 was the same as that for 1.

Purification afforded a red filmy solid (yield 65.5%). 1H NMR (CDCl3,
500 MHz), s (ppm): 9.85(s, 1H), 8.51 !6.89(m, 7H), 2.23 ! 0.88(m,
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A mixture of 1 (0.31 g, 0.28 mmol in repeat unit), cyanoacetic

acid (71 mg, 0.84 mmol), piperidine (0.3 mL) and CHCl3 (10 mL)
was refluxed for 12 h under argon. After cooling to rt., the mixture
was washed with 2 M HCl(10 mL). The organic portion was dried
with anhydrous MgSO4. The solvent was removed by evaporation
to yield 0.163 g dark-red solid (60%). 1H NMR (CDCl3, 500 MHz), s
(ppm): 12.45(s, 1H), 8.8(s, 1H) 8.52 ! 7.01(m, 20H), 2.27 ! 0.88(m,
#26H). DP: #5.

2.2.6. Synthesis of PPTB8
The synthesis procedure for PSP-14 was the same as that for

PSP-13. Purification afforded a dark-red solid (85%). 1H NMR
(CDCl3, 500 MHz), s (ppm): 12.59(s, 1H), 8.51 !6.93(m, 8H),
2.77 ! 0.88(m, #26H). DP: #6.

2.3. UV–vis, photoluminescence, voltammetric and FTIR
measurements

UV–vis absorption spectra were measured on an Agilent
8453 spectrometer. Emission spectra were recorded with a
HITACHI F-7000 luminescence spectrometer. The emitted light
was detected with a Hamamatsu R928 red-sensitive photo-
multiplier. A computer-controlled RST5200 electrochemical work-
station was used for cyclic voltammetry measurements with a
three-electrode electrochemical cell. Cyclic voltammetry of the
oxidation behavior of the dyes was measured in dry DMF
containing 0.1 M tetrabutylammonium hexaflourophosphate
(TBAPF6) as supporting electrolyte (working electrode, glassy
carbon; reference electrode, Ag/AgCl (sat. KCl) calibrated with
ferrocene/ferrocenium (Fc/Fc+) as an internal reference; counter
electrode, Pt). FTIR were measured on a Varian660-IR instrument,
the pure dyes were measured by KBr pellets, the film were
sensitized by dyes and then measured by KBr pellets.

2.4. Computation

The ground state geometries were optimized using the hybrid
B3LYP function and a 6-31G** basis set, which have been widely
used in the calculation of organic photo-electric materials [23].
Vertical excitation energies were calculated by TD-DFT at MPW1K/
6-31G** levels [24,25]. The effect of the solvent (THF) on the
geometries and absorption spectra has been simulated by the C-
PCM method [26]. All calculations were carried out with the
Gaussian 03 program package [27].

2.5. Cell Fabrication

A screen-printed double layer film of interconnected TiO2

particles was used as the mesoporous negative electrode. A 7 mm
thick transparent layer of 20 nm sized titania particles were first
printed on the fluorine-doped SnO2 (FTO) conducting glass
electrode and further coated by a 5 mm thick scattering layer of
400 nm sized titania particles. The film thickness was measured by
a benchtop Ambios XP-1 stylus profilometer. A cycloidal TiO2

electrode (#0.28 cm2) was stained by immersing it into a dye
solution containing PPAB7 and PPTB8, sensitizer (200 mg/L) in THF
for 12 h. After being washed with acetonitrile and dried by air flow,
the sensitized titania electrode was assembled with a thermally
platinized FTO electrode. The electrodes were separated by a
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installs carboxylic acid linkers directly to the conjugated polymer
backbone, either along the main chain or as end-groups, and
exhibited a similar range of PCEs between 0.9 to 2.99%.7c,d,f,m

Importantly, only one account reports the end-group functionaliza-
tion of polythiophene for use as a TiO2 sensitizer for solar cell
applications with a photovoltaic performance of 0.9%.7c

Here we report on the efficient and facile end-group functio-
nalization of regioregular P3HT that enables chemisorption via
cyanoacrylic acid linkers onto mesoporous TiO2 and illustrates
the material’s potential as a potent polymer sensitizer for DSSC
applications.

’RESULTS AND DISCUSSION

Polymer Synthesis and Characterization. The Grignard
metathesis (GRIM) polymerization, developed by McCullough14

to obtain highly regioregular P3HT, P1, was employed as
depicted in Scheme 1. Because of the proposed reaction mecha-
nism of the GRIM polymerization,15 the majority of the
terminal thiophenes will possess an alpha-hydrogen or an
alpha-bromine substituent (H/Br) and a minor fraction of
the polymer will be alpha-hydrogen terminated at both termini
(H/H).15a

Regioregular P1 was further functionalized with cyanoacrylic
acid because this functional group has been shown to bind effi-
ciently to mesoporous TiO2.

16 End-group functionalization17 is
potentially more advantageous than backbone functionalization
because it does not lead to unwanted twisting of the polymer
main chain and consequently a decrease in the effective
π-conjugation.18 P1 was functionalized in a stepwise manner
via Vilsmeier!Haack formylation and subsequent Knoevenagel
condensation with cyanoacetic acid. Typically, the GRIM poly-
merization method yields P1 with different end-groups, which
enables the chemical differentiation of the chain ends. Formyla-
tion19 of H/Br terminated P1 leads to the substitution of the
terminal hydrogen with an aldehyde moiety while leaving the
bromine on the other polymer terminus, resulting in P1-CHO in

high yield of 95% (Scheme 1). To install anchoring groups at
both ends of P1 the terminal bromine was removed prior to the
formylation by reaction with n-butyl lithium and subsequent
quenching of the lithiated polymer with water yielding the
symmetric H/H terminated polymer that was then formylated
to yieldOHC-P1-CHO in 94% yield. Successful formylations of

Scheme 1. Synthesis of Polymers P1!P3

Figure 1. 1H NMR (400 MHz) spectra of P1, P1-CHO, and P2 in
chloroform. Insets show expansions of resonances of introduced func-
tional end-groups.
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!3% with Mn ! 4000.13 The S. Ramakrishna group reported
three poly(3-hexylthiophene) end-capped with cyanoacetic acid
(CA) or a rhodanine-3-acetic acid anchoring groups as an
acceptor. These polymer based DSSCs showed that a shorter
chain length (approximately 15 thiophene units) linked to the CA
binding group resulted in higher performances exceeding 3%.8b

As part of an ongoing project dealing with the development
of high performance PDSSCs, herein we design and synthesize a
series of polymer dyes (Scheme 1) based on triphenylamine
(TPA). In order to study the relationship between the structure
and performance of polymer dyes, we altered the Dx unit
(phenothiazine (PTZ)) and changed the bridge by thiophene
and/or its derivative EDOT (EDOT is a stronger electron
donating unit relative to thiophene), to form three polymer
dyes, namely PPAT4, PPAT5 and PPAT6. The long alkyl side
chains that are linked to the PTZ units facilitate the polymer
solubility. For comparison, the performance of model molecule
PAT was given as a reference, which has a similar structure to
the polymers. In addition, we used the Suzuki coupling reaction
to build a series of high DP polymers. As a result, we success-
fully synthesized three polymers (Fig. 1) with a number-average
molecular weight (Mn) exceeding 30 000, and surprisingly found
that the DSSCs based on these polymers exhibited a relatively
good photovoltaic performance (h > 4%).

2. Experimental
Materials

Toluene and tetrahydrofuran (THF) were distilled over sodium/
benzophenone before use. Phenothiazine was purchased from
Inno-Chem Science & Technology Co., Ltd. N-Bromosuccinimide
(NBS), cyanoacetic acid, piperidine, 5-formyl-2-thiopheneboronic
acid, and 1-bromo-iso-octane were purchased from Energy-Chem-
ical and used as received. Tetrakis(triphenylphosphine) palladium
(Pd(PPh3)4), lithium bis(triuoromethanesulfonyl)imide (LiTFSI),
1-ethyl-3-methylimidazolium bis(triuoromethanesulfonyl)imide
(EMITFSI), 1,3-dimethyl imidazole iodine (DMII), guanidine thio-
cyanate (GNCS) and 4-tert-butylpyridine (TBP) were purchased
from Sigma-Aldrich. Other reagents and solvents were purchased
commercially as analytical-grade quality and used without further
purication unless otherwise stated.

UV-vis, photoluminescence and voltammetric measurements

Electronic absorption spectra were measured on an Agilent
G1103A spectrometer. Emission spectra were recorded with a
Perkin Elmer LS55 luminescence spectrometer. The emitted
light was detected with a Hamamatsu R928 red-sensitive pho-
tomultiplier. A computer-controlled RST5200 electrochemical
workstation was used for cyclic voltammetry measurements
with a three-electrode electrochemical cell. Cyclic voltammetry
of the oxidation behavior of the dyes was performed in dry DMF
containing 0.1 M tetrabutylammonium hexaourophosphate
(TBAPF6) as the supporting electrolyte (working electrode,
glassy carbon; reference electrode, Ag/AgCl (sat. KCl) calibrated
with ferrocene/ferrocenium (Fc/Fc+) as an internal reference;
counter electrode, Pt).

Computation

The ground state geometries were optimized by employing the
hybrid B3LYP function and a 6-31G** basis set, which have
been widely used in the calculation of organic photo-electric
materials.14 Vertical excitation energies were calculated by TD-
DFT at MPW1K/6-31G** levels.15 The effect of the solvent (THF)
on the geometries and absorption spectra has been simulated
by the C-PCM method.16 All calculations were carried out with
the Gaussian 03 program package.8a

Cell fabrication

A screen-printed double layer lm of interconnected TiO2

particles was used as the mesoporous negative electrode. A 7 mm
thick transparent layer of 20 nm sized titania particles was rst
printed on the uorine-doped SnO2 (FTO) conducting glass
electrode and further coated by a 5 mm thick scattering layer of
400 nm sized titania particles. The lm thickness was measured
with a benchtop Ambios XP-1 stylus prolometer. A cycloidal
TiO2 electrode (!0.28 cm2) was stained by immersing it into a
dye solution containing PAT, PPAT4, PPAT5 and PPAT6 and the
sensitizer (200 mg mL"1) in THF : AN (v/v, 1/1) for 10 h. Aer
being washed with acetonitrile and dried by air ow, the
sensitized titania electrode was assembled with a thermally
platinized FTO electrode. The electrodes were separated by a
35 mm thick Bynel (DuPont) hot-melt gasket and sealed up by

Fig. 1 Structures of model molecule and polymer dyes.
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three poly(3-hexylthiophene) end-capped with cyanoacetic acid
(CA) or a rhodanine-3-acetic acid anchoring groups as an
acceptor. These polymer based DSSCs showed that a shorter
chain length (approximately 15 thiophene units) linked to the CA
binding group resulted in higher performances exceeding 3%.8b

As part of an ongoing project dealing with the development
of high performance PDSSCs, herein we design and synthesize a
series of polymer dyes (Scheme 1) based on triphenylamine
(TPA). In order to study the relationship between the structure
and performance of polymer dyes, we altered the Dx unit
(phenothiazine (PTZ)) and changed the bridge by thiophene
and/or its derivative EDOT (EDOT is a stronger electron
donating unit relative to thiophene), to form three polymer
dyes, namely PPAT4, PPAT5 and PPAT6. The long alkyl side
chains that are linked to the PTZ units facilitate the polymer
solubility. For comparison, the performance of model molecule
PAT was given as a reference, which has a similar structure to
the polymers. In addition, we used the Suzuki coupling reaction
to build a series of high DP polymers. As a result, we success-
fully synthesized three polymers (Fig. 1) with a number-average
molecular weight (Mn) exceeding 30 000, and surprisingly found
that the DSSCs based on these polymers exhibited a relatively
good photovoltaic performance (h > 4%).

2. Experimental
Materials

Toluene and tetrahydrofuran (THF) were distilled over sodium/
benzophenone before use. Phenothiazine was purchased from
Inno-Chem Science & Technology Co., Ltd. N-Bromosuccinimide
(NBS), cyanoacetic acid, piperidine, 5-formyl-2-thiopheneboronic
acid, and 1-bromo-iso-octane were purchased from Energy-Chem-
ical and used as received. Tetrakis(triphenylphosphine) palladium
(Pd(PPh3)4), lithium bis(triuoromethanesulfonyl)imide (LiTFSI),
1-ethyl-3-methylimidazolium bis(triuoromethanesulfonyl)imide
(EMITFSI), 1,3-dimethyl imidazole iodine (DMII), guanidine thio-
cyanate (GNCS) and 4-tert-butylpyridine (TBP) were purchased
from Sigma-Aldrich. Other reagents and solvents were purchased
commercially as analytical-grade quality and used without further
purication unless otherwise stated.

UV-vis, photoluminescence and voltammetric measurements

Electronic absorption spectra were measured on an Agilent
G1103A spectrometer. Emission spectra were recorded with a
Perkin Elmer LS55 luminescence spectrometer. The emitted
light was detected with a Hamamatsu R928 red-sensitive pho-
tomultiplier. A computer-controlled RST5200 electrochemical
workstation was used for cyclic voltammetry measurements
with a three-electrode electrochemical cell. Cyclic voltammetry
of the oxidation behavior of the dyes was performed in dry DMF
containing 0.1 M tetrabutylammonium hexaourophosphate
(TBAPF6) as the supporting electrolyte (working electrode,
glassy carbon; reference electrode, Ag/AgCl (sat. KCl) calibrated
with ferrocene/ferrocenium (Fc/Fc+) as an internal reference;
counter electrode, Pt).

Computation

The ground state geometries were optimized by employing the
hybrid B3LYP function and a 6-31G** basis set, which have
been widely used in the calculation of organic photo-electric
materials.14 Vertical excitation energies were calculated by TD-
DFT at MPW1K/6-31G** levels.15 The effect of the solvent (THF)
on the geometries and absorption spectra has been simulated
by the C-PCM method.16 All calculations were carried out with
the Gaussian 03 program package.8a

Cell fabrication

A screen-printed double layer lm of interconnected TiO2

particles was used as the mesoporous negative electrode. A 7 mm
thick transparent layer of 20 nm sized titania particles was rst
printed on the uorine-doped SnO2 (FTO) conducting glass
electrode and further coated by a 5 mm thick scattering layer of
400 nm sized titania particles. The lm thickness was measured
with a benchtop Ambios XP-1 stylus prolometer. A cycloidal
TiO2 electrode (!0.28 cm2) was stained by immersing it into a
dye solution containing PAT, PPAT4, PPAT5 and PPAT6 and the
sensitizer (200 mg mL"1) in THF : AN (v/v, 1/1) for 10 h. Aer
being washed with acetonitrile and dried by air ow, the
sensitized titania electrode was assembled with a thermally
platinized FTO electrode. The electrodes were separated by a
35 mm thick Bynel (DuPont) hot-melt gasket and sealed up by

Fig. 1 Structures of model molecule and polymer dyes.
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1 3

for DSSC and achieved a maximum conversion efficiency 
of 8.3 % under AM 1.5 G and a maximum IPCE value of 
75 % at 470 nm [17]. Bridge groups, as electron spacers 
to connect the donor and acceptor, are not only to decide 
light absorption regions of the DSSC but also influence the 
electron injection from excited dyes to the TiO2 surface. 
Thiophene and its derivatives have been successfully used 
as a π-conjugated bridge in the molecular design of organic 
dyes [18–20]. Benzimidazole and its derivatives are ubiqui-
tous in biology. They have the larger π-conjugated system 
and the better electron donating property, it is significative 
to design and synthesize the polymeric complexes contain-
ing benzimidazole for improving electrochemical proper-
ties and thermal stability [21].

According to the above-mentioned points, we have 
designed and synthesized four D–π–A dyes possessing a 

metal-PBI as an acceptor (A), thiophene derivatives as a 
π-conjugation linkage (π) and PPV or CZ as donor group 
(D), which are shown in Scheme 1. Moreover, thermal 
properties, optical properties and photovoltaic properties 
of polymeric metal complexes are also investigated in this 
paper.

Experimental section

Materials

3-Methylthiophene and carbazole were obtained 
from Aldrich Chemical Co. and used as received. 
1,4-bis(octyloxy)-2,5-divinylbenzene [22], N-octyl-3,6-di-
vinyl -carbazole [23] and 2-(2’-pyridyl)benzimidazole was 

Scheme 1  Synthetic route of 
the monomers and polymeric 
metal complexes P1-P4

complexes (PAL2, PBL2), respectively. In Fig. 1, as for the metal complex L1, the
polymeric metal complexes PAL1 and PBL1 absorption peaks at 3,057, 3,066 and
3,057 cm-1 are due to =C–H bond stretching vibration, the peaks of 525, 534 and
528 cm-1 are due to N–M bond stretching vibration, respectively [26]. However,
the peak at 2,924, 2,858 cm-1 of PAL1 and the peak at 2,925, 2,849 cm-1 of PBL1
are C–H bond stretching vibration absorption peak. In Fig. 2, the absorption peaks
at 3,066, 3,083 and 3,066 cm-1 for the metal complex L2, the polymeric metal
complexes PAL2 and PBL2, respectively, are due to =C–H bond stretching
vibration; the peaks of 541, 538 and 542 cm-1 are due to N–M bond stretching
vibration [26]. However, the peak at 2,932, 2,857 cm-1 of PAL2 and the peak at
2,924, 2,849 cm-1 of PBL2 are C–H bond stretching vibration absorption peak.

Scheme 2 Synthesis routes for PAL1, PAL2, PBL1 and PBL2
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1.76  

(PBL1) 

1.65  

(PBL2) 

 

 

d) Electrolyte: This is the redox mediator prepared using an organic solvent and 

it plays role to regenerate the oxidized sensitizer molecules. Electrolyte is used 

for the electron collection at the working electrode and carrying them to the 

oxidized dye molecules via external circuit for regeneration. The redox potential 

of an electrolyte lying above the LUMO of a dye is thus a prerequisite for its 

good performance. The diffusion properties of electrolyte also play vital role to 

counteract mass-transport confinement caused by microporosity. Theoretically, 

Voc is the difference of value between quasi-Fermi level of TiO2 (the oxide used 

to form the mesoporous layer) and the redox potential of the electrolyte. Most 

commonly the redox mediator used is composed of iodide/ triiodide (𝐼! 𝐼!!) 

because of the corresponding appropriate energy levels and kinetics58 and it 

satisfies the above conditions well. Recently, cobalt-based electrolyte has also 

been demonstrated to be a better electrolyte.36 Polysulfide based electrolytes are 

usually suitable for QD-DSSCs.59 A range of redox mediator systems are tested 

for DSSC devices such as 𝐵𝑟! 𝐵𝑟!!, (𝑆𝐶𝑁)! (𝑆𝐶𝑁)!,   𝑆𝑒𝐶𝑁! (𝑆𝑒𝐶𝑁)!!,   

𝐹𝑒(𝐶𝑁)!!! 𝐹𝑒(𝐶𝑁)!!!,60 and Co(II)/ Co(III) complex. The liquid electrolyte has 

some disadvantages like leakage and stability. Also iodine based electrolyte 

corrodes the platinum counter electrode. Hence, to overcome these problems, 

ionic liquid electrolytes, gel electrolytes,61-62 polyionic liquid electrolytes, solid 

state electrolytes63 have been demonstrated. These gel electrolytes have shown 

promising results regarding stability as well as efficiency. However, none of the 

electrolytes have been able to solve all the problems, hence there is plenty of 

room for research on new electrolyte systems.   

 

e) Counter Electrode: The counter electrode is prepared by coating platinum 

nanoparticles on FTO. The role of platinum is to enhance the charge transfer 

reaction occurring between iodide and tri-iodide as a catalyst.64 However, high 

complexes (PAL2, PBL2), respectively. In Fig. 1, as for the metal complex L1, the
polymeric metal complexes PAL1 and PBL1 absorption peaks at 3,057, 3,066 and
3,057 cm-1 are due to =C–H bond stretching vibration, the peaks of 525, 534 and
528 cm-1 are due to N–M bond stretching vibration, respectively [26]. However,
the peak at 2,924, 2,858 cm-1 of PAL1 and the peak at 2,925, 2,849 cm-1 of PBL1
are C–H bond stretching vibration absorption peak. In Fig. 2, the absorption peaks
at 3,066, 3,083 and 3,066 cm-1 for the metal complex L2, the polymeric metal
complexes PAL2 and PBL2, respectively, are due to =C–H bond stretching
vibration; the peaks of 541, 538 and 542 cm-1 are due to N–M bond stretching
vibration [26]. However, the peak at 2,932, 2,857 cm-1 of PAL2 and the peak at
2,924, 2,849 cm-1 of PBL2 are C–H bond stretching vibration absorption peak.

Scheme 2 Synthesis routes for PAL1, PAL2, PBL1 and PBL2
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cost and less abundance of the platinum has directed researchers’ attention 

towards the replacement of platinum, in order to have inexpensive yet efficient 

counter electrode. Hence materials like functionalized graphene,65 CNTs,66 

mesoporous carbon,67 sulphides, carbides, nitrides and some organic inorganic 

composites68 have been and are being tested for this application. 

 

1.5.2. Working Principle of DSSC 

Figure 1.20 depicts the working principle of DSSC, which is based on the 

relative and appropriate band alignments of the components involved in the 

device fabrication. 

	
  
Figure 1.20: Working principle of DSSC 

 

The device is illuminated from the side of the working electrode i.e. FTO-TiO2 

side. This light is absorbed by the dye/sensitizer resulting in molecular 

excitation. In the excitation process, the incident photon absorption leads to 

transfer of the electron from HOMO of dye to the LUMO level, which is 

symbolized by following equation, 

 

𝑆! + ℎ𝑣 → 𝑆∗……..(1) 

 

So is ground state and S* denotes excited state, of the sensitizer molecule. As 

LUMO of a dye is placed above the TiO2 conduction band, the photo-excited 

electron is transferred to TiO2 conduction band from the LUMO of a dye 

converting the dye molecule to its oxidized form as,  



    Ph.D Thesis      Chemistry                                    Chapter 1     October 2015   
	
  

Savitribai Phule Pune University  CSIR-National Chemical Laboratory 27	
  

 

𝑆∗ → 𝑆! + 𝑒(!"#!)
!   …….(2)  

 

This electron diffuses through mesoporous conducting TiO2 network and reaches 

the counter electrode through external circuit, which causes current flow. The 

oxidized dye molecule reacts with the redox mediator (𝐼! 𝐼!! electrolyte) by 

transferring the electron to the dye (equation 3a) converting iodide to tri-iodide 

species via an intermediate radical 𝐼!∗! (equation 3b), and gets neutralized.  

 

𝑆! + 2𝐼! → 𝑆 + 𝐼!∗! ….(3a) 

2𝐼!∗! → 𝐼!! + 𝐼!        …..(3b) 

 

This process is called as the dye-regeneration. The electrolyte should be chosen 

in such a way that the HOMO of the dye lies energetically below the redox level 

of the electrolyte. Hence the process is thermodynamically favorable. The tri-

iodide species gets reduced by the electron transfer from the counter electrode, 

which came from the external circuit. This is represented by equation 4. 

 

𝐼!! + 2𝑒! → 3𝐼!      …..(4) 

 

The electrolyte regeneration and hence dye regeneration can be the rate limiting 

step, which can affect the overall performance of DSSC. Thus, in order to 

increase the rate of reaction, a platinum catalyst is used which is coated on the 

surface of FTO. These reactions (1 to 4) depict the re-generative cyclic paths in 

DSSC giving rise to photocurrent and voltage. The other reactions such as 

recombination pathways opposite to above reactions occur simultaneously in the 

device. Such recombination processes are mainly the efficiency limiting 

processes.  

 

1.5.3 Kinetics 

Figure 1.21 illustrates the kinetics of the processes that occur within DSSC, 

which governs the performance of photovoltaic device.  When light falls on the 

device, the dye gets excited and the charge carriers are generated (equation 1). 
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The photo-generated charge carriers have two main pathways to travel based on 

the energy levels. The first is the electron injection into the TiO2 conduction 

band and the second is recombination with the hole in the HOMO level of the 

dye. 

 

	
  
Figure 1.21: Kinetics involved in each step of DSSC 

 

The time domains of the kinetics parameters for each process are listed in Table 

1.2. 

 

Table 1.2: Lifetime of each process within DSSC 

 

No. Process Life-time 

1 Electron injection from dye to TiO2 ~ 100 fs 

2 Electron diffusion through TiO2 

matrix to FTO 

0.1 to 10 ms 

3 Electron recombination via dye 0.5 ms 

4 Recombination via electrolyte 10-500 ms 

5 Dye regenration ~ 10 µs 

6 Dye relaxation  ~ 10 ns 

 

The process of electron injection has a lifetime of ~ 100 fs which is 103-104 

times faster than the dye relaxation time (10 ns). Furthermore, from the 

conduction band of TiO2 these injected charge carriers can undergo two 
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recombination processes, viz. recombination with the oxidized dye (10-500 ms) 

and recombination with the electrolyte (0.5 ms). Thus, one of the key points for 

the better performance of DSSC is this faster charge injection step. The dye 

regeneration via redox mediator is also faster than the recombination of electron 

with the oxidized dye. This leads to accumulate the charges in TiO2, which 

generates quasi-Fermi level within TiO2. The quasi-Fermi level is governed 

mainly by charge injection, charge carrying and recombination rates. The 

difference among the TiO2 quasi-Fermi level and electrolyte redox potential is 

open circuit voltage of DSSC during illumination at a particular intensity. The 

photocurrent is regulated by the transport rate of carriers through TiO2 towards 

FTO and the rate of recombination of photo-generated charge carriers with the 

electrolyte. Transport occurs via diffusion process, which includes electrons 

trapping and de-trapping. Hence the lifetime of this process is in milliseconds. 

This time scale is in the time domains of the recombination processes and hence 

there is always a competition with the diffusion process on similar timescale. 

These are therefore the limiting factors in the DSSC performance. 

  

1.5.4 Parameters Governing the DSSC Performance 

The section deals with the characterizing parameters and governing factors of 

the performance of DSSC. 

 

	
  
Figure 1.22: IV parameters of solar cell. 

 

(a) Open Circuit Voltage (VOC) : Figure 1.22 represents the typical J-V curve 

for the solar cell on the basis of which the performance is evaluated. VOC is 
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distance between TiO2 quasi-Fermi level and electrolyte redox level. It is 

mathematically expressed as follows, 

 

𝑉!" =
𝐸!"
𝑞 +

𝑘𝑇
𝑞 𝑙𝑛

𝑛
𝑁!"

−
𝐸!"#$%
𝑞  

 

ECB represents the TiO2 conduction band edge energy value, ‘n’ gives the 

injected electron concentration in TiO2, NCB is the trap states density below the 

edge of conduction band, and the electrolyte’s redox potential is given by Eredox. 

The Voc depends on the absorption of a sensitizer, which governs the ‘n’. The 

quality of TiO2 nanoparticles decides the trap state density NCB and also the 

electrolyte’s redox potential. In the experiment, Voc is measured as the difference 

between the working electrode potential and counter electrode potential of the 

DSSC when R=∞ and I=0, the open circuit condition. The intercept on the x-axis 

of the J-V curve represents VOC for the given device.  

 

 (b) Short Circuit Current Density (JSC): In the illuminated device, the 

shorting of the working and counter electrodes (load R=0) produces the current 

density known as the short circuit current density and the intercept at y-axis of 

the J-V curve gives its value. In DSSC, the spectral response, the molar 

extinction coefficient of a dye and the recombination dynamics govern JSC. 

Therefore, the dyes with higher extinction coefficients, more visible range 

absorbance (~400-850 nm) and appropriate HOMO-LUMO alignments are the 

ongoing quest in the DSSC. 

 

(c) Fill Factor (FF):  It is defined as the ratio of the maximum power output 

(Pmax) that can be extracted from a solar cell to the product of JSC and VOC. Fill 

factor is expressed as, 

 

𝐹𝐹(%) =
𝑉!"# ∙ 𝐼!"#
𝑉!" ∙ 𝐼!"

×100 

 

Vmax is the voltage corresponding to the Pmax and Imax is the current 

corresponding to Pmax. Geometrically, the fill factor is the representation of the 
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rectangular character of the J-V curve. FF is reliant on series (Rsc) and shunt 

resistance (Rsh) as well. The Rsc comprises of the electrodes contact resistance, 

bulk resistance of device, and the sheet resistance of the FTO. The larger values 

of Rsc can affect Pmax of the DSSC resulting into the FF value drop. Rsc is the 

reciprocal value of a slope of the J-V curve taken at VOC. The photo-generated 

elctron-hole paires alternatively recombine in the photoactive layer. As a 

consequence of this, photo-current as well as Pmax lowers down. The resistance 

to such recombination route inside that photoactive layer is characterized as the 

shunt resistance (Rsh). Rsh should possess the higher value for realizing 

maximum efficiency. Rsh can be acquired by taking the inverse of a slope of the 

J-V curve measured at JSC. 

 

(d) Efficiency (η): The power conversion efficiency is the ratio output power to 

the input power, which is expressed as,  

 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  (𝜂)(%) =   
𝑉!"   ∙ 𝐼!"
𝑃!"

∙ 𝐹𝐹(%) 

 

The efficiency of DSSC is measured under standard condition of ‘AM1.5 

Global’ solar irradiance (100mW/cm2) at a temperature of 25 °C.  

 

(e) Incident Photon to Current Conversion Efficiency (IPCE): ‘External 

Quantum Efficiency’, Quantum efficiency (QE) or Incident Photon to Charge 

Conversion Efficiency (IPCE) is a measure of the effectiveness of a solar cell 

device producing photo-generated charges at the specified wavelength. It is the 

ratio of number of incident photons and photo-generated charges. This is a 

function of the value of wavelength of excitation: 

 

𝐼𝑃𝐶𝐸   λ =
1240  ×  𝐼!"
λ  ×  ϕ  

Where, ISC is the short circuit current density (mA/cm2), λ is the wavelength 

(nm) and ϕ is the incident radiation light flux (W/m2). For DSSC, the term is 

defined as: 
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𝐼𝑃𝐶𝐸   λ = 𝐿𝐻𝐸   λ   ×  ϕ(!"#)  ×  η(!"##) 

 

At a particular wavelength λ, LHE (λ) stands for light-harvesting efficiency for 

the photons, ϕ (inj) represents the quantum yield of injected electrons for the 

excited dye to the conduction band of semiconducting TiO2 and η (coll) stands 

for the fraction of charges capable to reach the contact at the back. By 

integrating the product of IPCE and incident photon flux (Pin) over the spectral 

distribution, estimation of JSC can be made. 

 

Section 2: Energy Storage 

1.6 Storage of Energy 

In the previous section, we presented a detailed discussion about the need and 

requirements for the renewable sources and energy harvested from them. The 

major renewable sources considered are sun and wind. However, it is difficult to 

generate energy from renewable sources concurrently with its corresponding 

demand in the time domain of use; e.g. solar cells will not function at night. 

Thus, types of technologies like solar, wind, etc. are intermittent and can amend 

the output very quickly opposite to the demand and can wane for extended 

periods of time across the domain. Hence the generated energy needs 

appropriate storage mechanisms and systems in this regard.  

The most prominent electrical-energy storage systems are batteries and 

supercapacitors.69 The efficiency of the energy storage devices is calculated in 

terms of power and energy densities of the system. Supercapacitors are efficient 

in terms of power density though weaker in terms of energy density. Batteries 

have high energy density but relatively low power density.70-71 For various 

applications, traditionally batteries have been the most preferred energy storage 

devices. However, they suffer drawbacks such as less stability and durability in 

addition to low power densities. With newer application requirements such as 

harvesting braking energy for vehicles for green transportation, devices that can 

be charged and discharged quickly are desired. Supercapacitors fit this bill.  

They are sought after devices, which have high power density with relatively 

adequate energy density. Recently, innovative designs of hybrid supercapacitor-

battery systems have attracted the attention of researchers. The Ragone plot 
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shown in the Figure 1.23 compares the performance parameters of different 

charge storage systems. 

	
  
Figure 1.23: The Ragone plot 

 (http://large.stanford.edu/courses/2012/ph240/aslani1/) 

 

1.6.1 Supercapacitors 

Supercapacitors, unlike the conventional solid dielectric capacitors, are based on 

entirely different charge storage principle and are classified as electrostatic 

double-layer capacitance storage or electrochemical pseudocapacitance storage 

or a combination of both. Figure 1.24 shows different mechanisms for the 

capacitors.  

In the conventional capacitors, the dielectric material or an insulator is inserted 

between two conducting materials across which the charging voltage is applied. 

Under the application of an external voltage, the opposite charges get 

accumulated on the surfaces of respective electrodes due to polarization of the 

dielectric.  

The capacitance  (𝐶!) is given by the formula, 

 

𝐶! =
𝑄
𝑉 

Where, 𝑄 represents the charge stored and 𝑉 stands for the applied voltage. 

Usually, for the conventional capacitor, 𝐶! is related directly to the each 

electrode surface area (A), and is related inversely to the distance (d) between 

the two electrodes. 
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𝐶! =
𝜀!𝜀!𝐴
𝑑  

 

Where, 𝜀! and 𝜀! are constants and signify the dielectric constant (permittivity) 

of the insulating material in-between the electrodes and free space, respectively. 

Clearly, the specific capacitance increases with decrease in d. As discussed in 

the distinctly different charge storage design concepts of supercapacitors and 

pseudocapacitors below, this ‘d’ can be reduced down to sub-nanometer 

dimensions, thereby enhancing the value of the capacitor dramatically.  

Supercapacitors are classified into electrical double layer capacitors (EDLC), 

pseudocapacitors and hybrid capacitors depending upon their mechanism of 

action (Figures 1.24, 1.25).  

 

	
  
Figure 1.24: Double layer capacitors 

 (https://en.wikipedia.org/wiki/Electric_double-layer_capacitor) 

 

Electrochemical Double Layer Capacitors (EDLCs) are made of highly porous 

conducting carbon electrode materials separated by an electrically insulating but 

ion-conducting membrane and filled with an electrolyte. They store charges by 

the adsorption of positive and negative charged ions on the respective electrodes, 

when an external field is applied. Pseudo-capacitors (PCs) store charges by 

using the mechanism of fast reversible surface redox reactions. Hybrid 

capacitors, also termed as Li-ion hybrid electrochemical capacitors (Li-HEC), 

are fabricated by using a battery type insertion electrode, preferably LIB anode, 
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and a counter electrode which is a supercapacitor component, mostly 

carbonaceous materials, which forms an electric double layer.72 This hybrid 

system has an advantage of higher energy density than supercapacitors and high 

power density than LIBs. 

 
Figure 1.25: Classification of supercapacitors 

 

1.6.1.1 Parameters for Device Characterization 

Energy density (Wh/kg):  Energy density is the amount of energy stored in the 

system with respect to the specific volume or mass. It is represented as follow,  

  

𝐸 =   
1
2𝐶𝑉

! 

 

Power density (W/kg): The power density is the rate of energy transfer per unit 

volume and is given by,  

𝑃 =   
𝐸
𝑡  

Where t is the time over which the energy E can be harnessed. 

 

1.6.2 Electrical Double Layer Capacitance (EDLC) 

As stated above, an EDLC supercapacitor is an electrical double layer capacitor, 

which consists of two high surface area electrodes separated by an electrolyte. 

(Figure 1.2673) High surface area materials (mostly mesoporous conducting 

carbons) are usually coated on the current collector to make the electrodes. 

Under the application of an electric field, the ionic charges move across the 

electrolyte, forming a double layer at the electrodes and thereby rendering very 
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high capacitance. Depending on the electrolyte used, the EDLCs are divided 

further into aqueous and organic EDLCs. In the aqueous EDLCs, the electrolytes 

used are water based e.g. 1M KOH, 1M H2SO4, etc. In the organic systems the 

electrolytes are based on organic solvents such as propylene carbonate, dimethyl 

carbonate, acetonitrile, etc.  Generally, high surface area porous carbon materials 

are used as electrodes for EDLCs because these properties allow storing more 

charges by providing more area for adsorption. With the same material on both 

electrodes, such devices are called as symmetric supercapacitors. 

 

	
  
Figure 1.26: Mechanisms for (a) double layer, (b) pseudocapacitor and (c) Li-
battery 

 

1.6.2.1 List of Factors Affecting the Performance of EDLC 

1. Conductivity of the material: The material used for the making of electrode 

must have high electrical conductivity in order to carry the current through the 

circuit.  

2. Surface area and Pore size distribution: The material should be mesoporous 

with high surface area and hierarchical pore size distribution to facilitate ionic 

transport during the charging and discharging processes.  

3. Ionic conductivity of the electrolyte: The electrolyte ionic conductivity is 

important for efficient charge transfer and low series resistance. 

4. Separator: The ionic transport across the separator should be efficient but the 

separator must be electrically insulating to avoid shorting of the storage 

electrodes.  
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1.6.3 Pseudocapacitor 

This is a double layer capacitor with a specific difference in the mechanism of 

action at the electrode surfaces. In this case the electrode material reacts 

reversibly with the electrolyte, the mechanism being called as Faradaic charge 

transfer reaction. Highly porous metal oxides, sulfides etc. are commonly used 

as electrode materials in pseudocapacitors. The reaction happens at the metal 

center, which reversibly gets oxidized and reduced. The capacitance values are 

usually much higher than the EDLC, since unlike EDLCs it is not just a surface 

adsorption phenomenon involving a hydrated ion or an ion with its organic 

compliment. The charge transfer renders it a single naked ion process thereby 

enhancing the storage density.  

 

1.6.4 Hybrid Supercapacitors  

This is an asymmetric design of a supercapacitor unlike EDLCs, as it is 

composed of different electrodes. One electrode is usually an EDLC electrode 

i.e. carbon electrode, and another is a battery electrode. Typically, lithium based 

electrode (eg. Li4Ti5O12) is used hence it is called as lithium ion hybrid 

electrochemical capacitor (Li-HEC). The mechanism for this includes both the 

reactions, Faradaic reactions at lithium electrode and non-Faradaic adsorption 

phenomenon on the carbon electrode.   

 

1.6.5 Lithium-ion Battery (LIB) 

In 1990, Whittingham et al. invented LIB.74 The device is composed of two 

electrodes. LIB anode is typically formed by carbon based materials, transition 

metal oxides and alloying materials like Si while the cathode material is a 

lithiated metal oxide eg. LiCoO2 (Lithium Cobalt Oxide).  In this lithium-ion 

intercalation and de-intercalation is the basic mechanism of charge storage. 

Hence, mostly graphite sheets have been explored as anode. However the 

performance of the graphite based electrodes is limited due to restricted surface 

area; hence other materials like alloys, transition metal oxides etc. are now being 

researched. 
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1.6.6 Materials/ Components of the Device 

The specific capacitance of a device depends on the properties of the electrode 

materials and the applied voltage. Not only does the specific capacitance value, 

but other parameters like device stability, cyclic life etc., are also governed by 

the materials used. Hence the material selection is of fundamental importance to 

various charge storage device systems.  

 

1.6.7 Electrode Materials 

High surface area and good electrical conductivity are the prime factors required 

for materials used for the electrodes. Higher surface area facilitates adsorption of 

more charges on the given mass of material, which in turn results in a high 

capacitance value. Apart from the high surface area, the pore size distribution is 

also important. This factor decides the accessibility of the available pore area. 

Various carbon based materials like CNT, graphene,75-77 activated carbon, etc.78-

79 have been studied for EDLC systems. Different forms, morphologies and high 

surface area porous carbon forms have been synthesized from several sources 

and have been explored for charge storage systems. The controlled pyrolysis of 

several materials viz. natural waste, biomass, organic and polymeric materials 

has opened up innovative opportunities for making the desired carbon forms for 

the respective applications.  

 

1.6.8 Electrolyte 

This is an important factor that decides the charge-discharge rate of the device 

and its stability, as this should be tolerant to the applied external voltage. The 

nature of electrolyte also controls the solid electrolyte interface (SEI) formation 

and related issues with, defines the device performance. Various types of 

electrolytes have been used for the supercapacitor applications. For example, an 

acidic electrolyte can be H2SO4 and a basic electrolyte can be KOH. Na2SO4, 

LiCl, Li2SO4, NaCl etc. are the examples of neutral electrolytes. Usually few 

molar KOH or H2SO4 is used as the electrolyte in the aqueous based systems and 

for carbon based electrodes. The energy density in the case of aqueous systems 

can be improved only by material selection and not by high voltage as the water 

splitting occurs above 1.23 V. Hence organic electrolytes are preferred. Some 

organic solvents are stable up to 3 V.80 As the energy density is proportional to 
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the applied voltage, the higher voltage window is suitable for practical 

applications. Ethylene carbonate, propylene carbonates, acetonitrile etc. are 

commonly used solvents and TEABF4, LiPF6, TEAPF6 etc. are used for the 

preparation of electrolyte. Polymeric, ionic conducting electrolytes, gel based 

electrolytes, ionic-liquid electrolytes have also been studied in the same 

context.81-86 

 

1.6.8.1 Electrolyte Parameters: 

1. Resistance or conductivity of the electrolyte: The viscosity of the electrolyte 

solution decides the mobility of the ions therein. This is an important parameter 

to consider for realizing high rate charge-discharge.  

2. Voltage Stability: The range of voltage for every electrolyte system is 

different. This should be considered properly while using the electrolyte in the 

device. The voltage range for the measurements and device operation is to be 

selected in such a way that electrolyte should not decompose within the 

operating voltage. 

 

Section 3: Energy Conservation 

1.7 Energy Conservation 

It is the prime necessity of the emergent world to conserve the harvested and 

stored energy and use it economically and appropriately. The reduction of 

energy consumption by using low power devices and efficient energy usage 

without much waste unfolds the actual meaning of energy conservation. This 

would rather help in future energy crises as the world is growing rapidly and 

energy is required for every aspect of the modern electrically driven world. 

There are several ways to save or conserve energy87 and some are listed below: 

∗ Turning off electronic devices when not in use 

∗ Correcting/replacing water-leakage systems to save water 

∗ Use of air conditioners only when required 

∗ Making more use of natural light 

∗ Use of energy efficient lighting and display systems, which require less 

electrical energy to give the same illumination etc. 
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In many of the urban usage, the primary energy consumption is by lightening 

and display systems.  

Various display systems depending on different technologies have evolved with 

time viz. CRT (cathode ray tube), LCD (Liquid crystal display), SED (Surface 

conduction electron-emitter display), FED (Field emission display), LED (Light 

emitting diode), OLED (organic light emitting diode), etc. Since this thesis deals 

with a development of a potential polymeric material for lightweight, flexible 

field emission display system, we discuss below the related field emission 

process. 

 

1.7.1 Field Emission Display 

It is a flat panel display in which the field electron emission process is employed 

to generate a source of electrons that hits the phosphor screen producing a color 

image.88 Field emission display has the advantages like brighter image, fast 

response time, high contrast level and most importantly low power consumption 

(almost half power than CRT display).  

 

1.7.1.1 The Field Emission Phenomenon  

The field emission or cold emission is the emission of electrons into vacuum 

from the surface of material under the influence of the applied electrostatic 

field.89 Unlike the other forms of electron emission (thermionic emission, 

photoelectric emission, etc.), in field emission the tunneling of electrons occurs 

across the electrically deformed potential barrier. Field emission is a quantum 

mechanical tunneling phenomenon. In most other emission processes the 

potential energy barrier is to be overcome by the external energy leading to their 

higher energy demand. In the field emission process, the potential barrier 

deformation at the surface of the material is caused by an applied electric field as 

high as 107 V/cm (0.3-0.6 V/Å) through local nano-tip features as a result of 

which electrons tunnel out from the deformed potential barrier.90 

The electrons near the Fermi level of the material are responsible for the field 

emission at the onset potential. With the increasing potential, electrons from the 

levels below Fermi level start tunneling through the barrier. Hence, this is also 

named as cold emission. 



    Ph.D Thesis      Chemistry                                    Chapter 1     October 2015   
	
  

Savitribai Phule Pune University  CSIR-National Chemical Laboratory 41	
  

As stated above, for the realization of a very high local electric field at the 

surface, the emitter should have a sharp apex radius of few Å. Additional 

practical concern is the necessity of ultrahigh vacuum conditions. The pre-

requisite of UHV conditions is also to withstand the emitter geometry by 

avoiding or reducing under reverse ion bombardment. The intense electric field 

is expected to cause ionization of residual gas molecules. Thus, the ions 

accelerated by such high potential difference also bombard the emitter surface 

and can result in surface erosion by sputtering. The material surface has to be 

robust to withstand this effect. 

In 1897, R. W. Wood observed the field emission phenomenon during some 

experiments on the discharge tube.91 Though, Wood was the first to notice field 

emission, Schottky tried to describe the mechanism of emission as the reduction 

of the barrier up to Fermi level.92 Moreover, according to Gosling the electron 

emission process is independent up to 1500 °K and hence he suggested that there 

might be quantum mechanical tunneling mechanism responsible for the 

emission.93 Later in 1928, Fowler-Nordheim expressed it by using modern 

quantum mechanical approach.94 In 1937, E. W. Muller used highly perfect 

emitter tips of different metallic emitters (tungsten, nickel, molybdenum and 

copper), which resulted in beautiful field emission patterns.95 Muller’s 

experiment was in good agreement with the Fowler- Nordheim theory.  

 

1.7.1.2 Fowler- Nordheim Theory (F-N Theory) 

Fowler and Nordheim, by using wave mechanical formulation of quantum 

mechanics, rationalized the basic process of field electron emission from metals. 

This theory explained the quantum mechanical tunneling of electrons through 

potential barrier in the existence of high electrostatic field. The F-N theory is 

founded on the assumptions such as; 

! Metal emitter is at absolute zero.  

! Free electron model is applicable for the metal.  

! The surface of the emitter surface is plane and smooth.  

! The potential barrier at the surface comprises of the image force potential 

and the potential representing the applied electric field.  

! The local work function is uniform across the emitter surface and is 

independent of the external applied electric field.  
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The process of field electron emission is shown in Figure 1.27. The figure 

represents the plot of 𝑉(𝑥) (electron’s potential energy) in eV against its 

distance 𝑥(Å) from the metal surface under the applied electric field, which is 

superimposed on the energy of electron in the conduction band. Assuming that 

the potential energy of electron ‘𝑉𝑝’ in a metal is constant, ‘𝜑’ gives a work 

function, ‘𝑒’ is electronic charge and the applied electric field strength is given 

by ‘𝐸’. 

In the metals, the potential energy 𝑉𝑝 is given by, 

 

𝑉   𝑥 =   𝑉𝑝                   For 𝑥   < 0 

 

                       and          𝑉 𝑥 = !!!

!!
− 𝑒𝐸𝑥        For 𝑥   > 0 

 

Where, !!
!

!!
 represents the image force potential and the applied elecric field 

potential is – 𝑒𝐸𝑥. 

 

	
  
Figure 1.27: Potential energy of an electron as a function of distance 𝑥. 

 

The Coulomb attraction between the emitted/ tunneled out electron and its image 

(its vacancy or hole created after electron emission) inside the metal surface is 

called as the image potential. It can be expressed by – 𝑒𝐸𝑥, which results in the 

deformation of the potential barrier.  
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The distortion / deformation of potential barrier is a result of the work done by 

the external electric field application. Therefore, the potential energy for 𝑥 > 0 

is given by: 

𝑉 𝑥 =
−𝑒!

4𝑥 − 𝑒𝐸𝑥 

The width of this deformed barrier is, 

        𝛿 =
𝜑
𝑒𝐸 

This width plays an important role in the mechanism of field emission.  

Although classically the kinetic energy to cross the barrier is insufficient, the 

electron can tunnel through the deformed potential as this width of potential 

barrier becomes comparable to the de-Broglie wavelength of electrons, which 

may result in the penetration of the wave function across the deformed potential 

barrier. This tunneling of electron is quantum mechanical phenomenon. By 

solving the Schrodinger equation for a simple triangular barrier, Fowler-

Nordheim described the field emission process. Since 1928, the theory was 

revised several times and is currently stated as “Fowler-Nordheim equation”, as 

derived by Murphy and Good.96 Fowler-Nordheim (F-N) equation demonstrates 

a correlation between electron emission current (𝐼), applied voltage (𝑉) and 

work function (𝜙) of the emitter and is represented as follows, 

 

𝐼 = 1.54  ×
10!! 𝛽!𝑉!𝐴

𝑡! 𝑦 𝜑 . 𝑒𝑥𝑝
−6.8×10!𝜑

!
!

𝛽  𝑉 𝑓 𝑦  

 

 Where, 𝑓 𝑦   and 𝑡 𝑦  are varying parameters as a function of the applied field.  

‘𝑦’ is given by, 

𝑦 =
1
𝜑 𝑒!𝐸 !/! 

The exponential factor (𝜑
!
!/  𝐸) in the F-N equation implies that a small change 

in work function can change the current density substantially.97-98 
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Normally, during the experiment, emission current (𝐼) is measured as a function 

of the applied potential (𝑉) between the anode and cathode. The current density 

𝐽 and local electric field (or surface field) 𝐸 are related and given by, 

𝐼 = 𝐽𝐴 

𝐸 = 𝛽𝑉 =   
𝑉
𝑘𝑟 

 

Where, 𝐴 is area of emitter in cm2, 𝛽 represents the field enhancement factor, 

which is determined from the emitter geometry, the tip radius is given by 𝑟 and 

𝑘 is geometrical factor appearing due to conical shrank of the tip. Usually, for 

metals 𝑘  is taken as ~ 5. 

The plot of log  (𝐼/𝑉!) versus (104/ 𝑉), called as F-N plot or F-N characteristic, 

investigates the F-N equation further. The linear F-N plot is typically observed 

for a metallic emitter. The slope of the F-N plot is given by, 

 

𝑚 = −
2.97  ×10!𝜑

!
!

𝛽   𝑠 𝑦  

Where, 

𝑠 𝑦 = 𝑓 𝑦 −
𝑦
2
𝑑𝑓 𝑦
𝑑𝑦  

 

𝜙, 𝛽 and 𝐴 are not dependent of 𝑉. If the image force is neglected, the function 

𝑠 𝑦   reaches unity and in turn 𝑚 will nearly be constant resulting in straight line 

F-N plots. For a given emitter, the work function can be calculated by using 

slope equation for known 𝛽 value (radius of emitter is useful to know 𝛽). Also, 

from the same slope equation 𝛽 can be estimated for the known work function 

value.  
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1.7.2 F-N Theory for Semiconductors 

The above F-N theory discussion is valid only for pure metallic emitters. For 

semiconducting emitters the theory turn out to be complex because of various 

aspects like effective electron mass, surface states, field penetration, n-type or p-

type doping, band structures etc. Stratton et al.99 explained the effect of field 

penetration and surface states of electron emission for the semiconducting 

materials and postulated that the surface states affecting field emission 

characteristics are temperature dependent. Baskin explained field emission from 

an n-type semiconductor.100 Modinos proposed briefly the theory of field 

emission from semiconductors.98 Recently; Forbes and Deane attempted revision 

of F-N theory101 and restructured the F-N theory. Forbes stated a revised 

arithmetical form for empirical field emission I-V characteristics.102  

 

In the previous sections, the need for energy and its conservation, storage and 

conservation have been discussed. Along with those sections some examples of 

classes of materials being used are also discussed. In the forthcoming section we 

present a brief discussion regarding polymers for diverse energy applications. 

 

1.8 Polymers 

Polymers occur since the existence of life. Shellac, horns, latex, amber, etc. are 

some of the examples of naturally existing polymers. J. J. Berzalius coined the 

term “polymer” in 1833. In 1920, Hermann Staudinger developed the concept 

and introduced the term “macromolecules”.  After that the field of polymer 

science evolved greatly and now polymers have occupied almost all branches of 

applications. Polymers have become the part of day-to-day life in the current era.  

These are the large molecules made up of the repeating units called as 

monomers. Unlike other organic molecules polymers shows diverse range of 

properties.  

Polymers can be tuned in various ways. Polymer properties103 can be altered or 

tuned by: 

∗ Selection of monomer 

∗ Monomer functionalization 

∗ Arrangement of monomers in copolymers 
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∗ Polymerization methods 

∗ Architecture of polymers (Figure 1.28) 

∗ Molecular weight or chain length of polymer 

∗ Post polymer functionalization 

Due to this diversity, polymers have gained special attention and applications in 

almost all fields. Figure 1.29 illustrates some of the areas of applications where 

the polymers are used. 

 

	
  
Figure 1.28: Variety of architectures of polymers 

(https://en.wikipedia.org/wiki/Polymer) 

 

 

	
  
Figure 1.29: Applications of polymers 

(http://www.swinburne.edu.au/engineering/cmp/images/research/crcpareas.jpg) 
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Polymers show applications in broad range as plastics for day-to-day life, high 

performance plastics, resins, thermosets, elastomers, coatings, etc. The 

application zone of the polymers is decided predominantly by their structure, 

which in turn decides chemical nature, physical properties, etc. Few examples 

are listed here: 1) polyethylene is used for packaging, bags etc. 2) Nylon 6 is 

high strength, tough polymer which finds applications in various sectors such as 

in automotive industry, in toothbrush, for formation of ropes, net etc. 3) Other 

class of polymer named as conjugated polymers have the advantage in 

optoelectronic devices. These polymers are semiconducting materials. 4) 

Another class: ionic liquid polymers are useful in batteries, fuel cell, etc. as they 

are capable of conducting ions. 

 

1.9 Polymers for Energy Applications 

Polymers can be considered as leading candidates for various energy 

applications because of their versatility in chemical and structural features. 

Polymers offer innumerable new prospects for the energy generation, storage 

and energy savings.  

	
  
Figure 1.30: Polymers for various energy applications 

 

Polymers have proved to be promising materials for such applications because of 

their intrinsic benefits like light weight, cost effective manufacture/fabrication, 

easy processing like solution processability, diverse scope for tuning their 
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properties (e.g., by processing, formulation, selection of monomers, molar mass, 

compositions, etc.).  

Additionally, new advanced and easy solutions for devices like flexible solar 

cells or batteries are possible because of polymers.104  

These characteristics of polymers are advantageous for the progress of device 

systems with qualities like high surface area, charge transport facilitation, and 

chemical functionalization according to respective device, etc. Figure 1.30 

shows the diversity of energy applications for polymers. 

 

1.9.1 Polymers in Solar Cells 

For various applications, polymers are being used starting from substrate to 

active materials. Potential of using various polymers lies in the synthesis 

methodologies, which opens up the sea of different structures to get desirable 

properties. As compared to inorganic materials (for e.g. silicon based materials), 

polymers are flexible, somewhat cost-effective, and easy to manufacture. 

a) Polymers as substrate: polyethylene terephthalate (PET) is used as a 

flexible substrate. Indium tin oxide (ITO) is coated on the PET as 

transparent conducting oxide. This ITO-coated PET becomes one of the 

electrodes for many devices. 

b) Polymers as sealant: light-curing polymers, thermal curing polymers, or 

photopolymerizable functional materials etc.105 are used as sealants for 

devices. eg. surlyn generally used for DSSC device sealing 

c) Polymers as active materials for bulk heterojunction solar cells (BHJ) or 

organic photovoltaics (OPV): A class of conjugated polymers, which 

absorbs in visible range, is used for the BHJ device as the photoactive 

material. The conjugation is responsible for visible absorption and hole 

transportation.  

d) Polymers as hole transport materials (HTM) in DSSC: generally they are 

not absorbing in visible range. These kinds of polymers are able to show 

good redox properties. These include some conjugates polymers, 

polyamides, polyazomethines, poly(1, 3, 4- oxadiazoles), etc.  

e) Polymers as sensitizer in DSSC: conjugated, photoactive polymers are 

used. Polymers like polythiophene derivatives, polytriaryl amine 

derivatives, etc have shown promising results.  
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1.9.2 Polymers in Energy Conservation 

a) Polymers as substrate: ITO-coated PET plays a role of one of the 

electrodes for many devices like OLEDs, flexible display systems. 

b) Polymers as hole transport materials (HTM) in OLEDs: They should 

have good redox properties. Polymers like poly triarylamine, 

polyfluorenes etc. are employed as hole transport materials in the OLED 

devices.   

c) Polymers as active materials: Solution processed, luminescent 

conjugated polymers such as PPV, polythiophenes etc. have been studied 

for the application of OLEDs and FETs. Polymers like polypyrrole, 

polyaniline, polythiophene and their composites, etc. have been explored 

for the filed emission studies.  

 

In the present thesis, for energy conversion (polymer as a sensitizer in DSSC) as 

well as conservation (phenazine based PPV for field emission), PPV derivatives 

that fall under the class of conjugated polymers have been studied.  

 

1.9.2.1 Conjugated Polymers 

The area of pi-conjugated polymers and their use in electronic devices began 

with the discovery of the polyacetylene-conducting polymer.106,107 These are 

organic macromolecules, which contains single-double bonds in an alternating 

way.  

 
Figure 1.31: Few representative examples of conjugated polymers 
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Due to overlapping of p-orbitals, π-electrons are delocalized. This delocalization 

is the cause of properties like absorption, electronic conductivity, etc. Theses 

polymers are semiconducting or insulating depending on their chemical 

composition, structure and doping. Conjugated polymeric systems are solution 

processible and hence find the potential applications in flexible electronics.108 

Conjugated polymers open up the field of flexible organic electronics.109 

The π-conjugated polymers are intrinsically conducting polymers. Figure 1.31 

illustrates representative structures of the conjugated polymers. The properties of 

the conjugated polymers are easy to tune by altering of the polymer backbone or 

the side groups. By tuning the chemical structure of the conjugated polymer, 

they can be explored for the range of applications such as OLEDs, solar cells, 

FETs, sensors, etc.110-117 Figure 1.32 depicts the application range of conjugated 

polymers at a glance. 

Polymers have the advantages such as film forming nature, mechanical strength 

and flexibility over the small molecules as well as inorganic materials.118 

Molecular weight, side chains, functional groups and the film formation methods 

collectively decides the behavior of the polymers in solution state to solid-state. 

As a result of this, polymers exhibits different morphologies, which in turn 

affects the device performance. 119 

 

	
  
Figure 1.32: Conjugated polymers: perspective 
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1.9.2.2 Band Theory for Conjugated Systems: 

The alternating single and double bond is the prerequisite for the conjugation.120 

The π electrons are delocalized and participate in the conduction mechanism. 

The band gap (Eg) for the conjugated polymers is the difference between highest 

occupied molecular orbital (HOMO) (valance band) and lowest unoccupied 

molecular orbital (LUMO) (conduction band) of the polymer. The difference 

between HOMO- LUMO depends on the monomer repeat unit number that is 

illustrated in Figure 1.33. 

 
 

	
  
Figure 1.33: Representation of the band gap modulation with the increasing 

number of repeating units. 

 

The hybridization states of the monomers decide the bandwidth of the monomer 

units, which is responsible for the degree of separation between HOMO and 

LUMO. The ground state is unstable and thus experiences Peierls distortion, 

which is the cause of bond length alteration. Furthermore, π bond splits into 

valance bond  (HOMO) and conduction band (LUMO). Thus, the conjugated 

materials acquire the semiconducting properties.121  
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1.9.2.3 Challenges in Conjugated Polymers 

Although the conjugated polymers find much superior advantages like 

flexibility, solution processability, etc. over the inorganic materials; they face 

some limitations/ disadvantages. 

∗ Tricky synthesis 

∗ Reproducibility 

∗ Attainment of high molecular weight 

∗ Problems in high temperature, UV stability 

The drawbacks mentioned above are the downsides of conducting polymers with 

respect to semiconducting inorganic materials. They need to be improved in all 

aspects. 

 

1.9.3 Poly (p-phenylene vinylene) (PPV) 

The conducting polymer, poly(phenylene vinylene) is a class of oldest 

conjugated polymer having phenylene and vinylene alternate units connected 

together. An ordered crystalline film has been processed from this polymer. This 

is also called as rigid rod like polymer. PPV is the most studied material for 

basic photophysics of conjugated polymers due to their extended conjugation, 

good stability, structural simplicity, and band gap that falls in the visible 

range.122  

 

History of PPV: 

In the area of polymer electronics, PPV has been the most studied class of 

conjugated polymer. PPV was reported as the first electroluminescent polymer. 

In 1990, electroluminescence of yellow-green color was shown using PPV.123 

The first ever demonstration of bulk heterojunction solar cell (BHJ) was 

displayed in 1995 using blend of poly[2- methoxy-5-(2-ethylhexyloxy)p-

phenylene vinylene] (MEH-PPV) and fullerene derivative.124 Sulfonated PPV 

was reported as the first conjugated polyelectrolytes and explored for the 

fluorescent sensors.125 Optically pumped polymer lasers were demonstrated in 

1996 for the first time by using derivatives of PPV.126   
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Figure 1.34: Basic structure of PPV 

 

1.9.3.1 Synthesis Routes for PPV 

Unsubstituted PPV is insoluble material, which is hard to process. To overcome 

this drawback, new derivatives with new synthetic protocols have been 

proposed.  Perepichka et al reviewed the advances and challenges in PPVs.127 

 

Various methods of synthesis of PPVs have been explored and are listed below: 

" P-Quinodimethane Intermediates used for polymerizations: 

! The Gilch Route:  

 

	
  
Figure 1.35:  Gilch polymerization approach. (Reproduced and reprinted by the 

permission from the reference 127: Isr. J. Chem. 2014, 54, 674 – 688) 

	
  
Figure 1.35 represents the Gilch polymerization approach. In 1965, Gilch and 

Wheelwright at Union Carbide developed the method for PPV using a strong 

base only. Gilch route proved to be economical for industrial scale synthesis of 

PPV.  

! Wessling Precursor Route: In 1996, Wessling and Zimmerman 

demonstrated use of sulfonium groups for substitution of chlorine on 

p-xylene precursor. This was followed by addition of base to yield 

poly-p-xylylene precursor that is sulfonium-substituted and heating 

this precursor formed PPV. 

  

n

piperidine N-oxyl (TEMPO), butylated hydroxytoluene
(BHT)), have been applied to control gelation by reduc-
ing molecular weight; however, they also cause a signifi-
cant reduction in yield.[61] More recently, CBr4 has been
used as a chain-transfer agent to control molecular
weight and produce bromine-functionalized telechelic
PPV derivatives suitable for use as atom-transfer radical
polymerization (ATRP) macroinitiators in the synthesis
of block copolymers.[62]

Polar aprotic solvents and strong bases favor anionic
chain growth. Although originally recognized as a side re-
action producing oligomeric material during radical poly-
merization,[63] recent work has demonstrated that purely
anionic polymerization can be initiated by severely hin-
dered bases, such as lithium 1,1,1,3,3,3-hexamethyldisila-
zide (LiHMDS), and can produce molecular weights in
excess of 50 kD.[60] Although the polymerization is not
fully living, such conditions can still produce relatively
low PDIs (<1.5).

Regioregular head-to-tail coupling of the precursor is
necessary to produce high-quality PPV. Head-to-head and
tail-to-tail coupling leads to the formation of conjugation-
disrupting tolane-bisbenzyl 15[64] and reactive substituted
vinyl 16[65] defects (Scheme 2). When conditions are

chosen to favor radical polymerization, some regioirregu-
larity in the precursor is unavoidable. Regioregularity can
be greatly improved by using polarizing substituents to
encourage selective deprotonation of one methylene posi-
tion.[66] Regioregular PPV can also be prepared by anion-
ic polymerizations from asymmetrically substituted a-al-
kylsulfoxide-a’-chloro-p-xylene pre-monomers.[66b,67]

2.1.1 The Gilch Route

The first quinodimethane polymerization of PPV was de-
veloped by Gilch and Wheelwright at Union Carbide in
1965,[59] and employed a,a’-dichloro-p-xylene 17 as a pre-

monomer. Upon treatment with strong base, the pre-mo-
nomer undergoes 1,6-elimination of HCl to form an a-
chloro-p-quinodimethane, which polymerizes radically to
produce poly(a-chloro-p-xylylene) 18 (Scheme 3).[68] In

the presence of excess base, precursor 18 is converted to
high-molecular weight PPV 1 by simple E2 elimination
(Scheme 3). Polymerization proceeds rapidly with fewer
defects and lower PDI at reduced temperatures, as low as
!78 8C, but subsequent elimination proceeds slowly with-
out heating.[69]

The Gilch route provides an economical means of syn-
thesizing very high molecular weight PPV at an industrial
scale; however, without solubilizing substituents, the re-
sulting material is completely insoluble and infusible. As
such, it is primarily used in the production of soluble
polymers, such as MEH-PPV and MDMO-PPV (3). One
“negative phenomenon” in the Gilch route, known for
a long time, is gel formation during the polymerization
process; the nature of such gelation has been recently dis-
cussed.[70]

When only one equivalent of base is used, the saturat-
ed, and therefore soluble, chlorine-substituted precursor
polymer 18 can be isolated and thermally eliminated to
PPV after device fabrication.[59] However, the HCl re-
leased during elimination has been found to degrade ITO
transparent electrodes, leading to inefficient OLED devi-
ces.

2.1.2 Wessling Precursor Route

The predominant method of producing an isolable PPV
precursor was developed by Wessling and Zimmerman
for Dow Chemicals in 1966.[71] It relied on a pre-monomer
in which the two chlorine atoms of 17 were substituted by
sulfonium groups (19). Base-driven polymerization of this
compound yielded a sulfonium-substituted poly-p-xyly-
lene precursor 20 that was soluble in water and alcohols.
Heating this precursor drives elimination of hydrogen
chloride and dialkylsulfide from the polymer, converting
it into PPV (Scheme 4).[71] However, HCl released during
this process will degrade ITO substrates, necessitating
more complex device design to maintain efficiency.[72] The
presence of a strong leaving group on the precursor mate-
rial also makes it prone to degradation by nucleophilic
solvents.

Scheme 2. Tolane-bisbenzyl and chlorovinyl defect formation in
PPV following head-to-head and tail-to-tail couplings.

Scheme 3. Gilch polymerization route.

Isr. J. Chem. 2014, 54, 674 – 688 ! 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 679

Review
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! Chemical Vapor Deposition  

 

	
  
Figure 1.36: Chemical vapor deposition for synthesis of PPV. (Reproduces and 

reprinted by the permission from the reference 127: Isr. J. Chem. 2014, 54, 674 

– 688) 

	
  
The chemical vapor deposition mechanism for PPV synthesis is shown in Figure 

1.36. The precursor film was obtained by CVD method, which is then followed 

by heating to get PPV. 

 

" Olefin Metathesis Polymerizations: 

This type of polymerization provides the route for high molecular weight 

PPVs. 

 

• Ring-Opening Metathesis Polymerization (ROMP): In 1992, direct 

PPBV synthesis from ROMP was shown using paracyclophanediene.  

 

• Acyclic Diene Metathesis (ADMET) Polycondensation: By using this 

strategy, all-trans PPV has obtained.   

 

2.1.3 Improved Precursor Methods

Several improvements to the Wessling method were re-
ported using different leaving groups. Xanthate mono-
mers 21 provide a nonionic route to PPV,[73] allowing the
precursor material to be handled in organic solvents and
alleviating the degradation of ITO substrates by HCl
during elimination. The use of dithiocarbamates 22 in
place of xanthates produces precursor polymers of signifi-
cantly reduced PDI, and enables elimination at tempera-
tures below 100 8C, to afford high-molecular-weight PPVs
(Mw up to 1,000 kDa).[74] High-molecular-weight (Mw =
113–248 kDa), water-soluble PPVs have also been ob-
tained by this route.[75]

Substitution of one of the two chlorines of 17 with sulfi-
nyl or sulfonyl group has been used to create polarized
pre-monomers 23 and 24 (Figure 6).[76] These compounds

undergo selective deprotonation at the sulfur-substituted
methyl position, enabling greater control of the subse-
quent polymerization. Polymerization of these com-
pounds, particularly under anionic conditions, can pro-
duce regioregularly substituted PPV that also contains
significantly fewer defects from regioirregular cou-
pling.[66b] More recently, partially living growth of precur-
sors has been demonstrated using sulfinyl-substituted
monomers.[77]

2.1.4 Chemical Vapor Deposition

PPV precursor films can also be formed by chemical
vapor deposition (CVD) of substituted p-quinodime-
thanes, which are generated by thermal cracking of a suit-
able pre-monomer in the gas phase at high temperatures.
Despite sharing identical active monomers, these precur-
sor polymers are distinct from their solution-synthesized
cousins, both in their ability to form highly uniform con-
formal coatings[78] and in the fact that they are completely
infusible and insoluble due to the presence of cross-links
between the polymer chains.[79]

PPV synthesis by CVD was first demonstrated using
1,9-dichloro[2.2]-paracyclophane 25 in 1991
(Scheme 5),[80] then using more synthetically accessible

a,a’-dichloro-p-xylene in 1994 (26 ; X=Cl, Y=H).[81]

Later research demonstrated that the use a,a-dihalo-p-xy-
lenes produced films containing fewer saturated defects
(26 ; X=H, Y=Cl). Poor device performance, however,
remains a problem due to degradation of the ITO sub-
strates by HCl liberated during the process.[82] Recent
work has shown that the conjugation length of PPV pre-
pared by CVD depends strongly on the conditions of syn-
thesis (sublimation and pyrolysis temperatures, the sub-
strate used for deposition).[83] Thus, lowering the tempera-
tures of deposition produces more conjugated material-
s.[83a]

2.2 Olefin Metathesis Polymerizations

Metathesis polymerization offered the first catalytic
method of preparing high-molecular-weight PPV precur-
sors, and subsequently was adapted to produce PPV di-
rectly. Polymers produced by this method are not expect-
ed to contain any saturated defects, although the stereo-
chemistry (cis/trans) of the vinyl bonds is strongly depen-
dent on the catalyst used.

Unlike the p-quinodimenthane-based methods (see
Section 2.1), no strong acids or bases are employed or

Figure 6. Sulfinyl, sulfonyl, xanthate, and dithiocarbamate pre-
monomers.

Scheme 5. Chemical vapor deposition of PPV.

Scheme 4. Wessling polymerization route.

Isr. J. Chem. 2014, 54, 674 – 688 ! 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 680
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Figure 1.37: Olefin metathesis polymerizations for synthesis of PPV. 

	
  
" Nucleophilic poly-condensations reactions 

! Wittig-type polycondensations 

! Knoevenagel polycondensation 

! Siegrist polycondensation 

 

Figure 1.38 shows Wittig type polymerization methods for synthesis of PPV. 

These nucleophilic polycondensation reactions are base promoted reactions. In 

Wittig type reactions and Knoevenagel polymerizations, potassium t-butoxide is 

preferably used while in Siegrist Polycondensation strong base such as n-butyl 

lithium is used.  

 

	
  
Figure 1.38: Wittig type polymerization methods for synthesis of PPV. 
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! Suzuki polycondensation 

! Stille polycondensation 

 

Metal catalyzed carbon-carbon coupling reactions have attracted attention of 

researchers over the past few decades.128 Especially, palladium catalyzed C-

C bond formation reactions are interesting for the synthesis of PPV and other 

conjugated polymers. Figure 1.39 depicts routes for metal catalyzed 

reactions to synthesize PPV. 

 

	
  
Figure 1.39: Palladium catalyzed reactions for synthesis of PPV. 

 

1.9.3.2 Properties of PPV 

Most of the properties of PPVs are in-between properties of polyacetylenes and 

polyphenylenes (PPP). They are chemically more stable than polyacetylenes. 

The bad gap of many PPV derivatives lies in the range of 2.4–2.5 eV.129 PPVs 

are more flexible structurally than PPPs. The flexible structure is attributed to 

conformational disorder. Furthermore the optical properties of PPV derivatives 

are considerably influenced by conformational factors. eg. PPV shows 

solvatochromism.130 Good solvents lead to extended chain conformations 

resulting into red shifted absorbance while poor solvents lead to coiling of 

chains showing blue shift.131 They are soluble in many organic solvents and 

hence are the potential candidates for the solution-processed devices. PPVs are 

n
PPV

Pd0

Pd0

Pd0

B(OH)2

B(OH)2

Mizoroki-Heck

polymerization

Br

Br

Suzuki polymerization

X

X

X

X

(Bu)3Sn

Sn(Bu)3

Stille polymerization



    Ph.D Thesis      Chemistry                                    Chapter 1     October 2015   
	
  

Savitribai Phule Pune University  CSIR-National Chemical Laboratory 57	
  

intrinsically low conducting. They show increased conductivity upon doping. 

Employing various electron donating and withdrawing groups during synthesis 

can tune the electrical, physical and optical properties of PPVs. Table 1.3 shows 

various derivatives of PPV, which have been synthesized and used for several 

applications. 

 

Table 1.3: Derivatives of PPV used for various applications 
 

No Polymer (PPV) Application Reference 

1. 

 

FET 132 

2. 

 

OFET 133 

3. 

  

Synthesis 

methodology 

134 

 

4.  

 

FRET 135 

5. 

 

OPV 136 

6. 

 

OLED 137 

Currently, the most effective approach to obtain high electron
mobilities in polymers, especially under ambient conditions, is to
introduce electron-withdrawing groups to lower their LUMO
levels.20

Herein, we try to tackle these problems in traditional PPVs by
synthesizing a novel PPV derivative, a benzodifurandione-based
PPV (BDPPV) (Figure 1c). First, strong electron-withdrawing
carbonyl groups are introduced on the double bonds of PPV to
lower its LUMO level. Second, the carbonyl groups can form
intramolecular hydrogen bonds to prevent the conformational
transformation of the double bonds, affording a giant “locked”
aromatic plane. The enlarged aromatic backbone of BDPPVmay
also contribute to the overlaps of intermolecular frontier orbitals,
thus facilitating interchain transport. Third, 4-octadecyldocosyl
groups are used as side chains because we have demonstrated
that a more distant branching point of side chains can enhance
interchain π−π stacking and thereby improve carrier mobilities.21

Using BDPPV as an active layer, FETs with electron mobilities
up to 1.1 cm2 V−1 s−1 are obtained under ambient conditions,
4 orders of magnitude higher than those of other PPVs! To our
knowledge, this result is among the highest in n-type polymer
FETs, andBDPPV represents the first polymer that can transport
electrons over 1 cm2 V−1 s−1 under ambient conditions.22

Scheme 1 illustrates the synthetic route to polymer BDPPV.
The synthesis started from the alkylation of commercially

available 6-bromoisatin (1), giving 3 in 80% yield. 2,2′-(2,5-
Dihydroxy-1,4-phenylene)diacetic acid (4) was synthesized from
1,4-benzoquinone in over 10-g scale.23 4 was subjected to a
dehydration reaction using acetic anhydride to afford dilactone 5.
Lithium 2,2,6,6-tetramethylpiperidine (LTMP) was used to
generate intermediate 6 and react with 3, providing the desired
benzodifurandione-based oligo(p-phenylene vinylene)
(BDOPV) in moderate yield. A Stille coupling polymerization
between BDOPV and (E)-1,2-bis(tributylstannyl)ethene gave
polymer BDPPV in 83% yield. The molecular weight of BDPPV
was evaluated by high temperature gel permeation chromatog-
raphy at 140 °C using 1,2,4-tricholorobenzene as the eluent.
The polymer displayed a high molecular weight with an Mn of
37.6 kDa and a PDI of 2.38. The large PDI of BDPPV may be
caused by its strong aggregation tendency. The polymer showed

excellent thermal stability with a decomposition temperature
over 390 °C.
Figure 2 compares the 1H NMR spectra of compounds 3, 5,

and BDOPV. After the basic condensation reaction, the signal
of Ha of compound 3 obviously shifted from 7.46 to 8.92 ppm
(Hh in BDOPV). The signal of methylene (Hf) in reactant 5
disappeared, and another signal of He on the benzene ring
significantly shifted from 7.07 to 9.09 ppm (Ha in BDOPV). The
1H NMR spectrum of BDOPV clearly displayed four signals in
the aromatic region, agreeing well with its chemical structure and
chemical environment. The optimized structure of BDOPV
displayed an almost planar backbone with small dihedral angles
of ∼7.6° (Figure 2d). The C−Ha−O and C−Hb−O angles are
approximately linear, and the C−Obond distances (ca. 2.8 Å) are
shorter than the combined van der Waals radii (3.3 Å).24 These
results indicate that four intramolecular hydrogen bonds are
formed,25 which may contribute to the planarity and shape
persistency of BDOPV.
Under UV light irradiation (365 nm), the double bonds in

PPVs usually undergo a trans to cis conformational change.18

Figure S3 displays the spectral change of a commercially available
model compound 1,4-bis((E)-2-methylstyryl)benzene under
UV irradiation. Clearly, the compound showed decreased long-
wavelength and increased short-wavelength absorption, indicat-
ing a conformational change from trans to cis occurred under UV
irradiation. In contrast, BDOPV showed no spectral change
under UV or visible light irradiation, which may be largely due to
its “locked skeleton”. More importantly, both the solution and
the film of polymer BDPPV showed excellent stability under UV
or visible light exposure. Although one-third of the double bonds
in BDPPV are not locked by intramolecular hydrogen bonds,
a conformational change in BDPPV was not observed. This
phenomenonmight be attributed to the largely conjugatedBDOPV
core, which has a strong tendency to undergo intermolecular
stacking, thus creating a large steric hindrance to prevent the double
bond from adopting a cis-conformation in BDPPV.
The absorption spectra of BDOPV in solution and polymer

BDPPV in solution, thin film, and annealed film are shown in

Scheme 1. Synthetic Approach to Polymer BDPPVa

aReagents and conditions: (a) K2CO3, THF/DMF, 50 °C, 80%; (b)
Ac2O, toluene, 100 °C, 94%; (c) LTMP, THF, −78 °C, 30 min; (d) 3,
THF, 0 °C, 2 h, two steps, 67%; (e) (E)-1,2-bis(tributylstannyl)-
ethene, Pd2(dba)3, P(o-tol)3, chlorobenzene, microwave, 83%.

Figure 2. 1H NMR spectra of (a) 3, (b) 5, and (c) BDOPV in CDCl3
(*: solvent peak). (d) The optimized molecular structure of BDOPV
(B3LYP/6-311+G(d,p)).
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conjugation length.30 For interchain transport, shape-persistent
polymer backbones and well-ordered backbone conformations
are anticipated because they could provide better π−π
interactions and ordered polymer packing.31 Recently,
benzodifurandione-based oligo(p-phenylene vinylene)
(BDOPV) was developed for ambipolar and n-type polymer
FETs (Figure 1).32−34 BDOPV is an electron-deficient building
block, which can be regarded as a derivative of oligo(p-
phenylene vinylene) (OPV). It has four electron-withdrawing
carbonyl groups and a low LUMO level of −4.24 eV,
significantly lower than those of many electron-deficient
building blocks (Figure 1). In addition, these carbonyl groups
form four intramolecular hydrogen bonds with the neighboring
phenyl protons, making BDOPV planar and shape-persistent.
Using BDOPV as building block, we prepared benzodifur-
andione-based poly(p-phenylene vinylene) (BDPPV) (Figure
2).32 This polymer has high electron mobilities up to 1.1 cm2

V−1 s−1, because it overcomes common defects in poly(p-
phenylene vinylene) derivatives (PPVs), such as conforma-
tional disorder (freely rotating double-bonds), weak interchain
interaction, and high LUMO level.32 Nonetheless, only two-
third of the double bonds in this polymer are “locked” by
intramolecular hydrogen bonds, thus the polymer backbone

still undergoes conformational disorder in solid state. More-
over, although this polymer exhibited outstanding stability in n-
type polymer FETs, its device performance still deteriorates
under ambient conditions.
Herein, we attempt to “lock” the remaining one-third of the

double bonds in BDPPV by introducing fluorine atoms to form
more intramolecular hydrogen bonds (Figure 2). We first
synthesized two new building blocks, FBDOPV-1 and
FBDOPV-2, with fluorine atoms at different positions of
BDOPV. Both of them have perhaps the lowest LUMO levels
(down to −4.38 eV) in polymer building blocks reported to
date. Then they were used to prepare two new PPV derivatives,
FBDPPV-1 and FBDPPV-2 (Figure 2).18 Fluorine atoms can
lower the LUMO levels and fully “lock” the conformations of
polymer backbones through intramolecular hydrogen bonds.
High-performance n-type FETs based on these two polymers
were fabricated. To our delight, FBDPPV-1 exhibits electron
mobilities up to 1.70 cm2 V−1 s−1 under ambient conditions,
which is among the highest in n-type conjugated polymers and
is also a new record for ambient-stable n-type polymer
FETs.8,18,19 Both polymers have improved stability under
ambient conditions due to their low-lying LUMO levels. In
addition, when the fluorine atoms are substituted in different
positions of the polymer backbone, different conformations are
created, which eventually leads to different device performance.

■ RESULTS AND DISCUSSION
Design Strategy and Synthesis. Construction of donor−

acceptor polymers can achieve high carrier mobilities.1,4

Nonetheless, we did not use this strategy in the design of a
“pure” n-type transporting system, because this strategy usually
increases the highest occupied molecular orbital (HOMO)
levels of conjugated polymers, resulting in hole injection, low
on/off ratio, or ambipolar transport.33,34 Moreover, electron-
rich donors also increase the LUMO levels of conjugated
polymers, thus making the electron transport more susceptible
to oxygen and moisture.35 Alternatively, a double bond was
used to link the BDOPV units due to its weak electron-
donating property. Furthermore, we and other groups have
demonstrated that carrier mobilities of conjugated polymers
could be significantly increased by using farther branched alkyl
chains.11,15,36,37 Thus, long and farther branched 4-octadecyl-
docosyl groups were used as polymer side chains to guarantee
both better interchain interactions and good solubility. To
understand how fluorination influences the conjugated
polymers, we prepared two similar polymers with different
fluorinated positions (Figure 2).
Scheme 1 illustrates the synthetic route to FBDPPV-1 and

FBDPPV-2. The synthesis of fluorinated BDOPV started from
the construction of fluorinated 6-bromoisatin. 6-Bromo-7-
fluoroisatin (1) was synthesized according to our previous
report.29 6-Bromo-5-fluoroisatin (7) was synthesized from
commercially available 3-bromo-4-fluoroaniline by the con-
densation reaction of chloral hydrate and hydroxylamine
hydrochloride, followed by catalyzed cyclization using sulfuric
acid. Both fluorinated isatins (1 and 7) were then alkylated with
19-(3-iodopropyl)heptatriacontane (2) in the presence of
K2CO3, and both compounds 3 and 8 were obtained in good
yields. FBDOPV-1 or FBDOPV-2 were readily obtained with
67% or 78% yield by using a simple acidic condensation
condition between 3 or 8 and 2,2′-(2,5-dihydroxy-1,4-
phenylene)diacetic acid (9), respectively.33 Microwave-assisted
Stil le coupling polymerizations using (E)-1,2-bis-

Figure 1. Chemical structures and HOMO/LUMO levels of several
electron-deficient building blocks used for high-performance polymer
FETs.4

Figure 2. Design strategy of fully “conformation locked” PPV-based
conjugated polymers, FBDPPV-1 and FBDPPV-2.
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The application of polymeric semiconductors to organic light
emitting diodes,1 field-effect transistors,2 and photovoltaic cells3

requires both p- and n-type materials. Although p-type polymers
are readily available,4 stable n-type polymers remain largely
elusive.5 Access to conjugated high electron affinity polymers
remains a critical challenge within the field of polymer synthesis.
One of the most successful strategies has been the construction of
poly(phenylene vinylenes) (PPVs) containing cyano-substituted
olefins via a polymeric Knoevenagel condensation.1,6 The cyano
substituents greatly increase the electron affinity, while allowing
for the tuning of the polymer properties via variation of the aryl
rings.

Despite the utility of the Knoevenagel polymerization, the
technique cannot be adapted to form dicyano-PPVs (PPCN2Vs).
Such polymers would have even greater electron affinities than the
monocyano variants, but no syntheses of such systems have been
described. Here we report a new polymerization technique, which
provides access to PPCN2V polymers. The procedure affords higher
molecular weights than the Knoevenagel polymerization and
requires only a single starting material. The resulting polymers are
highly photostable, easily reduced, and soluble in organic solvents.

The oxidative dimerization of phenyl acetonitrile using an
alkoxide base and iodine was first communicated in 18927 and has
found recent use in materials chemistry.8 It had not, however, been
explored in the synthesis of polymeric systems. Monomer 19 was
chosen to test the polymerization technique based on the prevalence
of MEH-PPV. We found that the addition of 4 equiv of potassium
tert-butoxide to 1 at reduced temperature, followed by the gradual
addition of iodine, with concurrent warming, resulted in efficient
formation of P1 (Scheme 1). As expected cyclic voltammetry of
P1 demonstrated that it possessed a smaller reduction potential than
that of the CN-MEH-PPV polymer derived from condensation
polymerization.10

Additional monomers were also found to be compatible with
this polymerization technique (Scheme 1).11 Based on the interest

in poly-3-hexylthiophene (P3HT) in materials science,12 the cor-
responding PPCN2V P2 was generated, which also demonstrated
that heterocycles are well tolerated by this polymerization technique.
The low quantum yield of P2 is consistent with the weak
fluorescence of a related monocyano variant.13 P2 showed negative
solvatochromism and displayed modestly higher quantum yields
in nonpolar solvents,14 which possibly supports the existence of a
charge transfer deactivation of the excited state. Less electron-rich
systems, relative to P1, also appear viable as shown by the synthesis
of P3. In all cases the polymers were free of side products as
determined by NMR and elemental analysis.15

There are many potential pathways that this polymerization could
be proceeding through (Scheme 2). Path A is distinguished from
other pathways by the absence of a saturated intermediate during
polymerization. By using fewer equivalents of base/oxidant, we
were able to test for the existence of a saturated intermediate and
in fact a copolymer featuring both saturated and unsaturated repeat
units was observed. This polymer can be converted to its fully
oxidized form (P3) by re-exposure to the polymerization conditions.

Thus, it seems reasonable to conclude that Path A is not operating
in this polymerization.16 If Path B is the predominant mechanism
then meta-substituted aromatic systems are unlikely to polymerize
efficiently. In comparison, in an SN2 pathway (Path C) as well as
a carbene pathway (Path A) the geometric relationship between
the acetonitrile substituents is irrelevant and meta-systems should
behave similarly to the para-systems; this was not observed to be
the case (Scheme 3). Thus, it would appear that the reaction likely
proceeds most favorably through a quinoidal intermediate as with
the Gilch polymerization.17

Scheme 1

Scheme 2

Scheme 3
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Aldehyde-Functionalized, Water-Soluble Poly(para-phenylene): Synthesis and Streptavidin Assay Using FRET Kwak et al.
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Scheme 1. Synthesis of monomer and polymer.

prepared by the reaction with 2,5-dibromohydroquinone
and 1,4-butane sultone in ethanol. Water-soluble polymer
was prepared via the Suzuki coupling reaction. At the
initial stage of polymerization reaction, 2 and benzene-
1,4-diboronic acid were reacted in the presence of palla-
dium catalyst at 85 !C in DMF. After 48 hr, end-capping
reaction was undertaken by adding 4-bromobenzaldehyde
with additional small amount of palladium catalyst. Due
to the presence of the sulfonate side chains in the polymer,
synthesized PPP-SO3-CHO showed excellent solubility
in water but poor solubility in common organic solvent
such as chloroform. The chemical structures of the poly-
mer were confirmed by 1H-NMR, and 13C-NMR spectra.
The polymer gave broad signals in the 1H-NMR spectra
(Fig. 1). It was impossible to confirm the existence of alde-
hyde groups at the ends of PPP-SO3-CHO by 1H NMR as
shown in Figure 1(a), presumably due to the large molec-
ular weight of the polymer found to be 18,000 by GPC
measurement.
Imines are formed in a reversible, acid-catalyzed pro-

cess that begins with nucleophilic addition of the pri-
mary amine to the carbonyl group, followed by transfer
of a proton from nitrogen to oxygen to yield a neutral
amino alcohol, or carbinolamine.18 PPP-SO3-Biotin was
prepared via the reaction with 20 mg of PPP-SO3-CHO
and 0.1 equivalent of biotin hydrazide (1.1 mg) in dis-
tilled water (Scheme 2). The resultant solution was dia-
lyzed using a membrane with MWCO 12400. After the
dialysis, the polymer gave broad signals in the 1H-NMR
spectra Figure 1(b), not exhibiting considerable chemical
shifts upon biotinylation reaction to produce PPP-SO3-
Biotin.
We studied PPP-SO3-Biotin for streptavidin sensing via

FRET effect. Figures 2(a and b) show the absorption and
emission spectra of the prepared PPP-SO3-Biotin, found
to be 338 nm of absorption maximum and 416 nm of
emission maximum. Figures 2(c and d) show the absorp-
tion and emission spectra of the fluorescein sodium salt

(a)

(b)

Fig. 1. 1H NMR spectra of (a) PPP-SO3-CHO and (b) PPP-SO3-
Biotin (The peak at 4.82 ppm is assigned to the solvent).

(482 nm for absorption maximum and 515 nm for emis-
sion maximum). The emission spectrum of PPP-SO3-
Biotin is located in close proximity to absorption spectrum
of fluorescein sodium salt and therefore more efficient
FRET from PPP-SO3-Biotin to fluorescein sodium salt
is expected. As the emission spectrum of polymer over-
laps the absorption spectrum of fluorescein sodium salt in
water, FRET should be expected between these molecules
as shown in Figure 2.
It is well-known the strong binding interaction

between biotin and streptavidin which is used widespread
in bioanalytical application.19 To demonstrate FRET,
coupling test was conducted with PPP-SO3-Biotin and
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Scheme 2. Polymer-biotin coupling reaction.
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that the radical polymerization mechanism leads to the high
molecular weight fraction and the anionicmechanism results
in low molecular weight fractions.36

In case of the radical mechanism, the initiator is formed
when two p-quinodimethane systems combine and a diradi-
cal originates. For the anionic mechanism a nucleophile has
to be present as an initiator, it is possible that the base
interacts as such a nucleophile or that the anionic intermedi-
ate toward the p-quinodimethane system takes up that role.36

To prove that two different polymerization mechanisms
are present, two additional experiments have been done.37 In
a first experiment, 0.5 equiv of 2,2,6,6-tetramethylpiperi-
dine-1-oxyl (TEMPO) has been added to a typical reaction
mixture (Figure 2).38 Here, the molecular weight has been
reduced significantly (Mw, 28 ! 103; PD, 6.4). This is an
indication that the high molecular weights originate from a
radical polymerization mechanism, which in this experiment
is suppressed by the radical inhibitor, TEMPO.To verify this
observation, a reversed addition, meaning that themonomer
is added dropwise to a solution of the base, has been done
(Figure 4). Such an addition should favor the anionic
polymerization.39,40 The experiment confirms this hypothesis,

the molecular weight dropped extremely (Mw, 5.5! 103;
PD, 3.1).

The second base which has been used is the sodium
equivalent of LHMDS, NaHMDS (Table 3 and Figure 3).
Its base strength is conditioned by the basicity or the pKa of
the parent amine, hexamethyldisilazide. Even so, the results
for these polymerizations differ significantly. Also high
molecular weights have been reached. But now, all polymer-
izations have more or less the same bimodal distribution.
Another advantage of the change of base is the fact that the
yield rises until 52% (average of the four experiments).

To complete the sequence lithium-sodium-potassium,
also the effect of KHMDS as a base has been tested. Here a
monomodal distribution with lower molecular weights (Mw,
14!103, PD, 3.2) has been achieved, but the yield rises until
64% (Figure 4).

When we compare the three sterically hindered hexam-
ethyldisilazane bases, the yield goes up through the sequence
Li-Na-K. A second phenomenon that can be recognized
concerns the molecular weight distribution. The larger the
counterion (Li<Na<K), the more low molecular weight
fractions are formed, so the anionic polymerization mecha-
nism is in favor. A possible explanation can relate the results
with differences in solvatation of the cation. The polymer-
izations are performed in THF, which is a solvent with a low
dielectric constant (ε=7.58)41 and, therefore, a weakly
dissociating solvent. In such a solvent the nucleophilicity of
anions depends on the electrostatic attraction of the cat-
ion-anion pair and therefore the charge density on the
cation. The larger the cation, the lower the charge density
and the more the cation-anion pair will be separated. So the
probability of any nucleophile to act as an anionic initiator
increases.

Finally, sodium tert-butoxide has also been tested as a
base. Its base strength is lower than LHMDS. This also leads

Scheme 2. Synthetic Pathway toward BOP-PTVa

aKey: (i) 1. n-BuLi, 2. triisopropylborate; (ii) Pd(PPh3)4, KF, toluene/H2O; (iii) CH2O,HCl, Ac2O; (iv) NaSC(S)NEt2 3 3H2O,MeOH; (v)NaHMDS,
THF; (vi) ΔΤ.

Table 2. Polymerization Results for the Precursor Polymer after
Polymerization with LHMDS

entry Mw (103) PD yield (%)

1 69 6.5 34
2 241 3.2 43
3 64 2.3 38
4 66 6.4 36
5 115 4.7 39
6 156 3 44
7 56 5.5 42
8 96 2.5 35
9 53 5.1 43
10 83 2 30
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Abstract –– (BEHP - PPV) - co - (MEH - PPV) is a highly 
soluble copolymer, more stable to photo-oxidation process than 
other phenyl – substituted PPV  derivatives, which is 
appropriate to use as the active layer in organic - based ligth 
emitting devices (OLEDs). In this paper we present optical 
properties such as the refractive index, n, the extinction 
coefficient, k, and the optical gap between HOMO and LUMO 
levels of these polymer films, determined by absorption and 
photoluminescence measurements. We also show the J – V 
characteristics of single - layer diode structures and their 
relation with the injecting electrodes. It was also studied etch 
properties of the film looking for compatibility with 
photolithographic processes. 

Keywords –– Polymers, (BEHP - PPV) – co - (MEH - PPV), 
OLEDs, injecting electrodes, carrier tunneling. 

 

I. INTRODUCTION 

Nowadays the research in organic copolymers presents 
an important progress since the discovery that conjugated 
polymers poli (para - phenylenevinylene), PPV, could be 
used as the active layer in electroluminescent devices [1]. 
PPV and its derivatives are still the most popular class of 
conjugated polymers used in the fabrication of light emitting 
diodes due to their excellent luminescent and mechanical 
properties. The organic polymers have the distinctive 
advantage that they can be easily processed at ambient 
pressure and room temperature by spin coating, dip coating 
or rolling, so that the manufacturing cost of organic light 
emitting devices (OLEDs) can be considerably reduced. 
Despite these advantages, unsubstituted PPV is insoluble 
and intractable. Some high molecular weight PPV 
derivatives are also difficult to dilute in common solvents. 
Another negative property of some PPV derivatives is their 
sensitivity to air and light, consequently, the semiconductor 
in OLEDs tends to oxidize easily and to have shorter 
lifetime. For these reasons is necessary the development and 
characterization of new materials with better properties in 
order to overcome these disadvantages.  

In this work we report the optical, electrical and etching 
properties of (BEHP - PPV) - co - (MEH - PPV) which is a 
conjugated polymer that presents notable resistance to 

                                                           
  This work was supported by CONACYT project 45689. 

photodegradation processes and high solubility in 
chloroform, THF, and xylene at room temperature [2]. 
These attributes make it an excellent alternative to be 
employed as the active layer in polymeric OLEDs. This 
polymer is composed by two PPV derivatives, BEHP - PPV 
and MEH - PPV, in an 60:40 proportion respectively, see 
Fig. 1. Each one of these precursory polymers have already 
been studied and characterized individually [3-6] reporting 
adequate electroluminescent properties to be used in blue 
and yellow OLEDs; however, less work has been carry out 
on the (BEHP - PPV) - co - (MEH - PPV) to support its use 
in OLEDs. 

II. EXPERIMENTAL 

(BEHP - PPV) - co - (MEH - PPV) powder was diluted 
in chloroform in a 10mg/ml proportion, and agitated for 
10 min in an ultrasonic agitator, followed by filtration 
through a 10 µm prefilter and a 0.45 µm filter before 
deposited it by spin coating at 5000 rpm for 40 seconds at 
room temperature and atmospheric pressure. Different spin 
speeds and times were tested to get best uniformity and 
repeatability. With these conditions we obtained thickness 
of 70 to 120 nm in the polymers films. 

In order to study the electric characteristics of the 
copolymer we fabricated two types of diode structures: 
Al / (BEHP-PPV)-co-(MEH-PPV) / Cr and 
Mg / (BEHP-PPV)-co-(MEH-PPV) / Cr. The Al and Cr 
electrodes were deposited by evaporation at pressures 
around 5 X 10-6 and 2 X 10-6 Torr respectively. The Mg 

 

 
Fig. 1: Chemical structure of (BEHP-PPV)-co-(MEH-PPV

Authorized licensed use limited to: National Chemical Laboratory. Downloaded on August 17,2010 at 09:50:31 UTC from IEEE Xplore.  Restrictions apply. 
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7. 

 

OLED 138 

 

 

1.9.4 Polymers in Energy Storage 

Figure 1.40 illustrates the scenario of the diverse applications of polymers in 

charge storage systems. Polymers forms important share in the sector of energy 

storage. 

	
  
Figure 1.40: Overview of the use of polymers in energy storage systems 

 

a) Polymers as substrate: ITO-coated PET as flexible substrate. 

b) Polymers as electrolyte: The electrolyte is the material, which is ion 

carrier in the system. For the solid-state devices, generally ionic 

conducting polymers like Naffion (in fuel cells), polyethylene oxide, 

PMMA etc. have been studied and used.  

c) Polymers as electrode materials in supercapacitors and pseudocapacitors: 

Conductiong polymers like polyaniline, polythiophene etc. and their 

confirmation of the disappearance of the 2-{4-[(3,7-dimethyloctyl)oxy]-
phenyl}-5-(4-(2,5-dimethylphenoxy)phenyl-1,3,4-oxadiazole, 4, by TLC,
the mixture was cooled to room temperature. The succinimide was
filtered off, and the mother liquor was poured into excess water and
extracted with dichloromethane. The combined organic layers were
washed several times further with water, dried over anhydrous MgSO4,
and filtered. The solvent was removed by evaporation under reduced
pressure. The product was purified by column chromatography on silica
gel using hexane to give 2-{4-[2,5-bis(bromomethyl)phenoxy]phenyl-
5{4-[(3,7-dimethyloctyl)oxy]phenyl}-1,3,4-oxadiazole, 5 (3.2 g, 41%).
1H NMR (CDCl3, δ ppm): 0.84-0.88 (d, 6H, 2CH3), 0.93-0.96 (d,
3H, CH3), 1.17-1.88 (m, 10H, 4CH2, 2CH), 4.06-4.12 (t, 2H, OCH2),
4.40, 4.54 (s, 4H, 2CH2Br on aromatic ring), 6.97-7.03, 7.11-7.21,
7.43-7.48, 8.01-8.14 (m, 11H, aromatic protons). 13C NMR (CDCl3,
δ ppm): 19.7, 22.6, 27.0, 28.0, 29.9, 32.0, 36.0, 37.3, 39.2, 66.7, 115.0,
116.1, 118.8, 119.5, 120.1, 125.3, 128.7, 129.7, 132.0, 140.4, 154.2,
159.6, 162.0. Anal. Calcd for C32H36Br2N2O3: C, 58.55; H, 5.53; N,
4.27. Found: C, 58.14; H, 5.86; N, 4.01.
Synthesis of Poly[2-{4-[5-(4-(3,7-dimethyloctyloxy)phenyl)-1,3,4-

oxadiazole-2-yl]phenyloxy}-1,4-phenylenevinylene] (Oxa-PPV). To

a 100 mL Schlenk flask dried with a stream of hot air and flushed
with N2 was added monomer, 5 (0.3 g, 0.5 mmol), and then it was
dried and flushed with N2 again and dissolved in 30 mL of dry toluene.
A solution of potassium tert-butoxide in THF (2.7 mL, 1.0 M) was
then added at a rate of 5.5 mL/h via syringe pump. After complete
addition of base, the reaction was stirred at room temperature for 4 h.
To terminate the polymerization reaction, monobrominated byproduct,
2-{4-[5-(bromomethyl)-2-methylphenoxy]phenyl}-5-{4-[(3,7-dimethyl-
octyl)oxy]phenyl}-1,3,4-oxadiazole, was added to the reaction mixture
and further stirred for 1 h. The reaction mixture changed color from
colorless to yellow to orange, and the viscosity increased. The reaction
mixture was poured into 300 mL of methanol to precipitate the polymer.
The collected polymer was further purified by Soxhlet extraction
through methanol to remove the low molecular weight oligomers and
inorganic impurities. The resulting polymer was redissolved in chlo-
roform and washed several times further with water. The solvent
moieties were evaporated with a rotary evaporator and again repre-
cipitated into 300 mL of methanol. The precipitated polymer was
collected by suction filtration and dried in a vacuum oven to yield 0.16
mg (70%) of Oxa-PPV. 1H NMR (CDCl3, δ ppm): 0.72-1.00 (br,

Scheme 1. Synthetic Routes for the Monomer and Polymers

A R T I C L E S Kim et al.

2476 J. AM. CHEM. SOC. 9 VOL. 126, NO. 8, 2004
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derivatives, composites can be used as electrode materials on the surface 

of which the electrochemical reactions happen.  

d) Polymers as separators: Insulating polymers with high strength and 

flexibility namely polyethylene, polypropylene etc. have been explored 

as separator materials in charge storage devices like batteries and 

supercapacitors. 

e) Polymers as precursors for functionalized carbon: Now a days carbon 

based storage devices are capturing the market due to the scalability, 

processability, easy processing methods, cost effective synthesis methods 

etc. The desired carbon can be obtained by selecting the appropriate 

precursor for corresponding applications like batteries, supercapacitors, 

gas adsorption etc. Polymers can be considered as rich carbon source. By 

designing, choosing appropriate polymer one could achieve desired 

doping, surface area and conductivity of the carbon with different 

morphologies. 

 

In the present thesis the pyrolysis of polystyrene derivative for the formation of 

desired carbon for its use in the charge storage application has been focused.  

  

Various derivatives of polystyrene have been synthesized or modified and 

pyrolyzed to use them in different applications like supercapacitor, oxygen 

reduction, etc. Table 1.4 illustrates the different uses of the polystyrene derived 

carbon material. The carbon is formed by the pyrolysis at high temperature and 

in some cases activation is done. 

 

Table 1.4: List of different polymer derived carbon for various applications. 

 

No Polymer for pyrolysis Use Reference 

1 Poly (4-sodium styrene 

sulfonate-co-maleic acid) 

sodium salt 

Supercapacitor 139 

2 Sulfonated Poly(styrene-

co-methacrylic acid)  

supercapaciotor 140 
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(SPS-COOH) Sphere 

3.  Polystyrene foam-

packaging material 

Oxygen 

reduction (ORR) 

141 

4.  PMMA-block-polystyrene CO2 capture, 

supercapacitor 

142 

5.  Polyphenyacetylene  

derivatives 

CO2 capture, 

supercapacitor, 

hydrogen 

storage 

143 

6. Crosslinked polystyrene Supercapacitor 144 

7.  Seaweed biopolymer 

(Sodium alginate) 

Supercapacitor 145 

8.  Ionic liquid 
(Ethyl linked bis(N-(2-
cyanoethyl)-imidazole)) n=2;  
Nonyl linked bis(N-(2-
cyanoethyl)-imidazole)) n=9; 
Bis(trifluoromethylsulfonyl)-
imide , 
Bis(pentafluoroethylsulfonyl)-
imide.) 

ORR 146 

9. Polyethylene glycol * 147 

10 Cellulose acetate * 148 

11. Polyethylene glycol * 149 

12 Aromatic polyamides * 150 

13 Polyacrylate–metal 

complexes 

suparcapacitor 151 

        *  only the synthesis of a carbon derived from the pyrolysis of polymer reported 

 

Polystyrene showed to be the better precursor for carbon synthesis by pyrolysis. 

The synthesis and modification of polystyrene has been well established.  

 

Outline of The Thesis: 

The present thesis deals with use of polymeric systems for energy conversion, 

storage and conservation applications. Also, the work deals with the synthesis 

and targeted modifications of poly(phenylene vinylene) system and polystyrene 

system. 
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The second chapter deals with the brief discussion about the device fabrication 

and the characterization techniques used. 

The third chapter presents the solar energy conversion aspect. The chemical 

modification of BEHP-co-MEH PPV was achieved to incorporate the 

carboxylic acid anchoring group. Modified BEHP-co-MEH PPV was used as 

the sensitizer in DSSC application. The anchoring group modification enhanced 

the power conversion efficiency of DSSC up to 3 %.  

The fourth chapter deals with the synthesis of polystyrene derivative via click 

chemistry approach. The pendent carboxylic acid groups were converted into the 

corresponding potassium salts. This polymer was used as the precursor for the 

preparation of high surface area, mesoporous carbon for supercapacitor and Li-

HEC applications. 

The fifth chapter focuses on synthesis of conjugated polymer viz. phenazine-

containing poly(phenylene vinylene) (PHN-PPV).  The polymer was 

synthesized using Wittig- Horner polycondensation method. PHN-PPV was 

explored for field emission studies.  

The sixth chapter is the concluding chapter and also describes the future scope 

of the current research work. 
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Chapter 2 
 

Experimental Methods and Characterization Techniques 
 
 
 

           This chapter discusses about the device fabrication methods and the 

          techniques used for the characterization of the materials under study. 
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Section – I 

2.1 Synthesis/Deposition Techniques 
2.1.1 DSSC Device Fabrication: 

The fabrication of a device is a crucial task to get a stable and high efficiency 

device. Device fabrication includes following steps (Figure 2.1): 

• FTO substrate cleaning 

• Making blocking layer of TiO2 on FTO 

• TiO2 paste making and application of TiO2 on to the blocking layer. 

Annealing at 450 °C for 60 min. This layer acts as a working 

electrode or photo-anode 

• TiCl4 treatment 

• Sensitization with the dye by immersing TiO2 films in the dye 

solution for 24 h. 

• Preparation of electrolyte solution using 0.6 M 1-propyl-2,3-

dimethyl-imidazolium iodide, 0.1 M LiI, 0.05 M I2, and 0.5 M 4-tert-

butylpyridine in acetonitrile 

• Preparation of Pt-counter electrode by drop casting platinum solution 

on FTO and heating it at 450 °C for 60 min.  

• Sealing of device. 

 

 
Figure 2.1: DSSC device fabrication. 
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2.1.2 High Temperature Pyrolysis 

In the pyrolysis method, the carbon material is synthesized by heating the 

precursor material at a high temperature. The temperature range may vary 

according to the application of final product. Usually, the range of temperature is 

800-1000 °C for the functionalized carbon preparation. The heating is usually 

performed using split tube furnace under the inert atmosphere. This process 

achieves production of charcoal, activated carbons, etc. Pyrolysis is also used for 

synthesis of various forms of carbon like graphene, carbon nanotubes, etc. from 

biomass and polymeric precursors.  

 
2.2 Techniques for Characterization of the Materials 
For the material to be considered as suitable candidate for any kind of device 

application, it is very important to have detailed characterization of the 

properties of materials with respect to structural, electrical, morphological, 

optical, etc. The properties of a material have dynamic relationship with the 

processing and fabrication methods and hence the characterization becomes very 

important prior to any device fabrication and application to extract the accurate 

information from the material made. Here, this section describes in brief the 

principles and importance of the different characterization techniques used for 

the analysis.  

 

2.2.1 Nuclear Magnetic Resonance Spectroscopy (NMR)  

NMR is rather low energy technique, which operates in the region of 10-3 – 10-1 

Joules/mol. This energy affects the nuclear spins under magnetic field in the 

material under analysis. This is very important spectroscopic technique in the 

field of synthetic organic chemistry as it gives valuable structural information. 

The properties of nuclear spin are obtained by calculating the spin energy levels 

using, 

 

No. of spin states = 2I + 1  (I = spin quantum number) 

 

NMR gives the information about the spin response to the applied radio 

frequency. All atomic nuclei are not NMR active. Nuclei with spin quantum 
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number of half-integer are generally NMR active. The signal intensity in NMR 

for the corresponding nuclei depends upon their abundance in nature.  

NMR active nuclei (generally used)1: 

 

 
 

Figure 2.2: Schematic representation of NMR spectroscopy system. 

(http://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/Spectrpy/nmr/nmr1.h

tm) 

 

• 1H = 99.9 % abundance, very sensitive, sharp and high intensity signals, 

shows all types of coupling like homo as well as hetero-nuclear 

• 13C = 1.1 % abundance, less sensitive, difficult to detect homo-nuclear 

signals 

• 15N = low abundance 

• 19F = > 99% abundance 

• 31P = > 99 % abundance 

• 29Si = low abundance 

 

Instrumentation: The system consisting of, 

• Strong magnets  

• Transmitter of radio frequency 

• Sample holder 

• Amplifier 

• Detector 
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• Display system 

• Cooling system 

 
Under the application of external magnetic field, randomly oriented sample 

nuclei get aligned with respect to the external magnetic field. The nuclear spin 

excitation is caused by passing radio frequency through the sample. The excited 

spin relaxes and emits the radiation, which is detected by the detector. Detector 

detects this energy and Fourier transformed signals are generated by the system. 

The mode of spin relaxation (spin-spin relaxation and/or spin lattice relaxation) 

and the spin environment affect the position and pattern of signal.  

 

2.2.2 UV-Vis Spectroscopy 

One of the most important non-destructive tools to understand the optical 

properties of the material in solution as well as film state is ultraviolet-visible 

(UV-Vis) spectroscopy.2 This spectroscopic technique provides the information 

regarding absorbance/ transmittamce/ reflectance of a sample with respect to the 

incident wavelength range from UV-NIR of the electromagnetic spectrum. When 

the incident light of UV-NIR region is having higher energy than the band gap of 

the material, material absorbs light and generates the UV-Vis spectrum. 

 
Figure 2.3: Schematic description of UV-Vis setup 

(https://en.wikipedia.org/wiki/Ultraviolet%E2%80%93visible_spectroscopy) 
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Instrumentation: The UV-Vis spectrometer consists of the following: 

• Light source (Deuterium lamp for UV region of 190 to 350 nm and 

Halogen or tungsten lamp for visible region of 330 to 900 nm) 

• Monochromator to select specific wavelength. 

• Photomultiplier tube for detection of output signals. 

 
Principle and Applications: Absorbance, transmittance and the reflectance are 

the three modes to use UV-Vis spectrometer. For the samples dissolved in 

solvents, absorbance mode is used which is governed by Beer-Lambert’s Law: 
!
!!
= 𝑒!!"#      or    !

!!
=   10!"# = 𝑇 

Where,  

κ = constant, for particular spectroscopic transition under consideration. 

ε = molar absorption coefficient , c= concentration 

T = transmittance = I / I0, ratio of intensity of incident radiation (I0) to 

transmitted radiation (I) 

Taking logarithms of the above equation, 

ln (I0 / I) = εcl = A, (A= absorbance) 

Hence, absorbance is directly proportional to the concentration of sample when ε 

and l are kept constant.  

For the solid samples or the film samples, diffused reflectance (DRS) mode is 

used.  
[𝐹 𝑅 ℎ𝜈]! ! ∝ (ℎ𝜈 −   𝐸!)           Where,           𝐹(𝑅) = (!!!)!

!!
 

F(R) is a modified Kubelka – Munk function. R= reflectance, n=1⁄2 for direct 

band gap materials and n=2 for indirect band gap materials. From the plot of 

[𝐹 𝑅 ℎ𝜈]! !  vs hν, band gap (Eg) can be determined by extrapolating the 

straight line tangent to the plot.3 

 Above equation is used to obtain Tauc’s plot from DRS spectrum to calculate 

the band gap of a semiconducting material. 

 
2.2.3 Photoluminescence (PL) Spectroscopy 

The extent of instinctive light emission is the luminescence and the measurement 

is called as PL spectroscopy.4,5 PL gives information about the states of the 

energy in the given material. For chemistry applications, it helps to find out the 



Ph.D. Thesis         Chemistry                                        Chapter 2    October 2015 
 

Savitribai Phule Pune University                 CSIR-National Chemical Laboratory 78 

macromolecular interactions, aggregates etc. while in material prospects it helps 

surface properties, system disorder, etc. The intensity of a spectrum relates to the 

surface-interfaces quality. Depending upon the type of decay (radiative, non-

radiative etc.) the intensity varies. Advanced tool like transient PL provides 

information about excited state lifetime and dynamics. This helps to understand 

the actual mechanism of the device in detail.  

 
Figure 2.4: Photoluminescence Spectroscopy- schematic representation 

(http://cnx.org/contents/7b4dfcf8-b28e-

4148f2f1ff39052669f@13.7:30/Nanomaterials_and_Nanotechnolo) 

 

Instrumentation: 

• Light source (Mercury vapor lamp or xenon arc for UV and visible light 

source) 

• Diffraction gratings 

• Filters (for reduction of transmitted and diffracted light)  

• Detector 

 
PL can be performed in the solution state as well as for the films. 
 

2.2.4 Fourier Transform Infrared Spectroscopy (FT-IR) 

In this technique, material is exposed to the radiation of the energy of the order 

of 103-105 Joules/mol. IR radiations are absorbed by the material and excited to 

the higher energy state. When the natural vibrational frequencies of molecule 
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n= ½ for indirect band gap semiconductor and n=2 for indirect semiconductors. From the plot of 

[F(𝑅 )ℎν]1/n vs hν  band  gap  Eg can be obtained by extrapolating the a straight line tangent to the 

plot.26 

2.10. Photoluminescence (PL) Spectroscopy: 

PL27, 28 is measure of spontaneous emission of light which is under optical excitation.PL is 

highly useful, non-destructive and sensitive characterization technique for nano materials as it 

provides electrical information and can probe discrete energy levels.PL spectrum provides the 

information of energy levels, defect systems, surface features, disorders and roughness at 

interfaces. The intensity of spectrum gives the idea of quality of surface and interfaces. Also the 

 

 

 

 

 

 

 

 

 

 

 

Figure2.17. Schematic diagram of Photoluminescence set up 27 

http://cnx.org/contents/7b4dfcf8-b28e-4148f2f1ff39052669f@13.7:30/Nanomaterials_and_Nanotechnolo 



Ph.D. Thesis         Chemistry                                        Chapter 2    October 2015 
 

Savitribai Phule Pune University                 CSIR-National Chemical Laboratory 79 

matches with the incident IR frequencies there is an increase in the amplitude of 

the vibrational frequencies of molecules due to resonance. However, all bonds 

are not able to absorb these frequencies. Symmetric molecules do not absorb IR 

frequrency. On the other hand, the bonds, which absobs IR frequency, 

possessing a dipole moment change with respect to time. Since, every bond has 

different frequency of vibrations, IR is used to find the type of bond as well as 

match the molecules.  

 

Instrumentation: The instrument consists of the IR source, the monochromator 

and the detector.6,7 Generally, source is in the filament-form controlled by 

electric current. The IR radiations coming from source pass through the 

monochromator and fall on the material. Material absorbs IR, and the 

pyroelectric or photoconductive detectors detect transmitted energy.  

 
Figure 2.5: Representation diagram of FTIR system 

(https://en.wikipedia.org/wiki/Fourier_transform_infrared_spectroscopy) 

 

Principle: For the harmonic oscillator, total energy is proportional to vibrational 

frequencies. 

𝐸!!"   ∝   ℎ𝜈!"# 

The bond’s natural frequency is represented by, 
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2.11. Fourier Transform Infra –red (FTIR) Spectroscopy: 

FTIR 29 technique is used to obtain IR spectrum (800-1200nm) after absorption or emission of IR 

rays by solid, liquids or gases. The obtained spectrum is finger print of sample which is unique 

characteristics of that sample only. This makes FTIR spectroscopy a distinctive technique. It 

utilizes the fact of fourier transform given by J. W. Cooley and J. W. Tukey in 1965 which is a 

mathematical process required to convert the raw data into spectrum. Therefore this technique is 

called fourier transform spectroscopy. It is fast, highly sensitive and non-destructive technique 

which gives precise measurement without using external calibration as it has HeNe laser as an  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure2.19. Schematic diagram of FTIR set up 29 

https://en.wikipedia.org/wiki/Fourier_transform_infrared_spectroscopy 
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𝜈 =   
1
2𝜋𝑐   

𝐾
𝜇  

Where, K is constant in dynes/cm that varies from bond to bond and 𝜇 is the 

reduced mass of atoms in the molecule in amu, 𝜈 represents frequency in cm-1 

and c is the velocity of light. 

Fundamentally, the information is obtained as a function of time. However, it is 

not easy to interpret. Hence, a mathematical operation called as Fourier 

Transformation is performed to get the frequency domain spectrum and it is 

called as FT-IR. 

 

2.2.5 Raman Spectroscopy 

Raman spectroscopy is based on the scattering phenomenon.8,9  

 

 
Figure 2.6: Raman spectroscopy diagram 

(http://www.semrock.com/high-performance-raman-spectroscopy.aspx) 

 

When the monochromatic light falls on the sample, and if the scattered light is 

same as incident one then it is called as Rayleigh scattering while certain other 

light around that also gets scattered, which is called as Raman scattering. This 

technique gives information about rotational, vibrational, and other lower 
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frequency modes in the system. For chemistry applications, Raman spectroscopy 

provides information about of chemical bond vibrations and molecular 

symmetry while for applications in solid-state physics it is useful for the 

characterization of a crystalline solid such as symmetry, size, orientation, and 

defects in the system.  

 

Instrumentation: High intense beam of light of narrow wavelength is used. The 

source is typically lasers like HeNe laser or Ar laser having wavelengths of 514 

and 632 nm, respectively. The incident laser light passes through the sample and 

the detector detects scattered light. The change in scattered light is called as 

Raman shift. The shifts may be of the higher wavelength or lower wavelength 

respective to the response from material, which are represented by anti-Stokes’ 

or Stokes’ lines in the spectrum.   

 

2.2.6 X-Ray Diffraction (XRD) 

This is a non-destructive technique used to characterize crystalline materials.10,11 

This gives the typical characteristic spectrum for the amorphous materials and 

crystalline materials. For the field of supercapacitors, battery, etc. this gives 

information of typical amorphous or crystalline materials. For the polymer field 

this provides information about the film compactness, chain packing of the 

polymers. For the material science, the phase, size, cell parameters, growth 

properties of the nano-materials are determined by XRD technique.  

 
Figure 2.7: Mechanism of X-ray diffraction. 

It is the measure of the diffracted angle from the  lattice planes when the 

monochromatic light falls on the given material. 
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Figure2.13. Schematic for illustration of X-ray diffraction set up. 

wavelength of incident angle. 

                In particularly dealing with nanomaterials, XRD peak broadens as the size decreases or 

may be strain induced. This is explained by Scherrer formula as: 

D=   𝟎.𝟗𝛌𝛃𝐜𝐨𝐬𝛉 

Where, β is FWHM of XRD peak at angel θ. 

Microscopy techniques: 

It involves techniques for viewing the sample and obtaining images ranging from µm to nm. 

2.7. Scanning Electron Microscopy (SEM): 

A beam of electron is produced at the top of microscope by electron gun which is directed 

towards sample by using different lens in the presence of electromagnetic field as shown in 

Figure 2.14. The top columnar part is under high vacuum to increase free mean path of electron 

and to direct it efficiently towards the sample. Electron gun used is either thermionic or field 

emitter. Thermionic gun is generally used for soft samples like polymers and biological samples 

but gun based on principle of field emission is more reliable in terms of electron brightness 
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The Bragg’s equation (nλ=2dsinθ) gives the relation between angle of scattering 

and the distance between the lattice planes (d), from which one can obtain lattice 

parameters of the material. 

The width of the XRD peak relates to the size and strain in the nanomaterial and 

described by Scherrer’s Formula, 

𝐷 =   
0.9  𝜆
𝛽 cos𝜃 

 The full width half maxima (FWHM) for the corresponding angle θ is given by 

𝛽. 

 

2.2.7 X-Ray Photoelectron Spectroscopy (XPS) 

It is also termed as electron spectroscopy for chemical analysis (ESCA).12 This 

is the surface technique by which the information about composition of 

elecments, their chemical state and empirical formula are collected for the given 

material.  

 

Instrumentation: The XPS instrument is composed of: 

• X-Ray photoelectron source (Al or Mg source) 

• Vacuum chember (ultrahigh vacuum) 

• Sample placing chamber, sample stage 

• Electron collection lense (at sample platform) 

• Electron energy analyser 

• Electron detector system 

Monochromatic radiations of X-ray or UV are allowed to strike the sample. The 

electrons with varying kinetic energy are ejected from the sample that passes 

through the energy filter. The filter allows cetrain kinetic energy (KE) possesing 

electrons to reach the detector. This is known as Epass – The pass energy. The 

detector detects number of ejected electrons with that KE. The different 

electrons possess different binding energies. The binding energy of ejected 

electrons is plotted against the intensity for the analysis. According to the 

element and the electronic state, the binding energy varies. From this the 

information about the elements and their oxidation states can be extracted. 
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Figure 2.8: Schematic illustration of XPS 

(https://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy) 

 

Principle: Working principle is based on photoelectric effect (ejection of 

electrons upon incident light).  

XPS spectra are acquired by determining the kinetic energy and number of the 

emitted electrons. Generally, electrons are emitted from 0-10 nm distance. 

The KE of the emitted electron is given by, 

 

KE = hν-φ-Eb 

 

where, hν is incident photon energy, (h = Planck’s constant,  ν = incident photon 

frequency) and Eb gives the electron binding energy. As the energy of the 

incident X-ray beam and φ (work function) are known factors, the binding 

energy of the electron can be obtained from measurement of the kinetic energy 

of the ejected electron.  

 
2.2.8 Field Emission Scanning Electron Microscope (FESEM) 

This surface technique is important to explore the morphology of the material. In 

this, sample imaging is performed using an electron beam. 
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Figure 2.9: SEM instrument and mechanism 

(http://emicroscope.blogspot.in/2011/03/scanning-electron-microscope-sem-

how-it.html) 

 

Instrumentation: FESEM comprises of: 

• FE electron gun 

• Condenser lenses 

• Objective lens 

• Sample stage 

• Detectors (X-Ray detector, back scatter detector, secondary detector) 

 

Field emission electron gun is used as a source of electrons. Incident electron 

beam is a cause of generation of several types of signals from the sample 

surface. For the imaging, the secondary electrons discharged from the atom are 

used. The ejected electrons are collected and accelerated in the presence of high 

positive potential. The electrical signal is produced with the help of 

photomultiplier tube. This signal is represented as 2D distribution of intensity of 

electrons, which is viewed as an image.13,14 
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2.2.9 Energy Dispersive X-ray Analysis (EDAX) 

Energy dispersive X-ray analysis is the system used to understand the sample’s 

chemical composition under study. The basis lies in the fact that each element 

has its own unique atomic structure which gives the corresponding particualr 

emission of X-ray. When an electron is detached from the inner shell the hole is 

created at that place. So, the atom reshuffles itself by transferring the outer shell 

electron to the inner shell hole. This process of electron transfer occurs with the 

emission of an X-ray radiation having the energy equivalent to the difference 

between the two levels. These X-rays are detected by energy dispersive meter.  

 

2.2.10 Transmission Electron Microscope (TEM) 

TEM is used to get the information about morphology, size, lattice parameters, 

defects, crystal structure of the nanomaterials. The advantage of TEM over SEM 

is its unique capability to resolve the crystal lattice as it uses very high electron 

energy (~ 300 kV). 

Instrumentation: In the TEM setup, the column arrangement is present, which is 

composed of: 

• An electron source (eg. LaB6) 

• Electron accelerating electrodes  

• Electromagnets (used for focussing and deflecting electron)   

• Electron detection sensor system (CCD) 

 
Using a high-energy electron (300 kV), atomic scale resolution is possible in 

TEM due to reduction of the de Broglie wavelength associated with an electron 

to a smaller fraction (~nm).  

The beam of electrons is allowed to fall onto the sample, as a consequence of 

this secondary emission, back scattering, transmission of electrons and X-ray 

emission takes place. The analyser analyzes transmitted electrons. To get 

selected area diffraction pattern (SAED), measurement of angular distribution of 

scattering can be performed in the form of diffraction patterns.15 

This SEAD pattern is useful to calculate lattice plane’s d spacing by the 

following formula, 

dr = λL 
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where, r gives radius of the rings obtained from diffraction pattern, L stands for 

specimen and the photographic plate distance. 

 

 
 

Figure 2.10: TEM setup 

(https://en.wikipedia.org/wiki/Transmission_electron_microscopy) 

 

2.2.11 Atomic Force Microscopy (AFM) 

The technique is also termed as scanning force microscopy. It is a very high 

resolution (up to nanometers level) microscopy used for the determination of 

surface roughness, softness, surface atomic structures and their interactions, etc.  
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Figure 2.11: Schematic representation of AFM16 

(http://hank.uoregon.edu/experiments/AFM/afm.html) 

 

Instrumentation: This contains following parts, 

• Cantilever (mounted on support using pizo-element.) 

• Sharp tip (very cricial and important part hving nanometer scale) 

• Detector (photodiode, interferrometer, etc.) 

• Sample stage (can move in all three directions) 

 

There are several modes of AFM imaging operation: 

• Contact approach (static mode in which dragging of tip across the sample 

surface produces image) 

• Tapping approach (dynamic mode that touches the sample at regular 

intervals by using cantilever oscillations) 

• Non-contact approach  

 
When the tip comes into vicinity of the surface of material under consideration, 

the cantilever deflection takes place due to presence of forces between the tip of 

cantilever and sample. This is governed by Hooke’s law (F = - kX). 
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 2.2.12 Thermogravimetric Analysis (TGA)  
 
This method is used to examine the temperature dependant features of the 

materials like polymers, carbon materials, ceramics, etc.17  

 

 
 
Figure 2.12: TGA diagramatic representation 

(http://www.itc.tu-bs.de/Abteilungen/Makro/Methods/dsc.htm) 

 

Figure 2.12 shows typical TGA setup. The sample under study is placed in the 

pan associated with temperature and weight analyzer. Under inert or oxidative 

atmosphere (air), using particular heat rate the sample is subjected to heating and 

the change in weight as a function of temperature is measured. Generally 

increase in temperature causes decomposition of sample that causes weight loss 

under inert atmosphere while sometimes reaction with oxygen causes weight 

gain. 

 

2.2.13 Gel Permiation Chromatography (GPC) 

The technique is used for the determination of the molecular weight and 

molecular weight distribution of the polymer sample.18 

 

Instrumentation: GPC contains, 

• Pump system (for pumping the sample solution into the system) 

• Injector (injection of solution into mobile phase) 

• Set of columns  
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• Detector (RI, UV and light scattering detectror) 

 

 
 
Figure 2.13: GPC setup 

(http://www.waters.com/waters/en_IN/GPC---Gel-Permeation-

Chromatography-Beginner%27s-Guide/nav.htm?cid=10167568&locale=en_IN) 

 

The sample is injected and flows through the porous material packed columns. 

The seperation of the sample takes place depending upon the hydrodynamic 

radius of the components. The detectors detect the sample coming out from the 

column in terms of the retention time. According to the retention times the 

estimation of molecular weights is performed.  

 
2.2.14 Surface Area: BET Analysis 

In 1938, Stephen Brunauer, Paul Hugh Emmett and Edward Teller published for 

the first time analysis of surface area. It is employed to characterize the porous 

materials in terms of surface area and distribution of pore size.  

It is based on the phenomena of adsorbption-desorption of non reactive gases 

like N2, CO2, Ar, etc.  
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Figure 2.14: BET analysis instrument19 

(http://www.quantachrome.com/gassorption/nova_series.html) 

 

BET equation is represented as, 

 
1

𝑣[ 𝑃!𝑃 − 1]
=
𝑐 − 1
𝑣!𝑐

𝑃
𝑃!

+   
1
𝑣!𝑐

 

 

The adsorbed volume is given by 𝑣. At the temperature of adsorption, P and P0 

are the equilibrium and saturation pressure of adsorbate. 𝑣!  represents the 

monolayer adsorbed quantity of gas molecules and c is the BET constant and is 

given as, 

  𝑐 =   𝑒
!!  !!!
!"  

 

E1 and EL are the respective heats of adsorption of the first and next layers.  

The graph of 
!

![ !!
! !!]

 against !!
!

 is plotted, which is termed as adsorption 

isotherm. 

The monolayer adsorbed gas quantity 𝑣! is obtained from the intercept and 

constant c is obtained from the slope. The total surface area and BET specific 

surface area are calculated by, 
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𝑆!"!#$ =
!!!"
!

  and  𝑆!"# =
!!"!#$
!

 

 

Where, N is Avogadro number, s and V are the gas molecule’s adsorption cross-

section and molar volume respectively, and a stands for the mass of a sample. 

The type of isotherm gives information about type of porosity.  

 

2.2.15 Electrochemical Measurements 

The electrochemical analysis performed using Autolab, Bologic potetntiostats 

and Arbin battery analyzer. The supercapacitor measurements were done in a 

two electrode symmetric cell with active material on both the electrodes. Fot Li-

HEC, materials were tested in the half cell configuration with the active material 

as the working electrode and LTO (Li4Ti5O12) as counter electrodes.  

 
2.2.15.1 Cyclic voltammetry (CV)  

This is very important technique in electrochemistry to obtain qualitative 

analysis about feasible electrochemical reactions. The information like 

oxidation/reduction potential, reaction kinetics and reversibility of redox 

reactions can be extracted. It is also useful in measurements of various energy 

applications like electrochemical energy storage and conversion systems such as 

batteries, supercapacitors, solar cells, fuel cells, water splitting, etc.  

For finding the oxidation/reduction potentials of the materials like polymers, 

organic molecules, etc., CV measurements are performed using three electrode 

system.  

This include: 

• Reference electrode (eg. Ag/AgCl, Ag/AgNO3, calomel, etc.) Depending 

on the solvent used for the electrochemical analysis, the choice of 

reference electrode is made. For the same material there could be 

different values of oxidation/reduction peak position corresponding to the 

reference electrode.  

• Counter electrode (platinum foil or graphite) 

• Working electrode (material under study is coated on a conducting 

subtrate that acts as working electrode, eg. coating on Pt wire.)  
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Figure 2.15: A typical cyclic votammogram 

(https://en.wikipedia.org/wiki/Cyclic_voltammetry) 

 

For the measurement, the current is analysed as a function of potential sweep 

between V1-V2 amogst working and counter electrodes at some constat time 

intervals/ rate called as scan rate (V/s).  

 

2.2.15.2 Galvanostatic Charging-discharging Measurements 

Foe energy storage devices like supercapacitors and batteries, this measurement 

is very important to gain the information regarding charge storage capacity, 

cyclic reversibility and stability. During the experimental process, a constant 

current is applied between counter and working electrodes with subsequent 

measurement of potential with time is done. Depending on the material of 

electrode and type of electrolyte (aqueous, organic, ionic liquids, etc.), the 

potential window measurement is chosen.  

 
 

Figure 2.16: CV potential waveform 
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(https://en.wikipedia.org/wiki/Cyclic_voltammetry) 

 

From charge-discharge measurements, the specific capacitance (C in F/g) is 

calculated by using the following forlmula when current I is applied to the 

electrode having active material loading of m. 

 

𝐶 =
2𝐼

𝑚 𝑑𝑣
𝑑𝑡

 

 

Where, !"
!"

 is the slope of the discharge curve.  

 

2.2.15.3 Electrochemical Impedance Spectroscopy (EIS) 

To study the interface of electrode-electrolyte, EIS is the most sensitive and 

powerful tool.It is used to get the double layer capacitance and series resistance 

for the case of supercapacitor. For solar cell devices, it hepls to get an idea 

regarding the interfaces and the resistances (Ohamic loss/impedence) in the 

system. 

The AC frequency of different range (from 100 nHz to 1MHz) is applied and the 

real and imaginary types of impedence is evaluated by plotting real part (Z’) 

against imaginary part (Z”), which is called as Nyquist plot. The Nyquist plot 

provides series resistance (obtained from X-intercept), charge transfer resistance 

(from the value diameter of each semicircle) and the electrotyte-electrode 

interface in the system.  

 

2.16 Solar Simulator 

The instrument is used for the characterization of the optoelectronic devices 

predominantly solar cells. This works as artificial sun and provides the intensity 

of the natural sunlight for indoor measurements. 

Instrumentation: It is typically composed of. 

• Light source (xenon lamp of different powers like 250 Watts or 450 

Watts) 

• Mirrors 

• Optical filters 



Ph.D. Thesis         Chemistry                                        Chapter 2    October 2015 
 

Savitribai Phule Pune University                 CSIR-National Chemical Laboratory 94 

• Reflectors 

• Shutter 

 

 
Figure 2.17: (a) Schematic representation of solar simulator, (b) Instrument 

photograph of solar simulator at CSIR-National Chemical Laboratory 

(J. Jeong, http://www.laserfocusworld.com/articles/print/volume-43/issue-

3/features/photovoltaics-enhancements-enable-solar-simulators-to-shed-light-

on-new-photovoltaic-designs.html, 2007.) 

 

Apart from this basic setup, solar simulator is attached to the Keithley unit, 

which acts as voltage source current measurement setup. The plot of current 

against voltage gives characteristic properties of solar cells.   

 

2.17 Field Emission Study 

In the field emission, the emission of condensed phase electrons occurs into the 

vacuum phase with the application of electrostatic field at room temperature. 

 

Instrumentation: The setup is composed of, 

• UHV (ultra high vacuum) system 

• Working chamber with planer diode system (sample frame, phosphor 

screen) 

• Voltage source  

• Current detector 
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Figure 2.18: (a) Configuration of planner diode system, (b) Field emission setup  

The sample is coated on the conducting substrate and it is placed in the planer 

diode configuration setup. This is the cathode in the experiment. The anode is 

phosphor coated conducting screen on which emission is seen. The distance 

between the anode and cathode is maintained to the optimal value in order to get 

proper emission current. For the current work, the distance kept was 1.5 mm 

between anode and cathode. Under the vacuum, with increasing voltage the 

emission as well as current increases up to certain saturation point that depends 

on the material. The important parameters are turn on voltage, threshold voltage 

and current density at the threshold voltage for field emission 
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Chapter 3 

 

Carboxyl-Modified Conjugated Polymer Sensitizer for Dye 

Sensitized Solar Cells: Significant Efficiency Enhancement 
 

 

A simple two-step strategy was developed to introduce carboxyl groups via 

Vilsmeier–Haack formylation on the commercially available conjugated 

polymer viz. (poly{[2-[2’,5’-bis(2’’-ethylhexyloxy)phenyl]- 1,4-

phenylenevin-ylene]-co-[2-methoxy-5-(2’ -ethylhexyloxy)-1,4- 

phenylenevin-ylene]})(BEHP-co-MEH PPV) followed by Knoevenagel 

condensation with cyanoacetic acid. Adsorption of the carboxyl-modified 

polymer onto TiO2 film and J–V curves were studied for the dye sensitized 

solar cell and compared with the base polymer BEHP-co-MEH PPV. 

Carboxyl-modification of BEHP-co-MEH PPV resulted in significant 

enhancement in the efficiency (3%), compared to the base polymer, which 

showed an efficiency of only 0.3%. The details of the synthetic procedure, 

characterization and the photovoltaic property measurements are presented 

and discussed. 

 

 

 

The contents of this chapter have been published in J. Mater. Chem., 2012, 22, 

23267–23271 

Table of Content 

Textual Abstract 

Commercially available conjugated polymer BEHP-co-MEH PPV was modified to introduce 
carboxyl functional groups by simple two step strategy and used as a sensitizer in dye sensitized 
solar cells with optimized overall power conversion efficiency (η) of up to 3.0%. 
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3.1 Introduction 
Dye sensitized solar cells (DSSCs) are considered to be potential 

alternatives to the conventional silicon solar cells due to use of relatively low 

cost materials and possibility of large scale production on hard and flexible 

substrates. Based on organic-inorganic hybrid architectures, DSSCs have already 

shown fairly high power conversion efficiencies (PCE) primarily with ruthenium 

based dyes as sensitizers.1–4 The use of such metal containing dyes, however, 

represents a major disadvantage in terms of the cost as rare earth metals are 

expensive. Another disadvantage is the instability of these dyes at high 

temperature, which limits certain otherwise potentially accessible cell processing 

protocols and explorations of cell performance at higher temperatures. 

Moreover, the efficiency of these dyes is dependent on many factors such as the 

structure of dyes, electrolytes, photo-anodes, etc.5,6 In view of these 

considerations; explorations of metal-free dyes have attracted considerable 

scientific attention. Metal-free dyes which include small organic molecules7–9 

and conjugated polymers (CPs) with a broad-band absorption in the visible 

region are promising candidates for DSSCs. Ability of such dyes to load on the 

semiconducting metal oxide structure facilitates the photo-excited electron–hole 

pair transfer via proper matching of their HOMO–LUMO levels with the 

respective electrodes10 and the electrolyte11 which is the key to their effective 

use in DSSC architecture. 

Conjugated polymers (CPs) have broadband absorption in the visible 

region due to their extended conjugation and exhibit interesting charge carrier 

transport properties. They are potential candidates for DSSCs because of high 

molar extinction coefficient, tunable optical properties, and solution 

processability. In addition to being useful as possible sensitizers, CPs can be 

employed as electrolytes in solid state DSSCs.12–15 Recently, various CPs have 

been used as sensitizers in DSSCs.16–19 However, considerable work is needed to 

obtain more insight into their utilization and functioning in DSSCs. Amongst the 

various reports, comparatively high numbers for PCE in polymer sensitized solar 

cells have been reported for triphenyl based polymer by Zang et al. (3.3%)20 and 

terthiophene benzothiadiazole polymer by Fang et al. (3%).21 
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Our work is focused on using a conjugated polymer as a sensitizer in the 

DSSC with the iodide/triiodide redox couple. We have modified a commercially 

available conjugated polymer viz. (poly{[2-[2’,5’-bis(2’’-ethylhexyloxy)phenyl]- 

1,4-phenylenevin-ylene]-co-[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene 

vinylene]}) BEHP-co-MEH PPV (PPV A) so as to introduce carboxylic acid as 

the anchoring groups on the polymer chain. The anchoring group effect is a 

crucial factor in the device performance. Carboxylic acid groups are known to 

have a good adsorption on TiO2 through Ti–O–C covalent bond, which also 

helps in the efficient charge injection. There are evidences from analysis and 

computer simulation about the role of such anchoring groups.22–26 In the present 

work, our main emphasis was to design a strategy to introduce carboxyl groups 

on the BEHP-co-MEH PPV (PPV A) and study the effect of carboxyl 

anchoring group on the overall performance of the dye sensitized solar cell. The 

performance of the base polymer PPV A which is devoid of the carboxyl 

functionality was very low as compared to the carboxyl-modified one which 

showed ca. 10 fold increase in the device performance with IPCE ~50% and 

PCE 3%. 

 

3.2 Experimental Section 
Materials: 

BEHP-co-MEH-PPV (PPV A) (MW-18900, 60: 40) and POCl3 were purchased 

from Sigma-Aldrich and were used as received. N,N-Dimethyl formamide 

(DMF) and toluene were dried over calcium hydride followed by distillation 

under reduced pressure. 

 

3.2.1 Synthesis  

3.2.1.1 Vilsmeier–Haack formylation of BEHP-co-MEH-PPV (PPV A): 

Into a 500 mL two-necked round bottom flask equipped with a rubber septum, a 

magnetic stirring bar and a reflux condenser, was added PPV A (0.3 g, 1.3 

mmol) under argon atmosphere. Dry 1,2-dichlorobenzene (250 mL) was added 

to the reaction mixture and PPV A was dissolved by ultra- sonication for 50 min 

and purged with argon for 10 min. DMF (0.13 mL, 1.66 mmol) was added using 

a syringe and the reaction mixture was cooled to 0 °C using an ice bath. POCl3 
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(0.15 mL, 1.66 mmol) was added drop wise using a syringe with continuous 

stirring, under argon atmosphere. After completion of addition, the reaction 

mixture was allowed to attain room temperature and stirred for 10 min. The 

reaction mixture was then heated at 70 °C for a period of 12 h. The reaction 

mixture was allowed to cool at room temperature. It was then diluted with 30 

mL of chloroform and poured into ice-cold water and stirred for 1 h. The organic 

layer was separated, dried over anhydrous sodium sulfate and filtered. The 

solvent was removed under reduced pressure. Further purification was done by 

washing with methanol. Methanol was decanted and the product was dried in a 

vacuum oven at 60 °C for 6 h. Yield- 0.2 g 

 

3.2.1.2 Knoevenagel Condensation of BEHP-co-MEH-PPV-aldehyde (PPV 

CHO) with Cyanoacetic Acid:  

Into a 100 mL single necked round bottom flask, PPV CHO (0.19 g, 0.87 

mmol) was taken and degassed by three simultaneous freeze–pump–thaw cycles. 

Dry toluene (45 mL) was added by using a syringe into the reaction vessel and 

PPV CHO was dissolved by ultrasonication for 15 min. The solution was 

transferred into a 250 mL two-necked round bottom flask and piperidine (0.06 

mL, 1.13 mmol) was added under argon atmosphere. Cyanoacetic acid was then 

added to the reaction mixture (0.096 g, 1.13 mmol), and refluxed for 17 h. The 

reaction mixture was cooled and toluene was removed under reduced pressure. 

Methanol (30 mL) was added to the reaction mixture and stirred for 30 min to 

remove excess piperidine and cyanoacetic acid. After stirring for 30 min, 

methanol was decanted and the orange product PPV acid was dried in a vacuum 

oven at 60 °C for 6 h. Yield- 0.16 g. 

 

 3.2.2 Characterization of Physical Properties 

The absorption spectra of solutions of PPV A and PPV acid (0.05 mM) were 

recorded in chloroform on a CARY 5 UV-Vis-NIR spectrophotometer (Varian, 

Inc.). Diffused reflectance spectra (DRS) were recorded on Jasco instruments 

and FTIR spectra were recorded using Perkin Elmer instruments. NMR spectra 

were recorded on a Bruker 500 MHz spectrometer at resonance frequency of 500 

MHz for 1H using chloroform-d (Sigma-Aldrich) and methanol-d4 (Sigma-

Aldrich) as a solvent. TGA was recorded using TGA-7 Perkin Elmer instrument. 
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The J–V characteristics were measured under exposure with 100 mW cm-2 (450 

W xenon lamp, Newport), 1 sun AM, and simulated sunlight as a solar 

simulator. The current was measured using a Keithley 2400 source. 

Measurements of the incident-photon-to-current conversion efficiency (IPCE) 

were performed by changing the excitation wavelength (Newport). 

 

3.2.3 Fabrication and Testing of DSSCs 

To make and to study the DSSC, doctor blading method for the TiO2 film 

preparation was employed. After making the films, they were annealed at 450 °C 

for 60 min. For sensitization, the films were dipped in samples viz. solutions of 

modified or unmodified polymer in chloroform for 24 h at room temperature. 

The films were then rinsed with chloroform to remove excess polymeric dye on 

the surface and air-dried at room temperature. This was followed by redox 

electrolyte addition and top contact of Pt coated FTO. The electrolyte used was 

0.6 M 1-propyl-2,3-dimethyl-imidazolium iodide, 0.1 M LiI, 0.05 M I2, and 0.5 

M 4-tert-butylpyridine in acetonitrile. The J–V characteristics and incident 

photon to current conversion efficiency (IPCE) were then measured. 

 

3.3 Results and Discussion: 
3.3.1 Synthesis of Acid Derivative of BEHP-co-MEH-PPV Starting from 

BEHP-co-MEH-PPV: 

The synthesis of PPV acid involves two steps consisting of well-known organic 

transformations (Scheme 3.1). Vilsmeier–Haack formylation is a useful method 

for introduction of formyl groups on the electron rich aromatic rings. Polymer 

PPV A contains electron rich aromatic rings and thus is a good candidate to 

perform the formylation reaction. Also PPV A contains vinylene bonds, which 

are compatible towards the formylation conditions. The first step involves 

Vilsmeier–Haack formylation of the base polymer PPV A using N,N-dimethyl 

formamide (DMF) and phosphoryl chloride (POCl3) affording its aldehyde 

derivative. Knoevenagel condensation of PPV CHO with cyanoacetic acid in 

the presence of piperidine yielded PPV acid. The reactions were followed by 1H 

NMR spectra of the polymers (Figure 3.1). 
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Scheme 3.1: Synthesis of PPV acid 

 

The appearance of the characteristic peaks of the aldehyde functional group at 

9.83 ppm and 10.13 ppm in the 1H NMR spectra after the Vilsmeier–Haack 

formylation confirmed the formation of the PPV CHO. We observed two peaks 

for aldehyde in the NMR spectrum which could be attributed to the formylation 

at two different positions, as the PPV A contains two types of electron-rich 

aromatic rings having different chemical environments. The disappearance of 

the aldehyde peaks in the 1H NMR spectrum of PPV acid confirmed the 

condensation of the aldehyde with the cyanoacetic acid group affording the 

target product, acid derivative of the polymer (PPV acid) (Scheme 3.1). 
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Figure 3.1: 1H NMR spectra of PPV A, PPV CHO and PPV acid. 

 
3.3.2 UV-Visible Spectroscopy: 

The absorption spectrum of the modified polymer PPV acid is compared with 

the PPV A in chloroform solution (0.05 mmol) in Figure 3.2. The base polymer 

PPV A showed broadband absorption in the visible region from 350 nm to 550 

nm with the absorption maximum at about 460 nm. Polymer PPV acid showed a 

broadband absorption from 350 nm to 600 nm and absorption maximum at 450 

nm with a blue shift. After modification of polymer, a red shift was expected in 

the UV-visible absorption spectrum because of the extension in conjugation due 

to incorporation of cyanoacrylic acid moiety. However, surprisingly the 

modified polymer showed a blue shift in absorption spectrum.  
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Figure 3.2: UV-Vis spectra of PPV A and PPV acid derivative. 

	
  
The observed blue shift for PPV acid absorption spectrum may be due to break 

in conjugation in case of probable meta-substitution as indicated in Scheme 

3.1.27,28 

The molar extinction coefficients were calculated from the corresponding 

absorption spectra of PPV A and PPV acid and values were found to be 4.2 

*105 cm-1 mol-1 and 7.9* 105 cm-1 mol-1, respectively.  

 

3.3.3 Diffuse Reflectance Spectra (DRS): 

DRS were recorded for the PPV A as well as the PPV acid in their powder form 

and data is shown in Figure 3.3. These spectra exhibited broad absorption of the 

polymer with a small tail above 600 nm in the case of PPV acid as well as small 

blue shift in the absorption maxima of PPV acid from 460 nm (PPV A) to 450 

nm in accordance with UV-Vis spectra discussed in the text. 
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Figure 3.3: DRS spectra of PPV A and PPV acid. 

3.3.4 Photoluminescence Spectroscopy (PL): 

Figure 3.4 (a) and (b) depicts the PL spectra of the PPV A and the PPV acid, 

respectively. Both PPV A and PPV acid showed emission at around 550 nm 

(2.254 eV) for the excitation maxima at 480 nm (~ 2.583 eV) for PPV A and 

460 nm (~ 2.695 eV) for PPV acid, respectively. In the case of PPV acid the e-h 

binding energy is ~0.441 eV while for the PPV A it is ~0.329 eV. 

 

 
 
Figure 3.4: Photoluminescence spectra of (a) PPV A and (b) PPV acid. 

 
Thus, there is a small increase in the band gap energy after the modification 

because of the electron withdrawing effect of –COOH and –CN groups, which 

corroborates with the UV-Vis spectra (Figure 3.3), and the band diagram 

(Figure 3.7) 
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3.3.5 Infrared Spectroscopy (FTIR study):	
  	
  

Figure 3.5 represents the FTIR spectra of polymers taken in the solid state using 

a KBr pellet.	
  

 

	
  
	
  

Figure 3.5: FTIR spectra of PPV A, PPV CHO and PPV acid (inset showing 

expanded portion of carbonyl region, clearly shows the carbonyl stretching 

frequency). 

The peaks at 1741 cm-1 and 1744 cm-1 represent the characteristic carbonyl 

frequencies in PPV CHO and PPV acid, respectively. Also the presence of a 

broad absorption near 3400–2400 cm-1 (at 3390 cm-1) in the PPV acid indicates 

the –OH frequency. 

 

3.3.6 Band Alignment of Polymer with TiO2:  

The band alignment of the PPV A and PPV acid with the TiO2 was obtained 

using cyclic voltammetry (Figure 3.6). Electrochemical properties (cyclic 

voltammetry) of the PPV A and modified polymer PPV acid were studied in the 

dichloromethane solution. HOMO of the modified polymer PPV acid is -4.9 eV 

and that of the base PPV A is -4.8 eV with reference to the vacuum level. The 

band gap increased from 2.58 eV to 2.69 eV in PPV acid, supporting the blue 

shift observed in the UV-Vis spectra. 

 

4000 3000 2000 1000
0

100

	
  

	
  

%
T

ra
ns

m
it

ta
nc

e

Wavenumber (cm-1)

	
  PPV A

	
  PPV aldehyde

	
  PPV acid

1800 1700 1600 1500

90

100

110

120

1744

1741

	
  

	
  

%
T

ra
ns

m
it

ta
nc

e

Wavenumber(cm-1)

	
  PPV A

	
  PPV aldehyde

	
  PPV acid



       Ph.D Thesis     Chemistry                                   Chapter 3     October 2015   
 

Savitribai Phule Pune University  CSIR-National Chemical Laboratory	
  108	
  

	
  
Figure 3.6: Band alignment of PPV A and PPV acid with TiO2. 

 

3.3.7 J–V Characterization and IPCE Measurements: 

The TiO2 type was optimized for the better efficiency. Selection of TiO2 is 

important parameter. The size of the TiO2 and the polymeric dye should be 

compatible. Table 3.1 shows the details about the TiO2 type optimization. Sol-

gel TiO2, which forms a very compact film, was not suitable for the polymeric 

dye. The better performance was obtained by using P25 powder of TiO2.  

 

Table 3.1: Optimization of TiO2 type and polymeric dye concentration. 

No. Film material Time 

(h) 

PPV-A dye 

concentration (mmol) 

Efficiency 

(%) 

1 P25 24 0.05  0.46 

2 P25 24 0.05  0.55 

3 P25 24 0.1 0.8 

4 P25 24 0.3 0.32 

5 Sol-gel TiO2 24 0.1 0.16 

6 Sol-gel TiO2 48 0.1 0.14 

7 Mesoporous TU10 24 0.1 0.3 

8 Electrospun TiO2 24 0.1 0.12 

9 ZnO 24 0.05 0.08 
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Another important parameter is the thickness of the TiO2 film. For the 

optimization of the thickness; 4, 8, and 12 µm thick films were made and the 

performance was checked (Table 3.2). It was observed that 12-µm thick P25 

TiO2 film gave better efficiency. Thus this condition was set for the further 

measurements.  

 

Table 3.2: Thickness optimization of TiO2 film. 

No. Film type Thickness (µm) Efficiency (%) 

1 P25 4 0.68 

2 P25 8 0.71 

3 P25 12 0.70 

4 Sol-gel TiO2 12 0.26 

 

Thus, with the optimized conditions of TiO2 thickness and the dye concentration, 

DSSC device using PPV acid as sensitizer was made and I-V characteristics 

were recorded. 

 

 
Figure	
   3.7:	
   J-V characterization for the (a) PPV A and PPV acid, (b) 

comparison of J-V curves for PPV A, PPV CHO and PPV acid  

J–V characteristics for the DSSCs are shown in Figure 3.7 (a) for the case of 

commercial Degussa P25 TiO2 nanoparticle films using base polymer PPV A 

and PPV acid polymer dye. The thickness of the TiO2 films used was 8–10 

micrometers. Figure 3.7 (b) represents the comparison of I–V characteristics of 

PPV A, PPV CHO and PPV acid. 
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Table 3.3 represents comparison of the PPV A, PPV-CHO and PPV acid dyes 

on the optimized films of TiO2 (P25 films, 12 µm thick) 

 

Table 3.3: Comparison of PPV A, PPV-CHO and PPV acid dyes on the 
optimized films.  

	
  
No. Dye Efficiency (%) 

1 PPV A 0.36 

2 PPV-CHO 0.13 

3 PPV-acid 3.0 

 

 

 

Figure 3.8: (Top) TiO2 films sensitized with PPV A, PPV CHO and PPV acid 

by dipping in their chloroform solutions (Below) 

	
  
Table 3.4: Solar cell parameters for PPV A and PPV acid. 

 
No. Polymer VOC 

(V) 

JSC 

(mA/cm2) 

FF (%) Efficiency 

(%) 

1 PPV A 0.53 1.02 66.55 0.36 

2 PPV acid 0.69 6.71 64.71 3.0  

 

The current density is seen to have increased dramatically from 1 mA cm-2 to 6.7 

mA cm-2 in the case of PPV acid, resulting in a power conversion efficiency of 3 

ESI- 3. J-V characterization of the polymer PPVA, PPV CHO and PPV acid  

 

 

 

 

 

 

Fig. 3a. Solar cell characteristics for the case of P25 Degussa TiO2 nanoparticles. 
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Fig.3b. (Top) TiO2 films sensitized with PPV A, PPV CHO and PPV acid by dipping in their 

chloroform solutions (Below). 
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%. The VOC is also seen to have increased significantly from 0.53 V to 0.69 V.  

Figure 3.9 shows the IPCE measurement data for TiO2 sensitized with the 

polymer dye as a function of wavelength. IPCE was calculated using the 

equation: 

𝐼𝑃𝐶𝐸   % =   
1240𝐽!"
𝜆𝑃!"

 

Where, JSC is the short-circuit current density, λ is the wavelength of the incident 

light, and Pin is the power of the incident light. The PPV acid exhibited 47% 

broad peak of IPCE as against the base polymer PPV A which showed only 7% 

IPCE. This indicates that there is effective charge transfer because of the good 

adsorption and electronic anchoring of the –COOH functional groups on the 

surface of TiO2 in the modified polymer PPV acid.  

 

Figure 3.9: IPCE measurements of PPV A and PPV acid dye loaded TiO2 

films. 

The –COOH functional group thus plays a very important role in the charge 

transfer in case of PPV acid.  

The IPCE peak in the case of PPV acid is seen to be broad and centered at 

around 500 nm, which is red shifted from the optical absorption peak at around 

450 nm (Figure 3.2). Such red shift has been reported and attributed to 

aggregation of dye on TiO2 or influence of double layer at the interface between 

TiO2 and the electrolyte.29,30 Interestingly, for the non-adsorbing PPV A dye the 
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mol-1 respectively. This result corroborates with the increased 
conjugation. 
 
FTIR study 
The FTIR spectra of polymers were taken in solid state using KBr 5 

pellet (Fig. 3). The peaks at 1741 cm-1 and 1744 cm-1 represent 
the characteristic carbonyl frequencies in PPV CHO and PPV 
acid, respectively. Also the presence of a broad absorption near 
3400 -2400 cm -1 (at 3390 cm-1) in the PPV acid indicates the –
OH frequency.  10 

 
 
 
 
 15 
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 25 

 
Fig. 3 FTIR spectra of PPV A, PPV CHO and PPV acid. (Inset 
showing expanded portion of carbonyl region, clearly shows the 
carbonyl stretching frequency) 
 30 

Band alignment of polymer with TiO2 
The band alignment of the PPV A and PPV acid with the TiO2 
was obtained using cyclic voltametry (Fig. 4). Electrochemical 
properties (cyclic voltametry) of the PPV A and modified 
polymer PPV acid were studied in the DCM solution. HOMO of 35 

the modified polymer PPV acid is -4.9eV and that of the base 
PPV A is -4.8eV with reference to the vacuum level. 
 
 
 40 
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Fig. 4 Band alignment of PPV A and PPV acid with TiO2 

 
The band gap increased from the 2.58eV to 2.69 eV in PPV acid, 55 

supporting the blue shift observed in the UV-Vis spectra. Please 
see also the electronic supplementary information ESI-2 for 
photoluminescence results. 

J-V characterization and IPCE measurement 
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Fig. 6 (a) Solar cell characteristics for the case of P25 Degussa 
TiO2 nanoparticles, (b) IPCE measurement of PPV A and PPV 
acid dye loaded TiO2 film.  
 90 

J-V characteristics for the DSSCs are shown in the Fig. 6 (a) for 
the case of commercial Degussa P25 TiO2 nanoparticle films 
using base polymer PPV A and PPV acid polymer dye. The 
thickness of the TiO2 films used was 8-10 micrometer. Please see 
also the electronic supplementary information ESI-3 for 95 

comparison of I-V characteristics of PPV A, PPV CHO and 
PPV acid. 
 
Table 1 shows the solar cell parameters. 
 100 

Table 1 Solar cell characteristics of PPV A and PPV acid  

 
The current density is seen to have increased dramatically from 1 
mA/cm2 to 6.7 mA/cm2 in the case of PPV acid, resulting in a 
power conversion efficiency of 3%. The Voc is also seen to have 105 

increased significantly from 0.53V to 0.69V. Fig. 6 (b) shows the 
IPCE measurement data for TiO2 sensitized with the polymer dye 
as a function of wavelength. IPCE was calculated using the 
equation:   
 110 

IPCE (%) = 1240Jsc/λ Pin 
 

Polymer Voc (V) Jsc 
(mA/cm2) 

FF 
(%) 

Efficienc
y (%) 

PPV-A 0.53 1.02 66.55 0.36 
PPV acid 0.69 6.71 64.71 3.0 
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IPCE and optical absorption maxima remained close. This explains the change 

from a blue shift for PPV acid in UV-is absorption (as in Figure 3.2 to a red 

shift in the IPCE as in Figure 3.9). 

3.3.8 Atomic Force Microscopy (AFM) and Scanning Tunneling Microscopy 

(STM) Studies on Bare TiO2 and PPV-acid dye Loaded TiO2 Thin Film: 

We also employed atomic force microscopy (AFM) and scanning tunneling 

microscopy (STM) techniques to further establish and elucidate the nature of 

binding of the PPV acid on the anatase TiO2 surface. The results presented 

clearly bring out that inclusion of –COOH functional group does enable the 

desired anchoring of the dye on the TiO2 surface. 

 

 
Figure 3.10: Force-distance curves taken at four different locations on bare and 

PPV acid dye-loaded TiO2 surface. 

In order to understand and elucidate the nature of adsorption of PPV-acid on the 

TiO2 surface, 200 nm films of anatase TiO2 were grown by pulsed laser 

deposition (PLD) on FTO/glass substrates, and these were studied by Atomic 

Force Microscopy (AFM) and Scanning Tunneling Microscopy (STM) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. ESI 5(a): Force-distance curves taken at four different locations on bare and PPV 

acid dye-loaded TiO2 surface. 
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techniques without and with adsorbed PPV-acid dye molecules. The reason for 

using PLD films was to ensure reasonable level of surface smoothness to enable 

proper implementation of the said characterization methods. 

In AFM study, the force-distance measurements were performed using a tip with 

a force constant of about 1 N/m (Figure 3.10). In all the force-distance curves 

recorded at four different points, it is clearly observed that the difference 

between the sharp dip in the tip approach curve and tip retract curve is not the 

same for the bare TiO2 and polymeric dye-loaded TiO2. In case of polymeric 

dye-loaded TiO2 the required force to detach the tip is higher as compared to 

bare TiO2. This increase in force can be attributed to the elastic stretching of 

polymeric dye chains adsorbed on to the TiO2 Surface.31  

	
  
Figure 3.11 represents the comparison of the STM based I-V (current voltage) 

curves taken on bare TiO2 and dye-loaded TiO2. These I-V data clearly reveal 

that the electronic barrier in the case of dye-loaded TiO2 is higher as compared 

to bare TiO2. The STM topographic images (Figure 3.12) also indicate a 

uniform distribution of dye molecules on the TiO2 surface, and more 

importantly, their contribution to electronic transport exhibits more noise, as 

expected. 

 

Figure 3. 11: STM Spectra taken on bare TiO2 and PPV acid dye loaded TiO2. 
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Fig. 5 (b): STM Spectra taken on bare TiO2 and PPV acid dye loaded TiO2 

 

 

 

 

 

 

 

 

 

Fig. ESI 5 (c): STM Topography and line scan on bare TiO2 and PPV acid dye loaded TiO2 
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Figure 3.12: STM Topography and line scan on bare TiO2 and PPV acid dye 

loaded TiO2 

3.3.9 Thermogravimetric Analysis of PPV-A and PPV- acid: 

Thermogravimetric analysis (TGA) was performed in air for the PPV A and the 

PPV acid and thermograms are shown in Figure 3.13. Both PPV A and PPV 

acid are stable up to ~250 °C.  

 
Figure 3.13: TG curves of PPV A and PPV acid. 
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Fig. 5 (b): STM Spectra taken on bare TiO2 and PPV acid dye loaded TiO2 

 

 

 

 

 

 

 

 

 

Fig. ESI 5 (c): STM Topography and line scan on bare TiO2 and PPV acid dye loaded TiO2 
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ESI -7. Thermogravimetric Analysis of PPV-A and PPV- acid:  

Thermogravimetric analysis (TGA) was performed in air for the PPV A and the PPV acid and 

thermograms are shown in Fig.2. Both PPV A  and PPV acid are stable up to  ~250oC (T10 value). 
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3.3.10 Thermal Stability of the PPV acid Polymeric Dye: 

A thermal stability test was conducted on the PPV acid based DSSC and the 

results were compared with the stability of a standard N719 dye based DSSC. It 

was found that the solar cell efficiency was stable up to 100 °C for the PPV acid 

dye while that in the case of N719 it began to degrade above 50 °C (Figure 

3.14). For the PPV acid dye, the efficiency did not drop completely even above 

100 °C, but started degrading gradually above 200 °C which is in accordance 

with the TGA results of the PPV acid (Figure 3.13). 

To investigate thermal stability of DSSC made with the PPV acid and 

traditionally used N719 dye, heat treatment studies were performed on the 

sensitized TiO2 based cells. The solar cells were subjected to heating at different 

temperatures for 30 min, allowed to cool and then efficiency was measured at 

room temperature. For Ru-based N719 dye the power conversion efficiency 

started decreasing when annealed above 50 °C while in case of PPV acid it is 

stable for heat treatment up to 90 °C. The Ru-based dye showed drop in the 

efficiency from 5% to less than 0.3% at 200 °C after interval of 30 min at every 

annealing step from room temperature to 200 °C. 

 

Figure 3.14: Solar conversion efficiency with respect to cell processing 

temperature. 

Table 3.5: Efficiency of PPV-acid and N719 dye with increasing temperature 
 

No. Temperature ( °C) Efficiency (%) 
PPV-acid N719 

1 RT 3.00 4.9 
2 50 2.89 5.0 

 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

Where Jsc is the short-circuit current density, λ is the wavelength 
of the incident light, and Pin is the power of the incident light. The 
PPV acid exhibited 47% broad peak as against the base polymer 
PPV A which showed only 7% IPCE. This indicates that there is 
effective charge transfer because of the good adsorption and 5 

electronic anchoring of the -COOH functional groups on the 
surface of TiO2 in the modified polymer PPV acid. The –COOH 
functional group thus plays a very important role in the charge 
transfer in case of PPV acid. The IPCE peak in the case of PPV 
acid is seen to be broad and centered at around 500 nm, which is 10 

red shifted from the optical absorption peak around 450 nm (Fig. 
2). Such red shift has been reported and attributed to aggregation 
of dye on TiO2 or influence of double layer at the interface 
between TiO2 and the electrolyte.29-30 Please see also the 
electronic supplementary information ESI-4. Interestingly, for the 15 

non-adsorbing PPV A dye the IPCE and optical absorption 
maxima remain close. This explains the change from a blue shift 
for PPV acid in UV-Vis absorption (as in Fig. 2) to a red shift in 
the IPCE as in Fig. 6(b).   
 20 

We also employed Atomic force microscopy (AFM) and 
Scanning Tunneling Microscopy (STM) techniques to further 
establish and elucidate the nature of binding of the PPV acid on 
the anatase TiO2 surface. The corresponding results presented in 
the electronic supplementary information ESI-5 clearly bring out 25 

that synthetic inclusion of -COOH functional group does enable 
the desired anchoring of the dye on the TiO2 surface. 
 
 
Thermal stability 30 

 
A thermal stability test was conducted on the PPV acid based 
DSSC and the results were compared with the stability of a 
standard N719 dye based DSSC. Please see also the electronic 
supplementary information ESI-6 . It was found that the solar cell 35 

 
 
 
 
 40 

 
 
 
 
 45 

 
 
 
 
 50 

Fig. 7 Solar conversion efficiency with respect to cell processing 
temperature 
 
efficiency was  stable up to 100oC for the PPV acid dye while 
that in the case of N719 it began to degrade above 50oC. For the 55 

PPV acid dye, the efficiency did not drop completely even above 
100oC, but started degrading gradually above 200oC which is in 
accordance with the TGA results of the PPV acid (Please see the 

Electronic supplementary information ESI-7). 
 60 

Experimental Section 

BEHP-co-MEH-PPV (PPV A) (MW- 18,900, 60:40) and POCl3 
were purchased from Sigma Aldrich and were used as received. 
DMF, toluene were dried over calcium hydride followed by 
distillation under reduced pressure. 65 

Procedure 

Vilsmeier-Haack Formylation of BEHP-co-MEH-PPV (PPV 
A) 
Into a 500 ml two-necked round bottom flask equipped with a 
rubber septum, a magnetic stirring bar and a reflux condenser, 70 

was added PPV A (0.3 g, 1.3 mmol) under argon atmosphere. 
Dry 1, 2 dichlorobenzene (250 mL) was added to the reaction 
mixture and PPV A was dissolved by ultrasonication for 50 min. 
and purged with argon for 10 min. DMF (0.13 mL, 1.66 mmol) 
was added using syringe and the reaction mixture was cooled to 75 

0oC using ice bath. POCl3 (0.15 mL, 1.66 mmol ) was added drop 
wise using syringe over a period of 20 min. with continuous 
stirring, under argon atmosphere. After completion of addition, 
the reaction mixture was allowed to attain room temperature and 
stirred for 10 min. The reaction mixture was then heated at 70oC 80 

for a period of 12 h. The reaction mixture was allowed to cool at 
room temperature. Reaction mixture was diluted with 30 mL of 
chloroform and poured into ice cold water and stirred for 1 h. The 
organic layer was separated, dried over anhydrous sodium sulfate 
and filtered. The solvent was removed under reduced pressure. 85 

Further purification was done by washing with the methanol. 
Methanol was decanted and the product was dried in the vacuum 
oven for 6 h at 60oC Yield = 0.2 g. 
 
Knoevenagel condensation of BEHP-co-MEH-PPV-aldehyde 90 

(PPV CHO) 
 
PPV CHO (0.19 g, 0.87 mmol) was taken into a 100 mL single 
necked round bottom flask and was degassed by three 
simultaneous freeze-pump-thaw cycles. Dry toluene (45 ml) was 95 

added by using a syringe into the reaction vessel and PPV CHO 
was dissolved by ultrasonication for 15 min. This solution was 
transferred into a 250 mL two-necked round bottom flask and 
piperidine (0.06 mL, 1.13 mmol) was added under argon 
atmosphere. Cyanoacetic acid was then added to the reaction 100 

mixture (0.096 gm, 1.13 mmol), and refluxed at 120oC for 17 h. 
The reaction mixture was cooled and toluene was removed under 
reduced pressure. Methanol (30 mL) was added to reaction 
mixture and stirred for 30 min. to remove excess piperidine and 
cyanoacetic acid. After stirring for 30 min, methanol was 105 

decanted and orange product PPV acid was dried in a vacuum 
oven for 6 h at 60oC. Yield = 0.16g. 
 
Characterization of physical properties 
 110 

The absorption spectra of solutions of PPV A and PPV acid 
(mM) were recorded in chloroform with CARY 5 UV-Vis-NIR 
spectrophotometer (Varian, Inc.). Diffused reflectance spectra 
(DRS) were recorded on Jasco instruments and FTIR spectra 

0 100 200 300 400

0.0

0.2

0.4

0.6

0.8

1.0

 
 

η/
η

η/
η

η/
η

η/
η  (R

T)

Annealing Temperature(oC)

 PPV acid
 N719

Page 10 of 21Journal of Materials Chemistry



       Ph.D Thesis     Chemistry                                   Chapter 3     October 2015   
 

Savitribai Phule Pune University  CSIR-National Chemical Laboratory	
  116	
  

3 100 2.83 4.3 
4 150 1.76 2.8 
5 200 1.80 0.5 
6 250 1.46 * 
7 300 0.90 * 
8 350 0.09 * 

* No measurements were performed as the dye underwent degradation. 
 

In the case of PPV acid, the conversion efficiency remained stable up to 100 °C 

and gradually started decreasing from 2.8 % at 100 °C, 1.8% at 200 °C to 0.9% 

at 300 °C. This showed that, the PPV acid is thermally more stable as compared 

to Ru-based dyes at higher temperature, which was in agreement with the TGA 

data of the polymer.  

3.4 Conclusion 
In conclusion, we have demonstrated a simple two-step strategy to introduce 

carboxylic acid groups on a conjugated polymer BEHP- co-MEH-PPV (PPV 

A). The introduction of carboxyl groups clearly proves to be beneficial for 

charge injection through proper anchoring to TiO2 film for its use in DSSCs. 

Modified polymer PPV acid gives considerably high efficiency (3%) as 

compared with the unmodified counterpart. Such a simple two-step modification 

may open up new avenues towards potential use of commercially available and 

thermally stable conjugated polymers for possible use in DSSCs. The DSSC 

device of polymeric dye was found to be stable up to 90 °C. 
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Chapter 4 

 

High Surface Area Porous Carbon For Ultracapacitor 

Application by Pyrolysis of Polystyrene Containing Pendent 

Carboxylic Acid Groups Prepared via Click Chemistry 
 

 

 

 

     Strategic designing and synthesis of polystyrene derivative containing 

pendent carboxylic acid groups was performed via click chemistry to achieve 

micro/meso-porous conducting carbon with high surface area (1860 m2 g-1) by 

controlled pyrolysis. The design is done with the objective to get graphene-like 

framework (by polystyrene backbone), nitrogen doping (by triazole ring) and 

high porosity (salt of carboxylic acid). Potassium hydroxide was reacted with the 

carboxylic acid groups of the polymer to achieve uniform in-situ molecular 

activation. The obtained hierarchically porous carbon was characterized and 

studied for the electric double layer capacitor in organic electrolyte as well as 

lithium ion hybrid electrochemical capacitor (Li-HEC) performance. A specific 

capacitance of 137.8 F g-1 was obtained for the applied current density of 0.5 A 

g-1 using tetraethyl ammonium tetrafluoroborate in propylene carbonate as an 

electrolyte, in the potential range of 0-2.7V. The Li-HEC cell was found to 

deliver the maximum energy and power densities of 61 Wh k g-1 and 10015 W k 

g-1, respectively, with ~70% capacitance retention after 2000 charge-discharge 

cycles at the current density of 2 A g-1.  

 

 

 

The contents of this chapter have been published in Materials Today 

Communications 4 (2015) 166–175. 
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4.1 Introduction 
The global energy demands are rising exponentially due to the thrust on 

rapid development and industrialization, causing fast depletion of non-renewable 

sources and an alarming increase in the levels of pollution worldwide. This 

situation has recently led to intensification of efforts on the explorations of clean 

and green renewable energy resources. There are three key facets of the modern 

energy technologies namely energy harvesting, storage and conservation. 

Amongst these perhaps the most challenging and yet uneconomical is the 

technology for energy storage. This is especially true in so far as the highly 

desirable large-scale implementation of the new and renewable energy 

technologies are concerned, and these relate to both the grid based and the 

distributed power solutions. We need inexpensive, environmental-friendly and 

non-toxic energy conversion and storage materials to build systems for 

sustainable growth.1,2  

Functional carbon materials and their composites with suitably tailored 

property features form a very important class of materials for the energy storage 

devices such as supercapacitors and batteries.3 In fact these materials also find 

immense applications in other sectors as well, such as water purification, 

desalination, gas adsorption, CO2 capture, hydrogen storage, catalysis, oxygen 

reduction, etc.4-16 Supercapacitors and batteries offer different domains of 

strengths in terms of charge/energy storage devices, systems, and applications. 

Batteries have high energy density but relatively low power density, while 

supercapacitors can render very high power density but at the cost of relatively 

low energy density as compared to the battery systems. The two differ quite 

significantly also in terms of cycling performance and device life. Attempts are 

currently being made to develop device concepts and designs to address the 

power and energy density regime in the zone, which falls between the standard 

domains, afforded by the battery and supercapacitor capabilities. In this entire 

research effort the key is the design of materials17, which form the electrodes of 

the charge storage devices, where much of the storage action occurs along with 

carrier transport. Since in this work we are mainly concerned with 

supercapacitor device, we briefly discuss some recent efforts on making the right 

kind of carbon material for the corresponding electrodes.  
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High surface area carbon forms with hierarchical porosity and high 

electrical conductivity are desired for the supercapacitor application for obvious 

reasons.3,4 Such supercapacitor grade carbons have been and are still being 

synthesized by controlled pyrolysis of different carbon sources such as 

biomass,18 natural waste,19 polymers,20-21 ionic liquids,22 metal organic 

frameworks (MOFs),23 metal carbides,24 etc. The porosity is introduced either by 

activation of the precursor or by using a suitable template. The process of 

activation (for porosity formation) can be performed either by passing gases like 

CO2 and steam during the carbonization process (physical activation) or by 

adding external activating agents such as KOH or NaOH during carbonization 

(chemical activation).25-28 The latter forms compound with carbon at high 

temperatures, which can later be dissolved, forming the pores. The conductivity 

depends on the highest processing temperature.  

Polymers form an important class of precursors to obtain carbons with 

several morphologies, conductivity, and surface area/porosity features. Polymers 

such as polyaniline, polypyrrole, and polyacrylates have been used for the 

synthesis of porous carbons with high surface area using activation or 

templates.26,29 There are only a few reports however on the synthesis of porous 

carbons by direct pyrolysis of polymer salts30 without using any external 

activation. Puthusseri et al.31 and Yadav et al.32 reported the formation of highly 

porous and good supercapacitor grade carbon by direct pyrolysis of potassium 

and sodium salts of a polymer, respectively. Gokhale et al.33 have employed 

pyrolysis of an oligomer for obtaining nitrogen doped 3D porous carbon for the 

lithium-ion hybrid electrochemical capacitor (Li-HEC) application. Similarly, 

Puthusseri et al. also used hierarchically porous carbon derived from polymer 

pyrolysis for the Li-HEC application with impressive results.34  

In most of the works (Table 4.1) on the synthesis of high surface area 

porous functional carbon for charge storage or other applications, the basic 

choices which control the final product are the precursors, the method and 

degree of activation, and the thermal processing protocol for pyrolysis. Table 

4.1 summarizes the literature examples of carbon preparation from pyrolysis of 

polymeric precursors. 
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Table 4.1: Literature review table for carbon obtained by polymer pyrolysis 

 
 

Polymer 

Surface area (m2/g) Amount of 

KOH used 

per gm of 

precursor 

Activating 

agent 

R
ef

er
en

ce
 

without 

activation 

With 

activation 

Poly (acrylonitrile co-

n-butyl acrylate )  

500 

 

2570 1 

 

KOH 47 

Poly (4-sodium 

styrene sulfonate-co-

maleic acid) sodium 

salt 

1720 

 

- - - 32 

Poly(acrylic acid-co-

maleic acid) sodium 

salt 

188 - - - 48 

Poly( o -

phenylenediamine) 

- 591 - FeCl3.6H2

O 

20 

Sulfonated 

Poly(styrene-co-

methacrylic acid) 

(SPS-COOH) Sphere 

508 - - - 49 

Polypyrrole - 2870 5 KOH 25 

Poly(acrylamide-co-

acrylic acid) 

potassium salt  

1327 

 

2366 1 KOH 31 

 

It is clear that designing a precursor with a set of property goals in mind 

may be a more effective approach than choosing the available biomass 

precursors or polymers and controlling the pyrolysis protocols. Indeed through 

proper precursor design one could aim at achieving a certain pore size 

distribution, doping and conductivity in the final carbon product. 

The present work is a modest attempt along this line. Herein, we used 

carboxyl-modified polystyrene derivative synthesized using alkyne-azide click 

reaction for obtaining functional carbon by controlled pyrolysis. Click chemistry 

has great importance and wide scope in the field of organic chemistry and for the 

chemical modification of polymers. "Click Chemistry" is a term that was 

introduced by K. B. Sharpless35 in 2001 to illustrate the reactions, which 
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generate materials rapidly and reliably by joining two or more small units 

together. The click reactions are high yielding without creating byproducts or 

generating byproducts that can be easily removed without using column 

chromatography. The click reactions are stereospecific, easy to perform using 

easily available starting materials under simple reaction conditions, can be 

implemented in easily removable solvents or even without solvents, and are 

known for high atom economy 39,40 Figure 4.1 represents general mechanism of 

Cu (I) catalyzed azide-alkyne click reaction.  

 

	
  
Figure 4.1: Representation and mechanism of click reaction. 

Click Chemistry has also been employed for post-polymerization 

modification of the polymers. This provides immense scope to modify polymers 

in various ways, which is otherwise difficult. The introduction of various 

functional groups is feasible due to click chemistry. The post polymerization 

modification approach has advantages like 1) desired molecular weight has 

already achieved, 2) the functionality, which affects polymerization 

phenomenon; that can also be, introduced using post-polymerization click 

reaction. Table 4.2 shows representative examples for the post-polymerization 

modification by click chemistry.  
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Table 4.2: Representative examples for post polymerization modification by 

click chemistry. 

 

No Polymer Structure Reference 

1. 

 

36 

2. 

 

 37 

3.  

 

 38 

 

The click product containing pendant carboxylic acid group formed in 

our case was then reacted with equimolar amount of KOH to serve as an in situ 

molecular activating agent. The polymer formed was then subjected to pyrolysis 

in the continuous flow of argon at elevated temperature to get porous conducting 

carbon with high surface area after appropriate washing. The polymer-derived 

carbon (P3KC) was tested for the electric double layer capacitor (EDLC) type 
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supercapacitor as well as for the next generation electrochemical Li-HEC. For 

both these cases, polymer-derived carbon exhibited promising results. 

 

4.2 Experimental Section 
Materials: 

4-Chloromethyl styrene was procured from M/s Sigma Aldrich and distilled 

before use to get rid of radical stabilizers present in it. N,N-Dimethylformamide 

(DMF) and toluene were dried over calcium hydride followed by distillation 

under reduced pressure. 2, 2’-Azobis (isobutyronitrile) (AIBN) was purchased 

from M/s Sigma Aldrich and recrystallized from methanol before use. 

 

4.2.1 Synthesis of Polymer Precursor 

4.2.1.1 Synthesis of Polymer P1: Polymerization of 4-chloromethyl styrene 

A typical radical polymerization was performed in the inert atmosphere. In a 

clean, dry Schlenk tube were added 4-chloromethyl styrene (10 g 0.065 mol) and 

dry toluene (6 mL) under argon atmosphere. The system was degassed and 

purged with argon thrice before the addition of AIBN (3.2 mg). After the 

addition of initiator the reaction mixture was allowed to stir at 90 °C for 3 days. 

The reaction mixture gradually became viscous. The viscous solution was then 

precipitated into ice-cold methanol to get poly (4-chloromethylstyrene) (P1). 

The polymer was washed several times with methanol and dried under vacuum. 

The yield was 9 g (90%). The polymer was characterized by using NMR 

spectroscopy. 

 

4.2.1.2 Synthesis of polymer P2: Conversion of chloro (-Cl) to azido (-N3) 

Into a 100 ml two-necked round bottom flask equipped with a rubber septum, 

was added polymer P1 (6 g, 0.039 mol) under argon atmosphere. Dry DMF (50 

mL) was added to the reaction mixture under argon and P1 was dissolved by 

stirring at room temperature for 15 min. Sodium azide (5.11 g, 0.078 mol) was 

then added to the reaction mixture after clear solution was formed. The reaction 

mixture was kept stirring at room temperature for 12 h under argon. The pendant 

azido group containing polystyrene (P2) was precipitated into a mixture of cold 

methanol and water (1:1) (v/v). The precipitate was washed several times with 
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methanol and dried. The corresponding yield was 5 g (80%). NMR spectrum of 

polymer P2 was recorded. 

 

4.2.1.3 Synthesis of Polymer P3: Azide-alkyne Click Reaction  

Into a 100 mLthree-necked round bottom flask equipped with a rubber septum, a 

magnetic stirring bar, a two-way stopcock and a reflux condenser was added P2 

(2 g, 0.012 mol). Dry DMF (20 mL), N-N di-isopropylethylamine (0.605 g, 

0.005 mol) and propiolic acid (1.32 g, 0.0188 mol) were added by syringe into 

the reaction flask. The reaction mixture was then degassed using 3 successive 

cycles of freeze-pump-thaw. Copper [I] iodide (0.095 g, 0.5 mmol) was then 

added to it under argon atmosphere. The reaction mixture was stirred at 70 °C 

for 24 h. The carboxylic acid functionalized triazole ring-containing polymer 

(P3) was precipitated in cold methanol, washed with methanol and dried under 

vacuum. The corresponding yield was 2.5 g (89%). The polymer P3 was 

characterized by NMR spectroscopy. 

 

4.2.1.4 Synthesis of P3K: Preparation of Potassium Salt of Carboxylic Acid 

Into a 50 mL single-necked round bottom flask equipped with a magnetic 

stirring bar and a reflux condenser were added together P3 (2.7 g, 0.0117 mol), 

KOH (0.66 g, 0.0117 mol) and distilled water (20 mL). The mixture was stirred 

at 90 °C for 10 h. The reaction mixture was subjected to drying at 100 °C. The 

dried polymer salt P3K was then used as the precursor for the carbon synthesis. 

The corresponding yield was 2.6 g (82%). 
 

4.2.2 Synthesis of Porous Carbon (P3KC): Carbon Obtained by Pyrolysis of 

P3K  

Polymer precursor P3K was subjected to pyrolysis at 800 °C for 3 h under 

continuous flow of argon with the temperature ramp of 10 °C per minute during 

heating. During cooling the temperature ramp was set at 10 °C per minute till 

600 °C and thereafter cooling was done naturally. The obtained carbon was 

washed with dilute hydrochloric acid by sonication to remove the inorganic 

impurities from the obtained carbon. The product was washed several times with 

DI water and filtered through PTFE membrane filter (0.22 µm) under vacuum 
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followed by DI water washing. The carbon obtained was dried in an oven at 100 

°C for 12 h and used for further characterization and measurements.  

For comparison purpose, P1 (poly(4-chloromethyl styrene)) and P3 (carboxylic 

acid containing polymer without KOH) were also carbonized to obtain P1C and 

P3C samples, respectively, and these were analyzed for different properties. 

 

4.2.3 Structural Characterization 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 500 

MHz spectrometer at a resonance frequency of 500 MHz for 1H using 

chloroform-d (Sigma Aldrich) or methanol-d4 (Sigma Aldrich) as a solvent. A 

Nicolet Magna IR 750 spectrophotometer was used to perform FTIR in the 

transmission mode. Gel permeation chromatography (GPC) was performed 

using Thermo Separation Products equipped with UV 100 and RI 150 detectors 

(Spectral Series) and chloroform as an eluent at a flow rate of 1 mL min-1 at 25 

°C for the determination of molecular weights and the molecular weight 

distribution. The concentration of sample used was 2 mg mL-1 and calibration 

standards used were polystyrenes with a narrow molecular weight distribution. 

Thermogravimetric analysis (TGA) was recorded using TGA-7 Perkin Elmer 

instrument. Powder X-ray diffraction (XRD) of P3KC was performed using 

PAN Analytical powder X-ray diffractometer with nickel-filtered CuKα 

radiation. The bonding structure of the product was further discerned by Raman 

spectroscopy (LabRAM HR800 from JY Horiba). The structural and 

morphological characterizations were performed by field emission scanning 

electron microscope (FESEM) with FEI Nova nanoSEM 450 and transmission 

electron microscope (HRTEM) using FEI, Tecnai F30, FEG with 300kV. The 

surface elemental composition was determined by X-ray photoelectron 

spectroscopy (XPS). XPS was performed using a PHI 5000 Versa Probe II 

equipped with a monochromatic Al Ka (1486.6 eV) X-ray source and a 

hemispherical analyzer. The porous structure of the sample was confirmed by N2 

adsorption-desorption isotherm at 77K (Quadrasorb automatic volumetric 

instrument). 
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4.2.4 Electrochemical Testing 

4.2.4.1 Electrode Preparation for EDLC  

(a) For the measurements in aqueous system: 1M H2SO4 was used as the 

electrolyte and symmetric cell was prepared using two electrodes. A slurry was 

made of 80 wt.% of polymer derived carbon material (P3KC), 15 wt.% of 

carbon black, and 5 wt.% of binder (Kynar: PVDF) in N-methyl-2-pyrrolidone 

(NMP). The electrodes were prepared on the torey paper by coating the slurry on 

it with active mass loading of 1 mg and the specific capacitance was calculated 

as follows:  

𝐶!" =
2𝐼

𝑚   !"
!"

 

Where, ‘𝐶!"’ is the specific capacitance in the three electrode system based on 

active material loading, ‘I’ is the constant discharging current, ‘dV/dt’ is the 

discharge slope and ‘m’ is the total loading of active material on a single 

electrode. 

 

(b) For the measurements in organic system: A slurry was made of 80 wt.% of 

polymer derived carbon material (P3KC), 15 wt.% of carbon black, and 5 wt.% 

of binder (Kynar: PVDF) in N-methyl-2-pyrrolidone (NMP) and was coated on a 

carbon coated Al foil (15 micron). The carbon coated Al foil coated with P3KC 

was dried in an oven at 100 °C overnight. The loading of carbon material was 

0.25 mg cm-2. A coin cell was fabricated using the symmetric electrodes of 

carbon and 1 M tetraethyl ammonium tetrafluoroborate in propylene carbonate 

(TEABF4 in PC) as organic electrolyte in the potential range of 0-2.7 V. Cyclic 

voltammetry (CV) and galvanostatic charging-discharging measurements were 

done using Autolab Potentiostat with Nova 1.7. 

 

4.2.4.2 Electrode Preparation for Li-HEC 

The electrochemical studies of the test electrodes were formulated by keeping 

77% active materials (P3KC or Li4Ti5O12), 11.5% conductive additive (Super P 

(Hohsen, Japan) and 11.5% binder (teflonized acetylene black, TAB-2 (Hohsen, 

Japan)) ratio for both single electrode (half-cell) studies and Li-HEC assembly 

as well. Ethanol was used as the solvent for the preparation of electrode in agate 
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mortar. The mixture was pressed over stainless steel mesh (area: 200 mm2 and 

thickness: 0.25 mm) using hydraulic press (Specac, UK) and dried overnight at 

65 °C before being employed in cell assembly. Both half-cell and Li-HEC were 

fabricated with CR 2016 coin-cell configuration. In the half-cell studies, metallic 

Li was used as the reference and counter electrode separated by microporous 

separator (Whatman, Cat. No. 1825 047, UK). 1 M LiPF6 in ethylene carbonate 

(EC)/di-methyl carbonate (DMC) mixture (Selectipure LP30, Merck KGaA, 

Germany) was used as an electrolyte. For the case of Li-HEC assembly, P3KC 

and Li4Ti5O12 were used as positive and negative electrodes under the optimized 

loading conditions. Galvanostatic charge-discharge studies were performed 

using an Arbin 2000 battery tester. For comparison purpose, commercial 

activated carbon (BET surface area 817(±20) m2g–1, From Norit, Netherlands) 

was also measured under the same conditions. 

 

4.3 Results and Discussion 
The structural design and the 3D representation of the synthesized polymer 

precursor are shown in Figure 4.2. The design of this polymer has a specific 

strategy, as indicated. The choice of polystyrene backbone is made because of 

the intention of ending with graphitic kind of carbon. The triazole ring was 

aimed for realizing nitrogen doping. 

 

 
 

Figure 4.2: (a) Illustration of the strategic design of the precursor structure, (b) 

molecular representation of P3K in 3D (Element ID: grey small ball C, grey big 

ball K, white ball H, blue ball N and red ball O.) 
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Scheme 4.1: Synthesis of polystyrene derivative-a polymeric precursor (P3K) 

for porous carbon. 

 

The carboxylic acid pendant groups are introduced for their conversion to 

corresponding potassium salt to achieve high degree of pore formation after 

carbonization and washing. 

 

4.3.1 Synthesis of Polymer Precursor P3K 

Scheme 4.1 depicts the synthesis of polymer precursor P3K. The polymer P1 

was synthesized by free radical polymerization of 4-chloromethyl styrene using 

AIBN as the initiator. The number average molecular weight (Mn) of 1.7* 104 

was obtained. The post polymer functionalization was accomplished to get 

pendant azido-group containing polymer P2 using sodium azide. P2 was then 

imperiled to click reaction with propiolic acid in order to get the pendant 

carboxyl functional groups through the formation of triazole ring. The azide-

alkyne click reaction is a straightforward and efficient methodology for chemical 

modification of polymers.39,40 The carboxyl-functionalized polymer P3 was then 

converted to its potassium salt  (P3K) by using KOH in equimolar ratio to the 

polymer precursor. In this process the carboxylic acid-salt groups are placed as 

pendant groups to polystyrene chain and these moieties are responsible for pore 
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formation by forming the salt of carboxylic acid groups. The KOH distribution 

over the carbon precursor is thus uniform, leading to a narrow pore size 

distribution and increasing the surface area of the carbon matrix as brought out 

later. The sample P3K was subjected to carbonization at 800 °C under 

continuous flow of argon. The potassium salt of carboxylic acid in the polymer 

acts as in situ porogen. At higher temperature, potassium reacts with carbon and 

oxygen from the material and gets converted into K2CO3 during the 

carbonization process, which creates pores after acid washing.31,32,41 Thus, the 

porous carbon (P3KC) was obtained after acid and water washing. 

 

4.3.2 FTIR Spectra of Polymers P1, P2, and P3  

1000 2000 3000 4000
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Figure 4.3: FTIR spectra of polymers P1, P2 and P3 

	
  
The FTIR spectra for P1, P2 and P3 are shown in Figure 4.3. The characteristic 

peak of azido for P2 appeared at 2101 cm-1. After the click reaction, the peak of 

azido disappeared indicating completion of reaction. 

 

4.3.3 NMR Spectra of Polymers P1, P2 and P3 

Figure 4.4 (a) shows 1H spectrum of P1 [poly(4-chloromethylstyrene)]. Two 

different types of aromatic protons appeared at 7.08 and 7.49 δ ppm as a singlet. 

The benzylic –CH2 appeared at 4.52 δ ppm as a singlet. The peaks 1.38-1.69 δ 
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ppm corresponds to aliphatic region of the polymer. NMR spectrum of P2 

[Poly(4-azidomethylstyrene)] is shown in Figure 4.4 (b). The peak at 4.25 δ 

ppm represents benzylic –CH2. This peak is shifted from 4.52 δ ppm, when 

conversion of –Cl to –N3 was performed.  

 

(a) 1H NMR spectrum of P1 [Poly(4-chloromethylstyrene)] 

 

 
(b) 1H NMR spectrum of P2 [Poly(4-azidomethylstyrene)] 
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 (c) 1H NMR spectrum of P3 [carboxylic acid functionalized triazole ring-

containing polystyrene] 

 

 
 

Figure 4.4: (a) 1H NMR of P1 [poly(4-chloromethylstyrene)] , (b) NMR of P2 

[poly(4-azidomethylstyrene)] and  (c) NMR of P3 [carboxylic acid 

functionalized triazole ring-containing polystyrene] 

 

4.3.4 XRD and Raman  

Figure 4.5 shows XRD pattern of P3KC. The 2θ values at 23.3° (the 

characteristic peak of graphite is at 26°)42 and 43.3° obtained from XRD confirm 

the expected incomplete graphitization (turbostatic carbon42) of the carbon 

formed. This is due to the pyrolysis at a relatively low temperature of 800 °C. 

The broadening and lower intensity indicates formation of thin carbon sheet like 

structures.43 The large intensity peak at the low diffraction angle of 23.3° is due 

to high pore density in the carbon structure.43 

The Raman spectrum of P3KC is shown in Figure 4.5. It is clear that the carbon 

formed by pyrolysis of polymer is disordered. The peaks at around 1315 cm-1 

and 1587 cm-1 signify D and G bands, respectively. The G band is attributed to 

the E2g phonon vibrations of sp2 carbon atoms and the D band (which is absent 

in the Raman spectrum of pure graphite) indicates the presence of defects in the 
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carbon formed. The nature of impurities, functionalization and different 

types/states of disorder in the system are collectively reflected in the Raman 

spectrum, as the position, intensity and the broadening of D band with respect to 

G band changes accordingly. 

 
Figure 4.5: (a) Powder XRD pattern of P3KC, (b) Raman spectrum of P3KC 

 

  

 

Figure 4.6: Raman Spectra of (a) P1C and (c) P3C, Powder X-ray diffraction 

pattern of (b) P1C and (d) P3C 
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For P1C and P3C as well, the XRD and Raman was performed and shown in the 

Figure 4.6. P1C and P3C both show the characteristic peaks of amorphous 

carbon and incomplete graphitization in XRD and Raman spectra. 

	
  
Table 4.3: ID/IG ratio in case of P1C and P3C 

 

Sample ID IG ID/IG 

P1C 2069 1871 1.10 

P3C 986 816 1.20 

 

The ratio of intensities of D band to G band (ID/IG) gives the expanse of disorder 

in the system. The ID/IG values in all the different cases of carbon under study 

were found to be 1.10, 1.20 and 1.33 for P1C (carbon obtained from poly (4-

chloromethyl styrene)), P3C (carbon obtained from carboxylic acid containing 

polymer without KOH) and P3KC, respectively, which are all greater than 1; 

indicating that the carbon formed is structurally disordered due to the low 

carbonization temperature of 800 °C. The P1C is less disordered and relatively 

more graphitic than P3KC, as there was no carboxyl group functionalization as 

well as no activating agent present in P1. 

 

4.3.5 FESEM and TEM  

 

 
Figure 4.7: (a) and (b) FESEM images of P3KCat different scales 

The FESEM images  (Figure 4.7 (a) and (b)) also confirm the nature of porous 

structures of P3KC. The surface undulations with macropores are clearly seen. 
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The SEM data are in accordance with the HRTEM data and the BET pore size 

distribution discussed next. 

 

The HRTEM images are shown in Figure 4.8. Porous carbon thin sheet-like 

structures are clearly seen in Figure 4.8 (a). The carbon sheets are seen with 

folds at the edges (Figure 4.8 (a), (b)). The porosity appears to be cellular as 

reflected in Figure 4.8 (b). 

The lattice fringes (Figure 4.8 (c) and (d)) are seen with some degree of disorder 

due to incomplete graphitization in Figure 4.8 (c). The lattice parameter 

obtained from HRTEM is 3.6 Å, which is typically a characteristic value for 

graphitic carbon. 

 
 

Figure 4.8: (a), (b) and (c): HRTEM images of P3KC at different scales, (d) 

lattice fringes pattern obtained for P3KC 
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4.3.6 XPS of P3KC 

XPS of P3KC (Figure 4.9) confirmed the presence of carbon, nitrogen and 

oxygen. The spectrum corresponding to each element was deconvoluted to 

obtain the percentages of carbon (91.8%), oxygen (6%) and nitrogen (2.2%) in 

the sample (P3KC). Figure 4.9 (a) corresponds to the C1s spectrum fitted to 3 

peaks. The higher intensity peak (284.7 eV) corresponds to the sp2 graphitic 

carbon (C=C). The peaks at 285.9 eV and 287.7eV indicate presence of C-O and 

C=0, respectively. The O1s spectrum (Figure 4.9 (b)) shows a peak at 532.51 

eV, which can be attributed to C-O. Adequate amount of oxygen (6%) in the 

material improves wettability of the electrode, which helps in the formation of 

the double layer. 

 
Figure 4.9: XPS of P3KC: (a) C1s, (b) O 1s, (c) N1s. 

The nitrogen incorporation is also confirmed by N1s spectrum (Figure 4.9 (c)). 

The peak at 399.8 eV is attributed to pyrrolic type of nitrogen and the one at 

403.3 eV is attributed to oxidized nitrogen. The pyrrolic and pyridinic nitrogen 

species facilitate the enhancement in electrochemical performance because the 
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electron lone pair of nitrogen is in conjugation with the graphitic network and 

enhances conductivity.44,45  

Measuring resistivity of a porous material in not an easy task. Therefore, we 

adopted a simple way to obtain a comparison between two forms of carbon by 

making an arrangement for 2-probe measurement of the powder under static 

pressed condition as reported earlier.19 The resistance of the P3KC pellet of 

diameter 4 mm and thickness of 0.5 mm formed under static pressure of 50 

kg/cm2 was 0.685 Ω, which was almost half the value of 1.33 Ω obtained for 

commercial activated Kuraray carbon. 

 

4.3.7 Surface Area Analysis 

The BET surface area measurements were performed to get the nature and types 

of pores formed. The isotherm obtained by N2 gas adsorption-desorption is 

shown in Figure 4.10 (b). N2 adsorption experiments revealed the surface area 

of 1860 m2 g-1 for the case of P3KC, which signifies that P3KC is a good 

material for the electrodes in electrical double layer capacitors. For comparison, 

these data were also recorded for P1C and P3C samples (Table 4.4). As may be 

noted, these samples have lesser surface area as compared to P3KC. 

 

 
Figure 4.10: (a): Pore size distribution of P3KC acquired from DFT 

calculations, (inset- cumulative pore volume) (b) N2 adsorption-desorption 

isotherm for P3KC. 

Pore size distribution for P3KC is shown in Figure 4.10 (a), which was 

obtained from the N2 adsorption-desorption measurements by DFT method.46 It 

reveals a narrow distribution of pore sizes in the region of 1.0-1.4 nm, which 
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shows that large number of micropores are present in P3KC. Additionally, pores 

in the size range of 1.5-4.5 nm (mesopores) are also seen. The advantage of the 

narrow pore size distribution over the broad distribution is that it gives uniform 

accessible pores for the electrolyte. Also it is important to note that the 

supercapacitors perform well when the size of the pores is in the range of the 

size of solvated ions of the electrolyte or more precisely twice the size of 

solvated electrolyte ions.32 

The results of surface area for P1C and P3C along with P3KC are summarized 

in Table 4.4. 

 

Table 4.4: Caparison of P1C, P3C and P3KC morphology and surface area 

 

 

No. 

 

Sample 

 

SEM image 

BET surface 

area (m2/g) 
1 P1C 

 
 

 

 

 

 

 

10.97 

2 P3C 

 
 

 

 

 

 

 

39.67 
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3 P3KC 

 
 

 

 

 

 

 

1867 

 

To study the effect of addition of molecular activating agent KOH, gravimetric 

analysis experiment was performed for the P3C and P3KC cases. The overall 

yield calculated after washing both the samples using dilute HCl was 31% and 

13% for P3C and P3KC, respectively. This extra ~18% loss in P3KC was the 

contribution of K to pore formation giving rise to high surface area carbon. 

 

4.3.8 Electrochemical Testing 

Electrochemical Measurements 

The polymer derived porous carbon was subjected to electrochemical 

performance study. The electrochemical measurements were done for both the 

aqueous as well as organic supercapacitor. Advantage of using the organic 

electrolyte over the aqueous electrolyte is that the organic systems can operate at 

higher potential window and hence higher energy density, as the energy density 

is linearly proportional to the square of the potential window (E= ½CV2). 

 

4.3.8.1 Electrochemical Measurements of P3KC in an Aqueous System: 1M 

H2SO4 

The cyclic voltammogram was acquired in a potential window of 0-1V (Figure 

4.11) for the scan rate of 100 mV s-1. The rectangular kind of nature of the CV 

signifies that there is a formation of double layer at the interface of electrode and 

electrolyte without having any side reaction. The galvanostatic charge discharge 

measurement was done at the current density of 1 Ag-1. The specific capacitance 

of 175 Fg-1 was obtained at the current density of 1 Ag-1. 
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Figure 4.11: (a) Cyclic voltammogram (CV) of P3KC in 1M H2SO4 as 

electrolyte at the scan rate of 100 mV s-1,  (b) Galvanostatic charging-

discharging data for P3KC at the current density of 1 Ag-1 

4.3.8.2 Electrochemical Measurements in 1M TEABF4 in Propylene 

Carbonate (PC) Electrolyte 

Figure 4.12 (a) shows CV for P3KC case for the range of scan rates from 10 

mV s-1 to 100 mV s-1. The nature of the CV curve is quite rectangular at low scan 

rates and it is maintained even at high scan rate of 100 mV s-1, which represents 

the high rate performance. The observed good high rate performance is 

attributed to high ionic conductivity (because of very high surface area and high 

pore volume) as well as high electrical conductivity because of the pyrrolic 

nature of N-doping. 

 
Figure 4.12: (a) CV of P3KC in TEABF4 as electrolyte at different scan rates in 

the potential range of 0-2.7 V, (b) Galvanostatic charging-discharging data for 

P3KC at the various current densities. 
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The capacitance values were calculated from the charge discharge plots by the 

following equation, 

𝐶!"   =
2𝐼

𝑚(!"
!"
)        

 

Where, 𝐶!"   is specific capacitance, I is the discharging current at constant rate, 

𝑚 is the total loading of the active material and dV/dt is the discharge slope. 

Figure 4.12 (b) represents the galvanic charge discharge measurements 

performed from 0.5 A g-1 to 10 A g-1 of applied current densities. The maximum 

capacitance measured is 137.8 F g-1 for the applied current density of 0.5 A g-1. 

When the current density was increased by a factor of 20 (10 A g-1) the 

capacitance value became 111.8 F g-1.  

 

The plot of specific capacitance values as a function of increasing current 

density is shown in Figure 4.13 (a), which shows that the ~77 % retention of the 

capacitance value even at the higher current density of 10 A g-1. 

Figure 4.13 (b) shows the Ragone plot of energy density against power density 

for the P3KC for the organic electrolyte system. All the calculations for Ragone 

plot were based on active materials only. It is clear that the power density can be 

increased significantly without much loss in energy density.  

 

 
Figure 4.13: (a) Specific capacitance measured from charging-discharging at 

different current densities, (b) Ragone plot 
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We have furthermore checked the stability of the EDLC cell at 2 A g-1 for more 

than 1000 cycles, which indicated that approximately 86% of capacitance 

retention (Figure 4.14). 

 
Figure 4.14: Cyclic stability data of organic EDLC measurements for P3KC 

case in the coin-cell assembly 

4.3.8.3 Impedance Measurements 

Figure 4.15 represents the impedance measurements (Nyquist plots). For the 

comparison purpose, two assemblies were made. The figure compares the 

impedance of the coin cell assembly and the Swagelok cell assembly for P3KC 

case. For both the assembly, the electrolyte system used was non-aqueous. Thus, 

the impedance measurements were carried out in the frequency range of 1 MHz–

100 kHz. The plot is initially shows a semicircle and then vertically expands. 

This vertical nature realizes the capacitive performance of the material. The 

semicircle/s give the information about the resistances involved in the circuit. 

Generally, the total resistance is the combination of the several resistances such 

as electrolyte’s resistance, resistance within the material, contact resistances, 

etc.50 For the case of P3KC, this is ~3 Ω for coin cell assembly and ~ 11 Ω for 

Swagelok cell assembly. The lower value of total resistance was observed for the 

coin cell assembly. This is because, in the coin cell, the distance between the two 

electrodes is smaller than in Swagelok cell and due to which the electrolyte 

resistance is lower. Hence the specific capacitance value for coin cell (137 F g-1 

at the applied current density of 0.5 A g-1) is higher than the Swagelok cell 

assembly (100 F g-1 at the applied current density of 0.5 A g-1). 
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Figure 4.15: Comparison of impedance measurements (Nyquist plot) between 

coin cell and Swagelok cell assembly for P3KC 

	
  
We also examined the same high quality porous carbon for Li-HEC application. 

This device configuration has the advantage that it enhances the energy density 

of supercapacitor without compromising the power delivery.  

 

4.3.8.4 Electrochemical Capacitance (Li-HEC) Measurements  

In Li-HEC assembly the carbon P3KC was used as a cathode and Li4Ti5O12  

(LTO) was used as the anode material. LTO has a specific advantage for use as 

anode in Li-HEC assembly, as it is cheap, has low volume change during 

charging/discharging and can deliver high lithium diffusion coefficient inside the 

crystal lattice. More importantly, it is chemically resistive in nature. During 

charging [PF6]- ions are adsorbed on the carbon surface to form the electrical 

double layer and lithium ions get intercalated into the LTO lattice. 

Before making the full cell assembly of Li-HEC, the individual single electrode 

performance of P3KC and LTO are very important to examine. From the 

individual cell performance we must determine the mass loading of both the 

materials required for full cell in order to maintain the charge balance. The 

single electrode performance of P3KC was evaluated with respect to metallic 

lithium (Li/P3KC) and the data is shown in Figure 4.16 (a), which represents a 
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typical charge-discharge plot of P3KC cycled between the potential 3 V to 4.5 V 

vs lithium at room temperature. A linear charging and discharging nature again 

confirms formation of electrical double layer at the electrode-electrolyte 

interface without any discernible Faradic contribution.  

 

 

 
Figure 4.16: (a) Typical charging-discharging curves for Li/P3KC half-cell, (b) 

half cell cyclic stability from 3 V to 4.6 V at the current density of 100 mA g-1, 

(c) Galvanostatic charging-discharging curves for P3KC/ Li4Ti5O12 Li-HEC at 

different current densities between 1V to 3V, (d) Ragone plot of P3KC/ 

Li4Ti5O12 and commercial AC/ Li4Ti5O12, (e) Cyclic stability of P3KC/ 

Li4Ti5O12 at the current density of 2 A g-1 
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𝐶   𝐹𝑔!!   =
𝑖 𝐴 ×𝑡(𝑠)
3600×𝑚(𝑔) = 𝑋   𝑚𝐴ℎ𝑔!! ×   

3600
𝑑𝑉(𝑚𝑉) 

 

Where, C is specific capacitance in F g-1, I is current applied, t is discharge time, 

m is active material weight, X is the capacity observed in mA h g-1 and dV is the 

potential window of the single electrode cell testing. The maximum capacitance 

observed for P3KC in a single electrode configuration is 134 F g-1 for the 

applied current density of 100 mA g-1. Furthermore P3KC carbon showed 85 % 

of capacitance retention after 600 cycles (Figure 4.16 (b)). It can be concluded 

from the single electrode performance that P3KC is a suitable candidate as 

cathode for Li-HEC application. 

The single electrode performance of LTO was also examined at the same current 

densities and it was found to be stable upto 2000 cycles. Based on the single 

electrode performance of the two electrodes, the ratio of mass loading of cathode 

and anode was fixed to 2.5 mg LTO and 7.1 mg of P3KC for making a full cell 

Li-HEC configuration. The full cell electrochemical profile of P3KC/LTO was 

cycled between 1 V to 3 V for various applied current densities (Figure 4.16 

(c)). It is worth mentioning that the current densities were applied for the full 

cell configuration using the mass loading for both the cathode and the anode 

such that if the total loading is 10 mg, then 10 mA current is equivalent to 1 A g-

1. The discharging time decreased as the current density increased mainly 

because of more or less surface participation of the ions rather than the bulk of 

the materials. The specific energy density (Esp) and power density (Psp) were 

calculated by the following equation:  

 

𝐸 = 𝑃!"  ×  𝑡 

𝑃!" =
Δ𝐸×𝑖
𝑚  

 

Where,  Δ𝐸 = (!!"#!!!"#)
!

, m is the active mass loading used for Li-HEC testing, 

Emax and Emin are the maximum and the minimum potentials of the galvanostatic 

charge- discharge cycle. The maximum energy density was calculated as 61 Wh 

k g-1 with respect to the power density of 496.6 W k g-1 and the maximum power 

density was calculated 10015 W k g-1 with respect to the energy density of 14.55 
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Wh k g-1. The observed energy density is better than the commercially available 

activated carbon as shown in Figure 4.16 (d) and P3KC in symmetric 

configuration for the same electrode configuration as well as the same testing 

conditions. Along with the high performance, P3KC also exhibits high cyclic 

stability (Figure 4.16 (e)) (70% of retention after 2000 cycles). The fading in 

performance with cycles is mainly attributed to the basic intrinsic properties of 

LTO anode, which can be modified by making suitable nanostructures. 

 

4.4. Conclusion 
Strategic designed was proposed and the synthesis of polystyrene derivative was 

achieved successfully. The polymer was characterized using FTIR and NMR 

spectroscopy. Highly porous carbon was synthesized by the pyrolysis of a 

suitably designed and click-chemistry synthesized polymer precursor with in situ 

porogen presence for molecular activation. The BET specific surface area of 

1860 m2 g-1 was realized with a good density of micro/meso-porous and high 

electrical conductivity, which are appropriate parameters for the supercapacitor 

application. Supercapacitor measurements performed in the organic electrolyte 

TEABF4 in PC yielded the specific capacitance of 137.8 F g-1 at the applied 

current density of 0.5 A g-1.  The Li-HEC measurements performed using the 

1M LiPF6 as the electrolyte showed that the maximum energy density and 

maximum power density values of 61 Wh k g-1 and 10015 W k g-1, respectively, 

were obtained. A ~70 % capacitance retention was noted after 2000 cycles.  
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Chapter 5 

 

Phenazine Containing Poly(phenylene vinylene): Synthesis, 

Characterization and Application to Field Emission 

 
 

 

 

 

Phenazine-containing poly(phenylene vinylene) (PHN-PPV) was synthesized 

using Wittig-Horner polycondensation of the appropriately designed monomers. 

This conjugated polymer has been explored for the application of field emission 

study. The design embraces the specific motivation of incorporating the 

nitrogen-containing heterocycle viz. phenazine in the polymeric backbone. 

PHN-PPV showed reversible redox properties. For PHN-PPV turn-on field for 

1 µA/cm2 was observed at 1.68 V/µm in the field emission measurements. The 

maximum current density of ~4.9 mA/cm2 was achieved at the applied field of 

3.6 V/µm. The emission current showed very good stability for 6 h at constant 

current of 1 µA. 
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5.1 Introduction 
In recent years there has been a tremendous surge of research activity in 

the field of next generation device systems in view of the exacting demands of 

the emerging application sectors. In this field particular emphasis is being laid 

on light weight, flexible, multifunctional and low cost device platforms based on 

earth abundant materials.1 Thus, the choice of material systems is as important 

as the novelty of the device concept or the corresponding architecture. Towards 

this end, several classes of materials such as elemental and compound 

semiconductors, metal oxides/sulfides/selenides, low dimensional carbon forms 

and other 2D inorganic and hybrid materials, as well as small molecules and 

polymers are being intensely researched.2-6 In this context, polymers stand out 

for their intrinsically light weight character, flexibility, low temperature 

processability, easy scalability, but perhaps most importantly, the ability 

afforded by the well established polymer synthesis methods to design them to 

meet a specific performance objective. In this work, we address the issue of field 

emission, which is central to many applications, especially the modern display 

systems capable of rendering good luminosity with lower electrical energy 

inputs; and explore whether a polymer system could be suitably designed to 

yield a good performance in this respect.   

Field emission (FE) is also called as cold cathode emission, in which electrons 

are emitted in the presence of an applied electric field at the ambient 

temperature. The applied electric field causes band-bending leading to the 

formation of a triangular barrier near a tip feature of a material with locally 

highly intensified electric field causing electron tunneling (emission). Field 

emission display devices have the ability to provide flat-panel visual displays 

with upright picture quality at much lower power consumption and low cost than 

the conventional display systems; hence are regarded as energy saving devices. 

Since the realization of the significance of field emission displays, the materials 

used as cathodes in such architectures have evolved from metals to 

semiconductors to oxides/sulfides. Unfortunately, the volume of work on the use 

of polymers is rather limited thus far although some excellent papers have 

shown the promise of this class of materials in the field emission context.7-15 
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Use of specific micro-tipped array-like morphologies hold the key to 

high intensity emission at low applied potential between the electrodes because 

the electric field is highly enhanced at the tip. FE studies of carbon nanotubes, 

silicon nanowires, metal oxide nanowires and other forms of tapering 

morphologies like nanorods, nanotubes, nanoneedles etc. have been widely 

reported.16,17 Wide band gap, good electrical properties, low work function, low 

electron affinity etc. are the essential quality factors for the material to be 

applicable as a cathode for field emission. Conducting polymers satisfy several 

of these requirements and can thus be considered as potentially promising 

candidates for field emission. However, the consideration of long-term stability, 

which is based on the electrical, thermal and morphological property domains, is 

a more serious concern in so far as realistic application goals are concerned.    

Pi-conjugated polymers have attracted tremendous attention of 

researchers in the wide range of areas like solar cell, organic light emitting 

diodes (OLED), organic field effect transistors (OFET), electromagnetic (EMI) 

interface shielding, etc. The attributes for this recognition lie in their properties 

like lightweight, film forming ability, flexibility, stability, relatively high 

conductivity, etc. Amongst the reported conjugated polymers till date, some 

conjugated polymers like polyaniline, polypyrrole, PEDOT, polythiophene and 

their composites with carbon nanostructures and other metal oxides have been 

synthesized in various ways with interesting morphologies and explored for the 

field emission application.18-31 The advantage of such polymers is that they can 

be synthesized to get specific morphologies like rods, arrays, fibers etc. 

Unfortunately, some of these materials are not solution processable and are 

therefore difficult to scale-up for flexible large area display panels. Conjugated 

polymers, which are solution processable are therefore regarded as 

technologically more desirable materials for the field emission application.17 

Also, there have been reports on thin film cathodes consisting of nitrogen doped, 

chemical-vapour-deposited diamond films,32 and amorphous carbon films.33 

Poly(pheylene vinylene) (PPV) is a particular class of conjugated 

polymers, which shows high luminescence, good conductivity, film forming 

nature, and most importantly, good solubility in common organic solvents, 

rendering it to be solution processable. A range of PPV series of polymers has 
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been synthesized and modified till date for diverse end applications such as solar 

cells,34,35 OLEDs,36-37 OFETs,38-40 etc.  

Herein, we have synthesized the PPV system with alkylated phenazine 

moiety. Phenazine is an important class of nitrogen containing hetero-cycle, 

which is known for decades for applications in chemical and biological sectors41-

43 and such systems are widely used for various applications such as 

pharmaceuticals,44,45 agro-chemicals, pigments, dyes etc. It is a completely 

conjugated tricyclic molecule with pyrazine as a central ring. It is dibenzo 

annulated pyrazine. The fascinating structure of nitrogen containing stable ring 

makes researchers unfold its properties for other applications platforms. 

Furthermore, it has also been explored for OLEDs,46-48 solar cells (conjugated 

polymers and small molecules for DSSC),49-53 and sensing applications.54   

Herein, we report for the first time the insertion of reduced phenazine 

(dihydrophenazine) in the poly(phenylenevinylene) system. Phenazine 

containing poly(phenylenevinylene) shows film forming ability, good reversible 

oxidation-reduction properties, ambient condition stability, as well as adequate 

conductivity. These characteristic features are the key to the field emission 

properties. 

 

5.2 Experimental  
Materials: 

Hydroquinone (Sigma Aldrich), potassium carbonate (Merck), 2-ethyl hexyl 

bromide (Sigma Aldrich), paraformaldehyde (Sigma Aldrich), HBr in acetic acid 

(Sigma), triethylphosphite (Spectrochem), phenazine (Sigma), sodium dithionite 

(Merck), 1-bromooctane (Spectrochem), tetrabutyl ammonium bromide (TBAB) 

(Merck), phosphoryl chloride (Spectrochem), and potassium tertiary-butoxide 

solution (Sigma) were purchased from commercial sources and were used as 

received. Solvents were purchased from local sources and used after distillation. 

Reactions were carried out in oven-dried glassware under a positive pressure of 

argon atmosphere unless otherwise mentioned. Silica gel (Thomas Baker, 100–

200 and 230–400 mesh) was used for column chromatography. Aluminium 

oxide (neutral) was procured from Spectrochem for column chromatography.  

 



	
  	
  	
  	
  	
  	
  	
  	
  	
  Ph.D	
  Thesis	
  	
  	
  	
  	
  Chemistry	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Chapter	
  5	
  	
  	
  	
  	
  October	
  2015	
  	
  	
  
	
  

Savitribai Phule Pune University  CSIR-National Chemical Laboratory 155	
  

5.2.1 Synthesis  
5.2.1.1 Synthesis of 5,10-dihydrophenazine (1) 

Into a 250 mL two-necked round-bottom flask, was dissolved phenazine (5.68 g, 

31.5 mmol) in ethanol (120 mL) under argon atmosphere. The solution was 

refluxed for 30 min and then to this solution was added sodium dithionite (54.88 

g, 31.5 mmol) dissolved in water at the same temperature. The color of the 

reaction mixture turned dark blue, and then precipitate formed in the reaction 

mixture. The reaction mixture was refluxed for additional 1 h and then cooled to 

room temperature. The precipitate was filtered, washed with water (300 mL), 

and dried in vacuum for 30 min. A light green solid was obtained (7.2 g) and 

was directly used for the next step because of its instability in air.  

 

5.2.1.2 Synthesis of [5,10-dioctyl-5,10-dihydrophenazine] (2) 

Into a 250 mL round-bottom flask, was dissolved 5,10-dihydrophenazine (1) (7.2 

g, 39.5mmol) in dimethyl sulphoxide (~100 mL). To this solution, sodium 

hydroxide (4.74 g, 0.119 mol), tetra n-butyl ammonium bromide (0.76 g, 2.4 

mmol), and 3 mL of water were added under argon atmosphere. The reaction 

mixture was stirred for 15 min., and then 1-bromooctane (13.65 mL, 79.0 mmol) 

was added drop-wise. The mixture was then heated at 40 °C for 4 h. After 

cooling to room temperature, the reaction mixture was poured into ice water 

(400 mL) and it was extracted with ethyl acetate (2 x 200 mL). The organic layer 

was washed with water (200 mL), saturated brine solution (100 mL), dried over 

anhydrous sodium sulfate, filtered, and concentrated in vacuo. The crude product 

was purified by neutral aluminium oxide chromatography using pet ether as an 

eluent to afford pure compound (2) (yield 11.0 g, 69 %). 1H NMR (CDCl3): δ 

0.91 (t, 6H), 1.15-1.50 (m, 24H), 3.16 (broad s, 4H), 6.24 (s, 4H), 6.64 (s, 4H). 
13C NMR (Benzene d6): 137.93, 121.63, 111.45, 45.84, 32.53, 30.05, 27.54, 

25.15, 23.41, 14.73. 

 

5.2.1.3 Synthesis of [5,10-dioctyl-5,10-dihydrophenazine-2,7-dicarbaldehyde] 

(3) 

Into a 100 mL round-bottom flask, 5,10-dioctyl-5,10-dihydrophenazine (2) (0.5 

g, 1.22 mmol) was dissolved in freshly distilled N,N-dimethyl formamide (7 

mL) under argon atmosphere at 0 °C. POCl3 (0.25 mL, 2.7 mmol) was added 
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drop-wise to the solution at the same temperature. The reaction mixture was 

stirred at 90 °C for 12 h, then cooled to room temperature and poured into ice 

water. The pH of reaction mixture was adjusted to 7 by adding dilute NaOH 

solution drop-wise. The color of the reaction mixture became red orange. The 

precipitate was filtered and dried in vacuo. The crude product was purified by 

column chromatography using pet ether: dichloromethane (50:50, v/v) to afford 

an orange solid (3) (yield 0.35 g, 61 %). 1H NMR (CDCl3): δ 0.91 (t, 6H), 1.32-

1.68 (m, 24H), 3.43 (t, 4H), 6.27 (d, 2H), 6.71 (d, 2H), 7.12 (d, 2H), 9.60 (s, 

2H). 13C NMR (Benzene d6): 189.25, 142.68, 135.95, 131.45, 130.10, 110.35, 

108.80, 45.92, 32.49, 29.96, 29.80, 27.19, 25.01, 23.42, 14.73. 

 

5.2.1.4 Synthesis of [1,4-bis((2-ethylhexyl)oxy)benzene] (4) 

Into a three-necked 500 mL round bottom flask equipped with an addition funnel 

and a reflux condenser, were added activated K2CO3 (43.9 g, 0.317 mol) and 

hydroquinone (10 g, 0.09 mol). The mixture was evacuated and then purged with 

argon. Dry DMF (150 mL) was added to it and the mixture was stirred at 60 °C 

for 2 h. 2-Ethylhexyl bromide (48.45 mL, 0.27 mol) was added drop-wise 

through the addition funnel. After the completion of addition, the reaction 

mixture was refluxed for 12 h at 150 °C. After cooling, the reaction mixture was 

poured into ice water and the product was extracted with ethyl acetate (500 mL). 

The ethyl acetate solution was further washed with water (800 mL), separated 

and dried over anhydrous sodium sulfate. The organic phase was concentrated 

and the product was purified by column chromatography using pet ether: ethyl 

acetate 95:5 (v/v) to get colorless viscous liquid (4) (yield 25 g, 82 %). 1H NMR 

(CDCl3): δ 0.94 (m, 12H), 1.31-1.56 (m, 16H), 1.76 (m, 2H), 3.80 (d, 4H), 6.84 

(s, 4H). 

 

5.2.1.5 Synthesis of [1,4-bis(bromomethyl)-2,5-bis((2-ethylhexyl)oxy)benzene] 

(5) 

Into a two necked 250 mL round bottom flask equipped with a reflux condenser, 

a liquid addition funnel and a magnetic stirrer were added bis-1,4-

(ethylhexyloxy) benzene (4) (5 g, 0.014 mol), paraformaldehyde (0.92 g, 0.03 

mol) and glacial acetic acid (50 mL). The reaction mixture was stirred at room 

temperature for 30 min. HBr (33 wt % in acetic acid) (5.63 mL, 0.031 mol) was 
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added drop-wise to the reaction mixture. The reaction mixture was stirred at 70 

°C for 8 h in the argon atmosphere. After cooling it to room temperature, the 

reaction mixture was poured into ice water to obtain a white precipitate. The 

precipitate was then filtered, washed several times using cold water and dried in 

vacuum. The crude product was purified by column chromatography (pet ether: 

ethyl acetate (1%)) (Yield 6.9 g, 88 %) 1H NMR (CDCl3): δ 0.96 (m, 12H), 

1.32-1.56 (m, 16H), 1.76 (m, 2H), 3.88 (d, 4H), 4.53 (s, 4H), 6.86 (s, 2H). 

 

5.2.1.6 Synthesis of [tetraethyl ((2,5-bis((2-ethylhexyl) oxy)-1,4 phenylene) 

bis(methylene))bis(phosphonate)] (6) 

Into a 100 mL single neck round bottom flask were added 1,4 bis 

(ethylhexyloxy)-2,5 dibromomethyle benzene (5) (1 g, 1.9 mmol) and 

triethylphosphite (1.6 mL, 0.0046 mol) at once. The reaction mixture was then 

stirred at 90 °C for 12 h under argon atmosphere. The excess triethylphosphite 

was removed by vacuum distillation to obtain oily viscous liquid. The product 

was purified by column chromatography using dichloromethane: methanol, 99:1 

(v/v). (Yield 0.85 g, 85 %). 1H NMR (CDCl3): δ 0.92 (m, 12H), 1.23-1.52 (m, 

28H), 1.71 (m, 2H), 3.19 (d, 4H), 3.81 (d, 4H), 4.01 (q, 8H), 6.94 (s, 2H). 13C 

NMR (CDCl3): 150.17, 114.42, 70.93, 61.55, 39.41, 30.33, 28.85, 27.05, 25.33, 

23.64, 22.77, 16.07, 13.78, 10.88. 

 

5.2.1.7 Synthesis of phenazine containing poly(phenylene vinylene) (PHN-

PPV) 

The Wittig-Horner polycondensation was carried out according to the reported 

protocol55 using potassium tertiary butoxide as a base. A dry two necked 50 mL 

round bottom flask was fitted with a rubber septum and an argon balloon. The 

mixture was purged with argon after addition of both the monomers viz. (3) (0.3 

g, 0.64 mmol) and (6) (0.41 g, 0.64 mmol) followed by the addition of dry THF 

(25 mL) under argon atmosphere. Potassium tertiary butoxide solution (1.29 mL, 

1M in THF, Sigma Aldrich) was added to the reaction mixture drop-wise with 

constant stirring. After completion of the addition, the reaction mixture was 

allowed to stirr at room temperature for 4 h. The polymer was precipitated into 

the cold methanol (200 mL). The red colored precipitate was filtered and was 

subjected to successive washings of methanol (200 mL). The polymer was 
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purified by Soxhlet extraction method using the solvents methanol, acetone and 

chloroform. Yield = 0.4 g. 1H NMR (CDCl3): δ 0.90-1.0 (CH3), 1.26-1.81 

(aliphatic CH2), 3.41-3.95 (O-CH2, N-CH2), 6.24-7.06 (ArH). Molecular weight 

obtained by GPC ( with respect to polystyrene standard): Mn= 6.12 * 103, Mw= 

1.2 *104 and PDI = 1.7. 

 

PHN-PPV is soluble in various organic solvents like chloroform, 

dichloromethane (DCM), toluene, benzene, dichlorobenzene. 

 

5.2.2 Characterization  
1H NMR spectra were recorded on a Bruker-AV 500 MHz spectrometer in 

solvents as indicated with TMS as an internal standard.  The chemical shift 

values are reported and the coupling constants (J) measured in Hz. The 

molecular weight and the molecular weight distribution was determined by Gel 

Permeation Chromatography (GPC) which was performed using Thermo 

Separation Products equipped with UV 100 and RI 150 detectors (Spectral 

Series) and chloroform as an eluent at a flow rate of 1 mL min-1 at 25 °C. The 

concentration of the polymer sample used was 2 mg mL-1 and polystyrenes with 

a narrow molecular weight distribution were used as the calibration standards. 

Thermogravimetric analysis (TGA) was accomplished using TGA-7 Perkin 

Elmer instrument. PHN-PPV sample weight taken was ~6 mg for TGA 

measurements. The film of polymer was characterized by using Field emission 

scanning electron microscope (FESEM) with FEI Nova nanoSEM 450 for 

structural and morphological analysis. 

 

5.2.3 Preparation of the polymer film for field emission study using spray 

coating 

 
Figure 5.1: Polymer film preparation 
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The polymer film, which was used as cathode for field emission study, was 

made on a clean single crystal n-Si substrate (Sigma Aldrich N-Silicon wafer 

(111)) by spray coating method. The polymer solution of 10 mg/ mL in 

chloroform was used for the film formation. The spray gun (Airbrush set, singe 

action, Paasche, USA) was used for the spray coating. The spray coated film was 

then subjected to vacuum annealing at 40 °C.   

 

5.2.4 Field Emission Studies 

The field emission (FE) measurements of PHN-PPV thin film on Si substrate 

prepared by spray pyrolysis were carried out in an all-metal field emission 

microscope (FEM) system equipped with load lock facility. The metal FEM 

system was evacuated to ultra high vacuum (UHV) employing a set of vacuum 

pumps: a turbo molecular pump backed by a rotary pump, a sputter ion pump, 

and titanium sublimation pump with liquid nitrogen cooled jacket. The FE 

studies were performed at the base pressure of ~1 × 10-8 mbar. The FE 

measurements were carried out in 'planar diode' (also termed as 'close 

proximity') configuration. In a typical experiment, the cathode (PHN-PPV film 

on Si substrate) was pasted onto a stainless steel stub (diameter ~ 30 mm) using 

UHV compatible silver paste. A semitransparent cathodoluminescent phosphor 

screen (an anode) connected to a high precision linear motion drive was held 

parallel to the cathode. The cathode anode separation was maintained at 2500 

µm for all the experiments. For measurements of the emission current as a 

function of the applied voltage, a Keithley 485 Picoammeter and a Spellman 

high voltage DC power supply were used. Special care was taken to avoid any 

leakage current using shielded cables with proper grounding. 

 

5.3 Results and Discussion 
5.3.1 Polymer Design and Synthesis 

As stated above, in this work we have synthesized phenazine containing 

poly(phenylenevinylene) with the incorporation of 5,10-dialkyl-substituted 

dihydrophenazine viz. poly(5,10-octyl- dihydrophenazine)-phenylenevinylene 

(PHN-PPV). The long alkyl chains were introduced in order to achieve the 

solubility in organic solvents. The alkyl chain substituted 5,10-dihydrophenazine 
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has the strong electron donating ability and hence it has been used as an electron 

donor in many organic charge transfer crystals.56 This electron donor property 

motivated us to select phenazine. Highly electron-rich and redox-active 

compounds are valuable building blocks in material science.57 5,10-

Dihydrophenazine systems are attractive as they satisfy such conditions. Due to 

presence of two tertiary nitrogens, this system is a good redox active system. As 

5,10-dialkyl-substituted dihydrophenazine system opens up many possibilities to 

tune the design, we decided to introduce this moiety into the polymer.  

Scheme 5.1 represents the synthesis of monomers and Scheme 5.2 depicts the 

synthesis of phenazine containing poly(phenylenevinylene). Phenazine was 

reduced using sodium dithionate followed by N-alkylation.54 The N-alkylated 

phenazine was then treated with DMF and POCl3 to get 5,10-dioctyl-5,10-

dihydrophenazine-2,7-dicarbaldehyde (3). 

 

 
Scheme 5.1: Synthesis of monomers (3) and (6) 

 

Scheme 5.2: Synthesis of PHN-PPV 
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On the other hand; hydroquinone was subjected to O-alkylation reaction 

followed by bromomethylation to yield 1,4-bis(bromomethyl)-2,5-bis((2-

ethylhexyl)oxy)benzene (5). Compound (5) was then reacted to 

thriethylphosphite to get tetraethyl ((2,5-bis ((2-ethylhexyl) oxy)-1,4 phenylene) 

bis(methylene)) bis (phosphonate) (6)58,59.  

PHN-PPV is a polymer formed by the condensation of 5,10-dioctyl-5,10-

dihydrophenazine-2,7-dicarbaldehyde moiety (3) and the tetraethyl ((2,5-bis ((2-

ethylhexyl) oxy)-1,4 phenylene) bis(methylene)) bis (phosphonate) (6), 

synthesized by Wittig-Horner polycondensation reaction. Using potassium ter. 

butoxide as the base for Wittig-Horner polycondensation of (3) and (6), yielded 

red colored PHN-PPV, which was purified by re-precipitation followed by 

Soxhlet extraction method. 

 

5.3.2 1H NMR Spectra of Monomers 
1H spectrum of 5,10-dioctyl-5,10-dihydrophenazine is shown in the Figure 5.2 

In the 1H spectrum of 5,10-dioctyl-5,10-dihydrophenazine, the broad singlet is 

appeared at 3.16 δ ppm due to the four protons next to nitrogen confirming the 

N-alkylation. The remaining alkyl chain protons are appeared at 0.9 - 1.5 δ ppm. 

The aromatic protons are of two types as the molecule is symmetric and they 

appeared as two separate broad peaks at 6.64 δ ppm and 6.24 δ ppm. 

 

Figure 5.3 represents the 1H spectrum of 5,10-dioctyl-5,10-dihydrophenazine-

2,7-dicarbaldehyde. In the 1H spectrum of 5,10-dioctyl-5,10-dihydrophenazine-

2,7-dicarbaldehyde, the appearance of the singlet at 9.60 δ ppm due to two 

aldehyde protons. Due to the presence of aldehyde group, the aromatic protons 

appeared at 6.26 δ ppm, 6.72 δ ppm, 7.10 δ ppm.  
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Figure 5.2: 1H spectrum of 5,10-dioctyl-5,10-dihydrophenazine (in benzene d6) 

 

 
Figure 5.3: 1H NMR spectrum of 5,10-dioctyl-5,10-dihydrophenazine-2,7-

dicarbaldehyde recorded in CDCl3 
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Figure 5.4 depicts the 1H NMR spectrum of tetraethyl ((2,5-bis((2-ethylhexyl) 

oxy)-1,4 phenylene) bis(methylene))bis(phosphonate. In the spectrum, singlet 

was appeared at 6.94 δ ppm due to two aromatic protons. Quintet appeared at 

4.01 δ ppm due to –CH2 of phosphonate group. Also, peak at 1.23 δ ppm 

appeared due to –CH3 of phosphonate.  

	
  

 
Figure 5.4:	
  1H NMR spectrum of tetraethyl ((2,5-bis((2-ethylhexyl) oxy)-1,4 

phenylene) bis(methylene))bis(phosphonate) recorded in CDCl3 

 

5.3.3 13C NMR Spectra of Monomer (3) 

Figures 5.5 and 5.6 represent 13C NMR spectra of 5,10-dioctyl-5,10-

dihydrophenazine and 5,10-dioctyl-5,10-dihydrophenazine-2,7-dicarbaldehyde 

recorded in benzene d6. The peaks are in good agreement with the respective 

structures.  
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Figure 5.5: 13C spectrum of 5,10-dioctyl-5,10-dihydrophenazine recorded in 

Benzene d6 

	
  

 
Figure 5.6: 13C NMR spectrum of 5,10-dioctyl-5,10-dihydrophenazine-2,7-

dicarbaldehyde recorded in Benzene d6 
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5.3.4 MALDI Characterization of Monomers (3) and (6) 

Figure 5.7 shows the MALDI spectrum of monomer (3) - 5,10-dioctyl-5,10-

dihydrophenazine-2,7-dicarbaldehyde. The peak at m/z of 463 characterizes the 

monomer (3) mass value. 

 

 

Figure 5.7: MALDI spectrum of monomer (3) 5,10-dioctyl-5,10-

dihydrophenazine-2,7-dicarbaldehyde.  

 

Figure 5.8 represents MALDI spectrum of monomer (6)- tetraethyl ((2,5-bis((2-

ethylhexyl) oxy)-1,4 phenylene) bis(methylene))bis(phosphonate). The peak at 

635 m/z value signifies mass value of monomer (6).  
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Figure 5.8: MALDI spectrum of monomer (6) - tetraethyl ((2,5-bis((2-

ethylhexyl) oxy)-1,4 phenylene) bis(methylene))bis(phosphonate) 

 

5.3.5 NMR Spectrum of PHN-PPV 

Figure 5.9 shows 1H NMR spectrum polymer PHN-PPV. For the polymer the 

spectral lines appeared broader. A small peak at 9.69 δ ppm appeared due to 

presence of aldehyde end group of the polymer. The peaks at 3.86 δ ppm and 

3.14 δ ppm are due to –OCH2 and –NCH2, respectively. The doublet at 7.89 δ 

ppm was attributed to vinylic protons of PHN-PPV (–CH=CH-) and coupling 

constant of 16 Hz confirmed the trans configuration of PHN-PPV. 

 

O

O

P
P
O

EtO OEt

O

EtO OEt

	
  

	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  Ph.D	
  Thesis	
  	
  	
  	
  	
  Chemistry	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Chapter	
  5	
  	
  	
  	
  	
  October	
  2015	
  	
  	
  
	
  

Savitribai Phule Pune University  CSIR-National Chemical Laboratory 167	
  

 

Figure 5.9: 1H NMR spectrum polymer PHN-PPV 

 

5.3.6 UV-Vis and Photoluminescence Spectroscopy 

Figure 5.10 (a) represents UV visible spectrum of PHN-PPV solution in 

chloroform. The spectrum clearly reveals that the polymer absorbs in the visible 

range. The absorption maximum peak at 490 nm is broad in nature with the 

absorption band edge at 600 nm. The peak appearing at lower wavelength (330 

nm) is due to π-π* transitions in the conjugated polymer. 

 

 
Figure 5.10: (a) UV visible spectrum of the PHN-PPV polymer in chloroform 

solution, (b) Photoluminescence spectrum of PHN-PPV polymer in chloroform 

solution. 

N

N
C8H17

C8H17

O

O n

500 550 600 650 700 750 800

0.0

8.0x104

1.6x105

2.4x105

3.2x105

	
  

	
  

In
te

ns
it

y 
(a

.u
.)

Wavelength (nm)

	
  ex 	
  490nm623	
  nm
(b)

300 400 500 600 700 800

0.0

0.1

0.2

0.3

0.4

	
  

	
  

A
bs

or
ba

nc
e 

(a
.u

.)

Wavelength (nm)

	
  P henaz ine-­‐P P V

49
0

33
0

(a)



	
  	
  	
  	
  	
  	
  	
  	
  	
  Ph.D	
  Thesis	
  	
  	
  	
  	
  Chemistry	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Chapter	
  5	
  	
  	
  	
  	
  October	
  2015	
  	
  	
  
	
  

Savitribai Phule Pune University  CSIR-National Chemical Laboratory 168	
  

The photoluminescence of the polymer solution in chloroform was recorded 

which is shown in Figure 5.10 (b). The broad PL was observed with the 

emission peak at 623 nm when the polymer solution was excited at its maximum 

absorption value i.e. 490 nm.  

 

5.3.7 Electrochemical Properties 

To understand the energy levels of the polymer, cyclic voltammetry (CV) study 

was performed, the result of which is indicated in Figure 5.8.  
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Figure 5.11: Cyclic voltammetry for PHN-PPV at the scan rate of 100 mV/s 

	
  

The CV was recorded at the scan rate of 100 mV/s using ferrocene as the 

internal standard. From the CV it is clear that polymer shows reversible 

oxidation-reduction nature. The oxidation onset potential value, which is 0.15 V, 

was used for the calculation of HOMO. The HOMO level value was turned out 

to be -4.19 eV. The band gap was calculated from the UV-Vis spectrum and it 

turned out to be 2.5 eV. The oxidation potential in the polymer may correlate 

with the concept of work function in the case of metals or semiconductors. The 

lower work function is one of the prerequisite for the field emission application, 

as it is directly relevant to the value of the turn-on voltage of the field emission 

device. As stated in the introduction, wide band gap, good electrical properties, 

low work function, low electron affinity etc. are important parameters to take 

into consideration. The data indicate that PHN-PPV fulfills these requirements 

at satisfactory level. The lower oxidation onsets and reversible redox properties 

with wide band gap of 2.5 eV, indicated that PHN-PPV could be a potentially 

useful candidate for field emission device.  
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5.3.8 Thermogravimetric analysis (TGA) 

  

	
  
Figure 5.12: TG curve of PHN-PPV in the nitrogen atmosphere 

 

Thermogravimetric analysis was performed on the sample at a heating rate of 10 

°C/min under nitrogen atmosphere. Thermogravimetric analysis (TG) curve of 

PHN-PPV is shown in Figure 5.12. The T10 value is found to be 373 °C 

indicating its good thermal stability.   

 

5.3.9 Theoretical Studies 

To acquire extra insight into the electronic structure, theoretical calculations of 

repeating unit of PHN-PPV were implemented by density functional theory 

(DFT) with the Gaussian 09 program at B3LYP/6-311 G* level. 

DFT calculations clearly revealed that the electron density of HOMO is 

distinctly distributed over 5,10-dioctyl-5,10-dihydrophenazine moiety in the 

polymer backbone.  

This implies that the 5,10-dioctyl-5,10-dihydrophenazine moiety is acting as a 

strong donor. The HOMO value obtained from this theoretical calculation was -

4.3 eV, which is close to the experimental value (-4.2 eV). The LUMO was 

shown to spread over the phenylenevinylene part of the polymer caused by the 

absence of any strong accepter group into the polymer. Moreover, the band gap 

of 2.8 eV was obtained by the DFT calculations while the experimental optical 

band gap observed was 2.5 eV.  
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Figure 5.13: HOMO and LUMO levels of the monomer of PHN-PPV 

 

5.3.10 Mott-Schottky and Conductivity Measurements  

To interpret whether the polymer exhibit p-type or n-type nature, the Mott-

Schottky experiment was performed (Figure 5.14 (a)) in 1 M H2SO4 with three-

electrode system, in which Ag/AgCl was used as the reference electrode and the 

carbon as counter electrode.  

PHN-PPV film coated on n-silicon substrate made the working electrode. Mott-

Schottky measurements were performed at the frequency of 10 KHz. The nature 

of the slope signifies that PHN-PPV is p-type. The flat band potential estimated 

from the intercept on the X-axis of the linear portion of Mott-Schottky plot is 

0.058 V. 

 
Figure 5.14: (a) Mott-Schottky measurements, (b) AC conductivity 

measurements  
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The conductivity of PHN-PPV was measured using frequency dependent (AC) 

conductivity measurements; the corresponding data is shown in Figure 5.14(b). 

The freestanding 0.11 mm thick polymer film was cast and it was directly placed 

in-between the silver/aluminium electrodes for the electrical conductivity 

measurements. The conductivity decreases from higher to lower frequency 

range, which is common for the semiconducting conjugated polymers.  

 

5.3.11 Field Emission Studies 

For a planar emitter comprised of a thin film of nanostructures deposited on 

flat substrate, the modified Fowler – Nordheim F-N equation60 is given as, 

𝐽 =   𝜆!𝛼𝜙!!𝐸!𝛽!exp  (  −   
!  !

!
!

!  !
  𝜈!) ……. (1) 

Where, J is the emission current density obtained for the applied electric field E, 

λM pre-exponential correction factor, β represents local electric field 

enhancement factor, a and b are constants having values (1.54×10−6 A eV V−2) 

and (6.83 eV−3/2 Vnm–1) respectively, νF (correction factor) is a particular value 

of the principal Schottky-Nordheim barrier function ν, and ɸ is the work 

function of the emitter material.  The value of HOMO is observed to be ~ -4.2 

eV.  

Figure 5.15 (a) depicts the plot of emission current density (J) versus applied 

electric field (E). The values of the onset and threshold fields, corresponding to 

emission current densities of 10 µA/cm2 and 1 mA/cm2 are observed to be 1.93 

and 2.88 V/µm, respectively. The J-E curve exhibits exponential behavior 

indicating that the emission is due to tunneling of electrons through the 

deformed potential barrier. Interestingly, a maximum current density of ~4.9 

mA/cm2 could be drawn from the emitter at an applied field of 3.6 V/µm.  

The field emission characteristics were further analyzed by plotting a graph of 

ln (J/E2) versus (1/E), known as the Fowler-Nordheim (F-N) plot, shown in 

Figure 5.15 (b). The F-N plot of PHN-PPV/Si emitter exhibited overall linear 

behavior, over the entire range of applied electric field values. Numerous reports 

can be found in which field enhancement factor β has been calculated from the 
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slope of the F-N plot. It has been observed that β value is overestimated for 

multi-tip emitter. An attempt to estimate local field (Elocal = βEav) using the β 

value calculated from F-N plot results in very high magnitude than that required 

for field emission. Therefore, in this case, we have not estimated the value of β 

from the F-N plot analysis. 

 
Figure 5.15: (a) Emission Current density versus applied electric field (J-E) 

plot, (b) F-N plot. 

 

From the practical application point of view, emission current stability is very 

important and a decisive parameter. The emission current-time (I-t) stability 

recorded at a pre-set value of 1 µA over the duration of 6 h is shown in Figure 

5.16. The emission current exhibits good stability characterized with some 

excursions superimposed with 'spike' type fluctuations.  

Instantaneous variations in the ‘local’ work function, or the ‘local’ electric field 

that lead to fluctuations in the emission current I. The variation in the ‘local’ 

work function occurs due to field-induced adsorption, migration and desorption 

of residual gas species. Also the continuous ion bombardment over several hours 

changes the local radius of curvature (geometrical factor, β) and hence the 

strength of the ‘local’ electric field during the emission current stability tests. In 

the case of a multi-tip emitter in thin film form the fluctuation in I arises due to 

combined effect of both these processes. 

In fact due to very high aspect ratio of the nanostructures, the constant ion 

bombardment of the nanostructure can alter the local radii of curvature 

significantly, thereby causing even ‘extinction’ and/or ‘generation’ of emission 
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sites. The concurrent ‘appearance’ and ‘disappearance’ of ‘emission spots’ 

observed in the phosphor screen image supports this argument.  
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Figure 5.16: Stability of the field emitter over the duration of 6 hrs. 

 

5.3.12 Field Emission Scanning Electron Microscopy (FESEM) 
 

 
 

Figure 5.17: SEM images of the film before (a) and after (b) the FE 

measurement. 

We have also recorded FESEM images of the films before and after field 

emission experiment in order to see whether the surface morphology of the 

emitter sustains the ion bombardment induced effects (Figure 5.17 (a-b)). It is 

observed that the spray-coated film is deposited quite uniformly on the Si-

substrate and post field emission experiment the SEM image does not show any 
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noticeable change in the surface morphology of the emitter. This clearly 

indicates its mechanical robustness against the ion bombardment.   

 

5. 3.13 Field Emission Images 

Figure 5.18 depicts the field emission images recorded at different applied 

voltages (corresponding to different emission current densities). All the FE 

images show the presence of very tiny bright spots, indicating a large number of 

emission sites. The increase in the number of spots along with their respective 

intensities with increase in the applied voltage is quite obvious. For such a multi-

tip emitter, intensity as well as the emission current from the prevailing emitters 

also increases making them brighter. 

 
 

Figure 5.18: Field emission images  

 

The promising FE behavior of the PHN-PPV/Si emitter can be attributed to its 

nanometric dimensions and moderate electrical conductivity. The lower 

oxidation potential (~ 0.2 V) lowers the field required to eject the electron from 

the material. In case of inorganic materials (metals/ semiconductors) the FE 

properties are decided by the work function value. By altering the surface 

morphology of the polymer emitter, the FE characteristics can be further 

improved. The synthesis plays important role in the modification of the 

polymeric systems that could potentially be used as FE material. Incorporation 
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of electron rich moieties in the material can improve FE properties as it mainly 

depends on the ejection of electron to the vacuum.  

It is further useful to point out that the observed values of applied electric fields 

corresponding to the onset, threshold and maximum current density in the case 

of our polymeric system are comparable with those reported for various 

conducting polymer nanostructures and their nanocomposites. Table 5.1 depicts 

the comparative performance of different planar emitters comprising of 

conducting polymers and their composites 

 

Table 5.1:  Turn on field and maximum current density values of the different 

conducting polymer.  

 

Polymer Turn on field V/µm Max. Current Density Reference 

PHN-PPV 1.93 (10 µA/cm2) 4.9 mA/cm2 (3.6 V/µm) Present 

studies 

PEDOT-co-

T34bT 

1.83 (10 µA/cm2) 4 mA/cm2(3.6 V/µm) 20 

PEDOT-

DBSA 

~3.5 – 4 (10 µA/cm2) 100 µA/cm2 (~4.5 V/µm) 18 

PANI 

nanofibrils 

~3 – 5 (10 µA/cm2) 5 mA/cm2 (27 V/µm) 8 

PANI/ 

HClO4 

5.5 (~1 µA/cm2) ~5 µA/cm2 (~6 V/µm) 14 

PPy/ 

TBAPF6 

~3.5 – 4 (~1 µA/cm2) 50 µA/cm2 (~6 V/µm) 14 

 

 

5.4 Conclusions 
We have successfully designed and synthesized two monomers viz. 5,10-dioctyl-

5,10-dihydrophenazine-2,7-dicarbaldehyde and tetraethyl ((2,5-bis((2-

ethylhexyl) oxy)-1,4 phenylene) bis(methylene))bis(phosphonate. The 

monomers were characterized fully and the Wittig - Horner polycondensation 

was performed in order to achieve a conjugated polymer viz phenazine 
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containing poly(phenylene vinylene) (PHN-PPV). PHN-PPV exhibited Mn of 6 

*103 and PDI of 1.7. PHN-PPV showed lower oxidation potential of ~ 0.2 V 

and redox properties indicating its suitability as an emitter in the filed emission 

studies. PHN-PPV demonstrated acceptable field emission behavior. The lower 

turn on voltage of 1.68 V/µm was observed for 1 µA/cm2. The maximum current 

density measured was of ~4.9 mA/cm2 for the applied filed of 3.6 V/µm. Also, 

the polymer was found to be stable up to 6 h at constant current of 1 µA. Thus, 

PHN-PPV is a welcome addition to the family of polymeric emitter materials 

available for practical field emission applications. 
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Chapter 6 

 

Summary and Future Scope 
 

 

This chapter contains summary of the thesis work and the future  

scope. 
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6.1 Summary 
With the increasing demand for the developing country, the non-renewable 

energy sources are exhausting with time and there is a further need of the 

energy. This energy need is indeed increasing very rapidly. Thus we should 

understand constrains of the non-renewable sources of energy and take a step 

ahead to look forward to renewable sources as the major source of future energy. 

Although there are certain challenges involved in the use of all available forms 

of renewable energy there is a scope to develop new materials and systems for 

the consumption of such kind of energy.  

 

The overall objective of the present work was to make use of simple chemistry 

for designing and synthesizing materials for the energy applications. The goal 

was to synthesize such materials, which could be effectively used for solar cell 

applications, charge storage applications and energy saving devices. With these 

objectives in mind and considering the need for future energy, the present 

attempt of demonstrating polymeric systems for energy applications were 

undertaken. 

 

Summary of each area 

The outcome of the present work for the energy applications has been described 

as three chapters in the dissertation. The central theme was to develop polymeric 

materials for energy applications. 

1. Amongst all renewable energy sources, the solar energy is the most 

abundant form of renewable energy source. Here in the first aspect of 

work, we have attempted the solar energy harvesting and conversion of it 

into usable form of energy. The conjugated polymer was modified to 

possess carboxylic acid groups using simple chemical reactions such as 

Vilsmeier–Haack formylation and Knoevenagel condensation. The 

modified polymer was demonstrated as the potential sensitizer in Dye 

Sensitized Solar Cell (DSSC) device. The modification of the polymer 

was confirmed using 1H NMR and IR spectroscopy. The power 

conversion efficiency of the device was observed to be 3 %. Carboxyl 

group anchors well to the surface of the TiO2, enhancing the charge 
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transport and hence the efficiency of the device. The conjugated polymer 

used in this work (BEHP-co-MEH PPV) exhibits some other advantages 

such as high thermal stability, solution processability etc. The DSSC 

device made using BEHP-co-MEH PPV as a sensitizer showed the 

stable power conversion efficiency up to 90 °C. 

2. In the second part of work, we used polymer-based material for the 

charge storage applications. Potassium salt of carboxylic acid containing 

polystyrene derivative was synthesized and pyrolyzed at high 

temperature under inert atmosphere to get the porous, functional carbon. 

The formed polymer derived carbon was explored for the electric double 

layer capacitor (EDLC) and lithium ion hybrid capacitor (Li-HEC). The 

surface area of the porous carbon was found to be 1860 m2 g -1. The 

specific capacitance of 137 F g -1 at the applied current density of 0.5 A g 
-1 for the EDLC system. The polymer derived carbon material (P3KC) 

showed the stability for more than 1000 cycles at 2 A g -1. Li-HEC 

measurements were performed using the 1M LiPF6 as the electrolyte. 

P3KC was found to possess maximum energy density and maximum 

power density values of 61 Wh k g-1 and 10015 W k g-1, respectively. A 

~70 % capacitance retention is observed after 2000 cycles.  

3. The third part of work deals with the energy conservation aspect. 

Devices like organic field effect transistors (OFET), organic light 

emitting diodes (OLEDs), field emission display (FED) etc. are 

considered as devices of energy conservation because they consume less 

energy and give output similar to traditional devices. Phenazine-

containing poly(phenylene vinylene) (PHN-PPV) was designed and 

synthesized using Wittig- Horner polycondensation. The polymer PHN-

PPV exhibited number average molecular weight of 6 *103. This 

conjugated polymer was evaluated for the application of field emission 

study. The polymer PHN-PPV displayed reversible redox properties and 

lower oxidation onset of ~0.2 V. The field emission measurements 

demonstrated the lower turn on voltage of 1.68 V/µm for 1 µA/cm2. 
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6.2 Future Scope 
The scope and importance of designing and synthesizing appropriate materials 

for the energy application have been realized and hence there is plenty of room 

available to achieve the goals of the energy demands. Henceforth, we suggest 

some future prospects for the design of new materials.   

 

1. Conjugated Polymers for Organic Solar Cells 

Conjugated polymers for organic photovoltaic applications is the growing 

branch of organic and polymer chemistry in order to improve the performance 

and stability of the solar cell devices. There are several reports till date on the 

different types of conjugated polymers and their use in bulk heterojunction solar 

cells as an active layer. Nevertheless, there is a wide scope to improve the 

performance of solar cells by simple modification. 

 
Figure 6.1: Donor-acceptor conjugated polymers for organic solar cells 
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The incorporation of substituted BTDA or benzotriazole as a strong electron 

withdrawing moiety in to the main core phenazine based polymer will modify its 

band structure and may improve the absorption spectrum. The solubility of 

polymer will also be increased due to alkylated benzotriazole unit present in 

polymer backbone. Therefore, multi-substituted benzotriazole unit can play dual 

role in active layer. The fluorine substituted benzotriazole will improve its 

electron withdrawing ability than its bare structure. Also, the incorporation of 

substituted pyridine in the polymer chain as another electron withdrawing 

moiety will affect the optical and electrochemical properties of polymer. In most 

of the sensitizers used in DSSCs, pyridine acts as an electron injector/anchoring 

group in sensitizers. 

 

2. Small Molecules/Polymers for LEDs 

Now a days, organic light emitting diodes (OLEDs) became the most popular 

area of research in the field of electronic devices. The commonly used 

commertial LEDs are made up of inorganic materials which have limited scope 

for tuning their properties as well as they are rigid structure that can not be 

applied for the flexible electronic applications. In case of organic material based 

LEDs, it is easier to tune the colour, optical properties and other electrochemical 

properties by simple modification in structure. Almost, all the organic materials 

are solution processable and easy to handle during device fabrications. We can 

tune its absorption from UV to visible or even up to IR region by different range 

of conjugation. There are several reports on blue, green and red light emitting 

diodes based on organic materials. 

 
Figure 6.2: PPV derivatives for LED applications 
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3. Polymers as Hole Transport Materials (HTM): 

The perovskite sensitized solar cells are the predicted future for solar cells. This 

solar cell is said to be cost effective as compared to silicon solar cells because 

the synthesis of precursors required for perovskite structure are quite simple and 

scalable. At the present Spiro-OMeTAD is being used and commercialized as 

HTM, which gives reasonable performance. Although it is commonly used 

eveywhere, it is very expecsive and tedious to synthesize. Hance, there is need 

and scope to replace Spiro-OMeTAD. The semiconducting polymers would be 

the better option to reduce the cost and enhance the stability of overall 

perovskite solar cell device. 

 
 

Figure 6.3: Representative structure of polymer for hole transport material 

application 

 

4. Polymers in Charge Storage: 

Polymers, due to their stuctural tunability find the advantages almost in every 

field. Currently, various types of polymers are being explored for the different 

charge storage mechanisms including elctrolytes, electrode materials, etc. 

Carboxylic acid, ketonic and alcoholic functional groups containg conjugated 

molecules are demonstrated as a promising anode materials for lithium ion 

batteries. The design and synthesis of conjugated polymers with pendant oxygen 

containing groups would be essential. The conjugated backbone takes part in 

electronic conductivity while oxygen containing groups provides site for 

lithiation during charging process.  
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In summary, there are variuos new opportunities to tune and synthesize the 

materials, especially polymeric systems for several applications in energy field. 

We believe that from such kind of research there would be satisfactory outcome 

in future to overcome the scarcity of the energy.  
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Introduction: 
The present era is of innovation and discovery due to globalization and advances 

in communication and information technology. The expansion of globalization is 

a consequence of faster and increased ways of communications, networking and 

transportations all around the world. As a consequence of this, the modern 

society has identified several grand challenges in the areas such as food, water, 

energy, environment, security, education, health, poverty, etc. All these 

challenges not only are independently very important to address but also are 

interconnected and hence need to be addressed simultaneously. These challenges 

are braided with each other and all are related to energy directly or indirectly. 

Hence, energy is one of the very important sectors to deal with. The worldwide 

demand for the energy is increasing day by day and the planet’s resources are 

exhausting rapidly. Thus, there is a need to manage the existing resources as 

well as to find out the new solutions to the problems of energy. More crucial and 

important issues are related to energy consumption, supply, storage, delivery and 

the economics management.  
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The polymers are the potential candidates for the energy systems on account of 

their numerous types and the presence of functionality (ies). The present work 

deals with the energy conversion, storage and conservation using different types 

of polymeric systems. Specifically, the work deals with synthesis and 

modification of polymeric systems for energy applications. 

 

Objectives, Nature and the Scope of the Work Done: 
In this work, we have explored some easy ways for polymer synthesis and 

modification, and investigated their applications in the field of energy (viz. 

conversion, storage and conservation). One of the main features of our efforts is 

the development of simple synthetic routes for generating potentially applicable 

polymeric systems. This kind of study would lead to the easy access and 

different prospective to the materials engineering and design for the specific 

targeted applications. The thesis presentation is divided into three sections. 

Section I deals with energy conversion i. e. photovoltaic system: solar cell. The 

objective of this section is to demonstrate the modification of the conjugated 

polymer for its use in DSSC as a sensitizer. Section II is devoted to energy 

storage part in which the molecular engineering and the synthesis of the 

polystyrene derivative for the formation of porous carbon for its use in the 

supercapacitor and Li-HEC applications. Section III deals with the energy 

conservation sector, wherein the synthesis of conjugated polymer was carried 

out and the field emission performance was studied. 

 

Section I: Energy Conversion: Solar Cell- DSSC 

Carboxyl-modified conjugated polymer sensitizer for dye 

sensitized solar cells: significant efficiency enhancement 
This chapter describes a simple protocol for chemical modification of the 

conjugated polymer (BEHP-co-MEH-PPV) system for its application in DSSC 

as a sensitizer.  

A simple two step strategy was developed to introduce carboxyl groups via 

Vilsmeier–Haack formylation on the commercially available conjugated 

polymer [(poly{[2-[2’,5’-bis(2’’-ethylhexyloxy)phenyl]1-4-

phenylenevinylene]co-[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevin-
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ylene]})] (BEHP-co-MEH PPV) followed by Knoevenagel condensation with 

cyanoacrylic acid (Scheme 1.).  

 

 
Scheme 1: Modification of the conjugated polymer BEHP-co-MEH PPV 

 

Adsorption of the carboxyl-modified polymer onto TiO2 film and J–V curves 

were studied for the dye sensitized solar cell (DSSC) and compared with the 

base polymer BEHP-co-MEH PPV. Carboxyl modification of BEHP-co-MEH 

PPV resulted in significant enhancement in the efficiency (3%), compared to the 

base polymer, which showed an efficiency of only 0.3% (Figure 1.). The details 

of the synthetic procedure, characterization and the photovoltaic property 

measurements are presented and discussed.  

 
Figure 1:  I-V and IPCE data of the modified polymer (PPV acid) and original 

polymer (PPVA) 
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In conclusion, we have successfully demonstrated a simple two-step strategy to 

introduce carboxylic acid groups on a conjugated polymer PPV A. The 

introduction of carboxyl groups clearly proved to be beneficial for charge 

injection through proper anchoring to TiO2 film for its use in DSSCs. Modified 

polymer PPV acid gives considerably higher efficiency (3%) as compared with 

the unmodified counterpart. Also, importantly this polymer was found to be 

stable up to 200°C. 

 

Section II: Energy Storage: Supercapacitor and Li-HEC 

applications 

High surface area porous carbon for ultracapacitor application 

by pyrolysis of polystyrene containing pendant carboxylic acid 

groups prepared via click chemistry 

 
This chapter describes a simple synthesis of the polystyrene derivative 

containing pendant carboxylic acid groups for the formation porous carbon and 

its use in supercapacitor and Li-HEC.  

Strategic designing and synthesis of polystyrene derivative (Scheme 2.) was 

performed via click chemistry to achieve micro/meso-porous conducting carbon 

with high surface area (1860 m2g-1) by controlled pyrolysis.  
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Scheme 2: Synthesis of the polymer precursor for carbon: polystyrene derivative 

 

The design was done with the objective to get graphene-like framework (by 

polystyrene backbone), nitrogen doping (by triazole ring) and high porosity (salt 

of carboxylic acid). Potassium hydroxide was reacted with the carboxylic acid 

groups of the polymer to achieve uniform in-situ molecular activation. From the 

FESEM, it is clear that the carbon formed is porous carbon (Figure 2.).  

 
Figure 2: FESEM of the carbon formed by the pyrolysis of the polymer 

 

The obtained hierarchically porous carbon was characterized and studied for the 

electric double layer capacitor in organic electrolyte as well as lithium ion 
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hybrid electrochemical capacitor (Li-HEC) performance. A specific capacitance 

of 100 Fg-1 was obtained for the applied current density of 0.5 Ag-1 using 

tetraethyl ammonium tetrafluoroborate in propylene carbonate as an electrolyte, 

in the potential range of 0-3V (Figure 3.). The Li-HEC cell ( Figure 4.) was 

observed to deliver the maximum energy and power densities of 61 Wh kg-1 and 

10015 W kg-1, respectively, with ~70% capacitance retention after 2000 charge-

discharge cycles at the current density of 2Ag-1. 

 

 
Figure 3: Supercapacitor measurements using 1M TBABF4 in PC electrolyte: 

CV and galvanic charging–discharging data. 

 

Figure 4: Ragone plot for Li-HEC performance and the cyclic stability of the 

full Li-HEC cell. 

In conclusion, highly porous carbon was synthesized by the pyrolysis of a 

polymer precursor with in situ porogen presence for molecular activation, which 

shows BET specific surface area of 1860 m2g-1. The formed carbon contains 

good density of micro/meso-porous and shows high electrical conductivity. 

Supercapacitor measurements were performed in the organic electrolyte 
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TEABF4 in PC, which yielded the specific capacitance of 100 Fg-1at the applied 

current density of 0.5 Ag-1. The Li-HEC measurements performed using the 1M 

LiPF6 as the electrolyte show that the maximum energy density and maximum 

power density values of 61 Wh kg-1 and 10015 W kg-1, respectively, were 

obtained. After 2000 cycles 70 % capacitance retention was noted.  

 

Section III: Energy Conservation: Field emission study 

Synthesis of dihydro-phenazine containing conjugated polymer 

and its application for field emission 

 
This chapter deals with the synthesis of dihydrophenazine containing conjugated 

polymer and its application for the field emission. 

The conjugated polymers are very important systems in solution processable 

optoelectronic and display devices. Polyphenylene vinylene systems are known 

to be applicable for a variety of applications like organic light emittiong diodes 

(OLED), field effect transisters (FET) and also photovoltaics. 5,10-

Dihydrophenazine system is attractive as it is electron rich and due to presence 

of two tertiary nitrogens, this system exhibits redox properties. 

Dihydrophenazine containing polyphenylene vinylene system was synthesized 

(Scheme 3.) and characterized (PPV-PHN). Based on the results of the basic 

characterization data such as UV, PL and conductivity measurements the 

polymer was considered to be a potential candidate for the field emission 

studies. 
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Scheme 3: Synthesis of dihydrophenazine-containing PPV 

 
Figure 5: J-E plot and F-N plot for the dihydrophenazine-containing PPV 

 

The turn-on and threshold field (field required to draw an emission current 

density of 1 and 100 µA/cm2) were observed to be 1.68 V/µm and 2.56 V/µm 

respectively (Figure 5.). The emission current shows almost exponential growth 

with gradual increase in applied electric field indicating the emission due to 

tunneling of electrons through the deformed potential barrier, particularly post 

threshold field value, and reaches the maximum current density of 4.9 mA/cm2. 

Because of such high current density PHN-PPV can be considered as a 

promising field emitter. 

In conclusion, dihydro-phenazine containing polyphenylene vinylene has been 

synthesized and characterized. From J-E plot, the turn on and threshold field 

(field required to draw an emission current density of 1 and 100 µA/cm2) were 

1.68 V/µm and 2.56 V/µm respectively with the maximum current density of 4.9 

mA/cm2.  
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The Salient features of the present work are listed below:  

1. We report the chemical modification of the conjugated polymer (PPV) for 

DSSC application. The carboxy-modified polymer shows efficiency of 3% 

when used as sensitizer in DSSC. 

2. Strategic design and synthesis of triazole ring with carboxylic acid 

containing polystyrene was achieved and used as the precursor for the 

formation of porous carbon. The specific capacitance of 100 Fg-1 at the 

applied current density of 0.5 Ag-1. For Li-HEC, maximum energy and 

power densities values obtained were 61 Wh kg-1 and 10015 W kg-1, 

3. Synthesis of dihydro-phenazine containing poly (phenylene vinylene) was 

achieved and the field emission studies were performed. The turn-on and 

threshold field were observed to be 1.68 V/µm and 2.56 V/µm, 

respectively. 
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