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ABSTRACT 

 

Research in renewable energy has gained momentum and become a centre of attention as a 

possible alternative solution to the energy catastrophe. This is attained by the use of solar 

energy as an alternative clean energy source. The creation of solar energy arises as a 

consequence of direct conversion of light photons from the sun into electrical energy by the 

use of solar cells made up of semiconducting materials incorporated into the system. In the 

context of solar energy, hybrid photovoltaics comprising of organic molecules and 

nanomaterials have emerged to be one of the most promising candidates to lower the cost of 

construction of solar cells as well as improving the power conversion efficiency (PCE). This is 

mainly due to the ease of processability of the active layer and the unique properties brought 

by the use of nanomaterials. In the exponential increasing wide field of nanotechnology, focus 

has shifted to novel hybrid dendritic star copolymers as the organic donor materials and 

quantum dots as the inorganic acceptor materials. In this work, we present the synthesis, 

characterisation, and photoluminescent responses of the newly developed active layer based on 

the blend of a second generation Poly(propylenethiophinoimine)-co-PEDOT/poly(styrene 

sulfonic acid) (G2PPT-co-PEDOT-PSSA) as a donor material with zinc selenide quantum dot 

(ZnSe QD) as the acceptor material. Both the donor and acceptor were synthesized chemically. 

The preparation of the star copolymer involved a Schiff base condensation chemical reaction 

between the primary amine group of a G2PPI dendrimer and 2-thiophene carboxaldehyde, to 

afford the thiophene functionalized PPI dendrimer (G2PPT) which was followed by the 

copolymerization of G2PPT with ethylenedioxythiophene (EDOT) monomer in the presence 

of iron chloride (FeCl3) as an oxidant. The structure and properties of the as-prepared materials 

were studied by the employment of Fourier transform infrared spectroscopy (FTIR), proton 
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nuclear magnetic resonance spectroscopy (1H NMR), Ultraviolet-Visible spectroscopy (UV-

Vis), X-ray diffraction (XRD), thermogravimetric analysis (TGA), high resolution 

transmission electron microscopy (HRTEM),  scanning electron microscopy (SEM), 

photoluminescence (PL), square wave voltammetry (SWV), and cyclic voltammetry (CV). 

There was a clear growth of EDOT on the surface of G2PPT through 𝛼 − 𝛼 coupling in the 

thiophene ring as evident by both 1H NMR and FTIR. UV-Vis of the star copolymer showed 

redshift compared to the parent polymers, PEDOT and G2PPT, which was attributed to the 

increase in conjugation as a result of the growth of the PEDOT on the surface of G2PPT. With 

the help of UV-Vis, the band gap (Eg) of the polymers was determined and was found to be 

2.96, 2.92, and 2.85 eV for PEDOT, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-PSSA 

respectively. UV-Vis of ZnSe QD gave an absorption peak at 416 nm with a band gap of 2.95 

eV. G2PPT-co-PEDOT-PSSA exhibited improved thermal stability due to enhancement in 

crystallinity and conjugation as confirmed by TGA. SEM images of G2PPT-co-PEDOT-PSSA 

exhibited tubular-like structures with many tentacles which are separated from each other while 

HRTEM revealed cloudy-like morphology with some microporous structures. HRTEM of 

ZnSe QD revealed well-dispersed small spherical particles. XRD revealed broad peaks 

indicating amorphousness in all polymers. The photoluminescence of the dendritic star 

copolymer was observed to be an average of its starting materials or components indicating a 

hybrid material. Both CV and SWV revealed a low oxidation potential of less than 0.2 V. The 

electrochemical band gap of the polymers was determined and found to be 0.202, 0.201, 0.199 

eV for PEDOT, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-PSSA respectively. 
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1 
 

CHAPTER ONE 

 

1. Introduction 

 

 

1.1. Background 

Life without energy is not imaginable, it is like imagining to yield fruits on a tree that does not 

have roots and a stem. This means that the life of both living and non-living organisms depend 

solely on the availability of energy. In basic terms, energy is the ability to do work. In other 

terms, energy is the power extracted from the employment or usage of chemical or physical 

asserts, with the intension of providing heat and light or to work machines. With the above 

mentioned, it is quite obvious that energy is the fundamental needs of man as it is utilized daily 

in all sectors of life. We use energy in everything we do: (1) we need energy to walk to school, 

(2) to play, (3) to run a computer, (4) to cook our daily food, (5) etc. However, in the current 

state of the world, the demand of energy have managed to exceed its supply. One of the major 

contributions to this is the rapid growth of global population, which in turn affects the quality 

of life by affecting the economic growth both nationally and internationally. Therefore, there 

is a need for the rapid increase in global population to be accompanied by a rapid increase in 

energy supply in order to consistently maintain human needs without compromising the quality 

of the world that we live in. For this to happen, it is of utmost significance to conserve, protect, 

and sustain the already available energy resources. 

Over the past centuries, the world energy consumption has been majorly based on fossil fuels. 

Fossil fuels are knowns as primary energy sources. They consist of petroleum, coal, natural 
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gas, propane, and uranium. They are all classified as non-renewable energy sources. Fossil 

fuels contribute 80% of the energy produced or utilized globally [1]. The major challenge 

encountered by fossil fuels is the unfriendly circumstances that comes along with the 

production of energy such as: (1) water pollution, (2) operational safety, (3) radioactive waste 

disposal, (4) emission of substances like SO2, NO2, and CO2 contributing to acid deposition and 

global climate change. One other major challenge is their non-reusability, which implies that 

the world will reach a point at which fossil fuel reserves are completely extracted or depleted. 

Therefore, because of this, there is an undisputable need for new technologically clean and 

environmentally friendly methods that needs to be employed to address the challenge of 

depletion of fossil fuels without compromising the depletion of the ozone layer (O3). One of 

the alternative methods to harness energy is by the employment of renewable energy sources 

even though they account for a little percentage in global energy supply [2-3]. The major 

advantage in utilising renewable energy sources is that they are environmentally friendly, so 

they have minimal negative impact on the environment [4]. Their major drawbacks lies with 

the less quantity of energy being generated and the large capital cost accompanied by this 

technological way of harnessing energy [2]. The renewable energy sources consists of 

Biomass, geothermal, hydrothermal, solar, and wind. Therefore, because of the large capital 

cost problem encountered by renewable energy sources, solar energy, amongst all renewable 

energy sources, has attracted most attention; not only due to the fact that it is renewable, but 

mostly due to the continuous availability of sunlight throughout the year and almost all the 

surface on earth. It is estimated that solar energy collected by planet earth annually is several 

thousand times more than the energy used by humans and the earth’s energy reserve put 

together. Therefore, the main advantage of solar energy is that it is an endless producer of 

photons with a wide range of wavelength. Thus conversion of energy via photovoltaic (PV) 

processes is considered to be the ideal process that satisfies the requirements for the demand 
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of clean energy and large energy supply that can reach or accommodate the overpopulation 

growth. 

1.2. Problem statement 

The shortage of energy and pollution of the environment are the two primary challenges faced 

by the society nowadays. As previously mentioned, sunlight has turned out to be the most 

reliable and sustainable supply of green (clean) energy and this makes the exploration of solar 

energy an ideal approach in addressing both energy and environmental problems, in 

comparison to the traditional fossil fuel energy method. A photovoltaic device is a device that 

converts solar irradiation directly into electricity by exploiting the photovoltaic effect exhibited 

by metals and inorganic semi-conductors. The main component in a photovoltaic device is the 

semi-conductor material, since it is the one that absorbs and ultimately determines how much 

energy is taken up by the photovoltaic device. The currently most used semi-conductor is 

crystalline silicon because of its power conversion efficiency (PCE) of up to 25% [6]. However, 

researchers have also come up with alternative methods such as CdTe solar cells with PCE of 

19.6% [7] and GIGS solar cells with PCE of 20.3% [8]. The key challenge that restricts or 

hinder the development or application of these type of solar cells is the cost of the semi-

conducting material, cost of fabrication of the device, and the toxicity of some elements. The 

price of the fabrication process depends on the semi-conducting material that is utilised, 

therefore it is of utmost significance to find cheaper and non-toxic semi-conducting materials, 

without compromising the requirements of the semi-conductor. Suitable semi-conductors must 

possess the following requirements: (1) good processability, (2) good conductivity, (3) good 

mechanical and thermochemical stability. With this requirements, intrinsic conducting 

polymers (ICPs) such as polyaniline (PANI), polyparaphenylene, polypyrrole (PPY), 

polythiophene (PTh), poly(3,4-ethylenedioxythiophene) (PEDOT), and polyacetylene (PA), 

have all been studied and have shown good conductivity, optoelectrical, and luminescence 
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properties as potential good materials for photovoltaic devices [9-10]. Amongst all ICPs, 

PEDOT has emerged an indispensable material due to its extensive range of technological 

applicability, in diverse areas, such as light-emitting diodes, electrochromic display devices, 

and capacitors. The wide range of its applicability is due to its ease of synthesis, elevated air 

stability, superior electrical conductivity, and possesses optical properties similar to those of 

semi-conductors and metals [11]. However, the key challenge with PEDOT and other ICPs or 

purely organic materials based photovoltaic devices is: (1) the recombination of excited 

molecules upon absorption which limits the amount of energy that can be generated, (2) poor 

processability which is due to their insolubility in many organic solvents [9, 12], (3) poor 

mechanical and physical properties [13]. Therefore, research has shown that, synthesis of 

conducting star copolymers is one of the productive methods to upgrade the processability of 

conducting polymers [14]. However, conducting star polymers are known to have emission 

properties that are an average of its constituents. To overcome this, a hybrid material consisting 

of the star copolymer and quantum dot as a donor and acceptor respectively can be utilised. 

1.3. Rationale or Motivation 

A possible solution for the use of PEDOT as a semi-conductor is to counter act the previously 

mentioned limitations. Synthesis of conducting star copolymers are some of the effective ways 

of improving the processability of conducting polymers [14]. It is reported that, synthesis of 

star copolymers allows direct chemical connection between the enclosing matrix (peripheral 

groups) and the conjugated polymer, thus strengthening the physico-chemical stability of the 

material [15]. Star copolymers are classified as branched giant molecules that have an 

intermedial core to which numerous linear polymer chains are joined. The resultant three-

dimensional structure with enlarged conjugated linear polymer chains render star copolymers 

properties that are non-identical from the two-dimensional linear polymers. According to 

research, the fusion of star copolymer and conducting polymer structures offer an advance 
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towards preparing materials that have advantageous properties of both enhanced processability 

and electrical conductivity. The improved processability is as a consequence of the spheroidal 

structure of hyperbranched, dendrimeric and starbust polymers. Therefore, a conducting star 

copolymer may be formed by which two or more non-identical conjugated arms diverge from 

the central core [16]. The formation of the star copolymer involves a condensation reaction 

followed by copolymerization of the conducting linear polymer using oxidising agents such as 

ferric chloride, ferric tosylate, etc. The most used central core is poly(propylene imine) 

dendrimer (PPI). This is due to its amino groups at the periphery, thus can be used as hydrogen 

donor because of the high density of amino groups. It is known that the properties of dendrimers 

are strongly affected or governed by the terminal groups [17-18]. Therefore, in this project, a 

dendritic conducting star copolymer made from G2PPI as a central core and PEDOT as a 

conducting extending polymer shell is proposed. To counter act the insolubility challenge of 

PEDOT, poly(styrenesulfonic acid) (PSSA) is incorporated into the star copolymer. It is 

incorporated because functional groups such as carboxylic and sulfonic acids have been 

reported to be able to enhance the solubility challenge of the polymer without compromising 

the conductivity of the material. To address the challenge of recombination of excited 

molecules upon absorption of light and the physical properties, ZnSe QD are incorporated to 

make a hybrid system made of a donor and acceptor material. 

1.4. Aims and Objectives 

1.4.1. Aim 

The aim of the project is to synthesise and study the luminescent responses of second 

generation Polypropylenethiophenoimine-co-PEDOT/poly(styrenesulfonic acid) dendritic star 

copolymer and zinc selenide quantum dot composite materials as donor and acceptor 

respectively, for photovoltaics application 
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1.4.2. Objectives 

The objectives of the work are: 

 To synthesise 2nd generation Poly(propylenethiophenoimine) (G2PPT) by 

functionalizing poly(propylene imine) (G2PPI) with 2-thiophene aldehyde through a 

Schiff base condensation reaction. 

 To synthesize the parent polymer, PEDOT through chemical oxidative polymerization 

of ethylenedioxythiophene (EDOT) monomer with and without the presence of PSSA. 

 To synthesise the star copolymers, G2PPT-co-PEDOT and G2PPT-co-PEDOT-PSSA, 

through chemical oxidative copolymerisation of EDOT monomer on the surface of 

G2PPT with and without the presence of PSSA. 

 To study the optical, structural, morphological, and electrochemical properties of the 

synthesised materials using Ultraviolet-Visible spectroscopy (UV-Vis), 

Photoluminescence (PL), Fourier transform infrared spectroscopy (FTIR), Proton 

nuclear magnetic resonance (1H NMR), X-ray diffraction (XRD), Thermogravimetric 

analysis (TGA), High resolution transmission electron microscopy (HRTEM), 

Scanning electron microscopy (SEM), Selected area electron diffraction (SAED), 

Energy dispersive x-ray spectroscopy (EDS or EDX), Cyclic voltammetry (CV), and 

Square wave voltammetry (SWV) 

 To synthesise zinc selenide quantum dot (ZnSe QD) and characterise them using UV-

Vis and PL. 

 To blend G2PPT-co-PEDOT-PSSA with ZnSe QD and study the luminescent responses 

of the blend using PL. 
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1.5. Thesis outline/structure 

The thesis comprises of 5 chapters and are summarised as follows: 

Chapter One: Presents the general introduction, problem statement which is what led to the 

study, motivation of the study, aim and objectives. 

Chapter Two: Presents a critical review of functionalised Poly(propylene imine) dendritic 

compounds, their synthetic procedures, luminescent properties, and factors affecting their 

luminescent properties. 

Chapter Three: Presents the materials or reagents and methods used for synthesis and 

characterization. Experimental methodologies for the chemical synthesis of the star 

copolymers and quantum dot are described. The theory related to analytical technique that were 

used throughout the project is thoroughly described. 

Chapter Four: Discusses the results obtained on structural, optical, morphological, and 

electrochemical characterisation. 

Chapter Five: Summary of the conclusion and recommendation of the work 
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CHAPTER TWO 

 

2. Literature Review 

Luminescence efficiency of functionalised 

Poly(propylene imine) dendritic compounds 

 

2.1. Background 

2.1.1. Dendrimers 

Dendrimers are a unique class of macromolecules, which are characterised by being symmetric, 

homogenous, well-defined, and three-dimensional monodisperse structure with branches [1]. 

The word ‘dendrimer’ refers to its characteristic or physical appearance. This term is extracted 

from two Greek words: ‘dendron’, which symbolises a tree, and ‘meros’ which symbolises a 

part [2-3]. The first person who came across these giant macromolecules is Fritz Vogtle in 1978 

[4], then followed by Tomalia Donald and his co-workers in the early years of 1980s [5], and 

simultaneously but working individually by George R. Newkome [6]. They called them 

‘arborols’ meaning ‘trees’ in Latin. However, they are also known as the ‘cascade molecules’ 

but this terminology is not as much preferred as ‘dendrimers’ because of their ability of being 

polyvalent and monodisperse character [6]. A typical dendrimer structure is mainly composed 

of 3 components, the core, the end-groups, and branching units that link the two components 

together, thus keeping them intact. The surface of the dendrimer is characterised by a carefully 

customized architecture, the insulating matrix (i.e the peripheral groups) which can be utilized 
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as a backbone for multiple attachments, thus altering their biological or physicochemical 

properties [7-8]. These dendritic compounds are known to increase their diameter linearly 

while adopting a more pronounced globular shape with increase in dendrimer generation (G0-

Gn) (See scheme 2.1). 

 

Scheme 2. 1: Typical representation of a dendrimer ranging from generation zero (G0) to 

generation four (G4) [1]. 

The increase in dendrimer generation results in an increase in branch density. This is believed 

to have a pivotal influence on the enhancement of the properties of the dendrimers. The 

presence of internal cavities together with the fact that they are globular in shape make 
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dendrimers to possess unique properties. The most important of those properties is the ability 

to encapsulate guest molecules in the interior of the macromolecular structure. 

The chemistry of dendrimers is one of the most eye catching and rapidly growing areas of new 

chemistry [9-10]. They are just in the middle of polymer chemistry and molecular chemistry. 

They are related to the world of molecular chemistry because of their step-by-step controlled 

synthesis, and they are related to the world of polymer chemistry because of their structure 

made of repeated units of monomers [11-12]. They are produced in iterative steps, in which 

each additional step results in a higher generation dendrimer (see scheme 2.1 above), either 

prepared using the divergent or convergent method [1, 13]. In the different methods which are 

discussed below, the dendrimer grows outward from a multi-functional core molecule. The 

core or central molecule reacts with monomer units having atleast one dormant and reactive 

groups, giving rise to the first-generation dendrimer. Then, the new insulating matrix of the 

molecule is triggered for reactions with more monomers. This unique architecture and 

functionality makes dendrimers excellent materials to be used as light-harvesting agents [14], 

chemical sensors [15], catalyst [16], cross-linking agents [17], drug delivery [18], gene therapy 

[19], and imaging contrast agents [20]. 

In this study, G2PPI dendrimer having a diamminobutane (DAB) core, also denoted as DAB-

Amy or PPIy where y refers to the number of terminal (periphery) amine groups (i.e y= 8 In 

this case) was used as a light harvesting material for solar cell application. It was chosen 

because of its commercial availability, its well defined internal cavities, and it’s very reactive 

(functionalizable) amine end-groups. The background of PPI dendrimers is discussed in section 

2.1.2 below. 
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2.1.2. Poly(propylene imine) dendrimers (PPI) 

Poly(propylene imine) dendrimers, like all other dendrimers, are highly branched 

macromolecules that resembles a tree-like symmetrically well-defined structure. The 

difference is that, these dendrimers are terminated with amino groups in their periphery with a 

number of interesting characteristics [21-22] (See scheme 2.2) 

N
N

N

N

NH2

NH2
NH2

NH2

N

N

H2N

H2N
H2N

H2N
 

Scheme 2. 2: G2 PPI dendrimer. 

Because of the long chains of amine groups, in general they are known as poly-alkylamines 

consisting of primary amines as the end groups in their periphery, while the interior of the 

dendrimer consists of a number of tertiary tris-poly(propylene amines). The availability or 

presence of the nitrogen atoms at the periphery makes the dendrimer easily functionalizable. 

The functionalizability is enabled by the presence of the lone pair of electrons on the nitrogen 

atoms, thus acting as reactive and branching or attachment sites. PPI dendrimers are sometimes 

referred to as “DAB-dendrimers” referring to diamino butane which acts as a core for the 

synthesis of different generations of PPI dendrimers [23]. It is known that the number of 

http://etd.uwc.ac.za



 

 

 

 

 

15 
 

generations of PPI dendrimers are directly proportional to cationic groups present on the 

surface of the dendrimer [24]. These increment of dendrimer generations which increases the 

number of surface groups, also increases the toxicological behaviour of the PPI dendrimers 

[25]. With these being said, it is well documented that 5G dendrimers are more toxic than 4G 

PPI dendrimers [26-27]. Due to the toxicological problems encountered with increase in 

dendrimer surface groups, PPI dendrimers are available in the market up to G5. An alternative 

name to describe this class of PPI dendrimers is POPAM [25]. POPAM in full is known as 

poly(propylene amine) which is nearly the same as the PPI abbreviation. There is always a 

comparative study or similar properties between PPI and poly(amido amine) (PAMAM) 

dendrimers. However, research has increasingly shifted attention towards PPI dendrimers in 

comparison to PAMAM dendrimers because of the extra-ordinary properties exhibited by PPI 

dendrimers such as: (1) size is comparatively smaller than PAMAM dendrimers [25], (2) 3G 

of PPI dendrimers contain 32 amino groups while 4G of PAMAM dendrimers also contain the 

same number of amino groups [28], (3) toxicity depends on the number of amino groups on 

PPI [29] while PAMAM shows dose-dependent toxicity [30], and (4) PPI has good 

biocompatibility while on PAMAM, polyethylene glycol is used as conjugating agent [31]. 

These dendrimers are synthesised using the divergent approach described below. 

2.2. Synthesis of PPI dendrimers 

Dendrimers are usually prepared using either the convergent or divergent method. However, 

amongst the two methods, PPI dendrimers are prepared by the divergent method. This method 

was the first to be used to prepare dendrimer macromolecules. In the divergent method, the 

building up of the dendrimer takes place in a step wise manner starting from the core DAB 

[32], branching outwards until the number of branches wanted is obtained. Therefore, the term 

generation, results from the addition of branches which then doubles the number of end groups. 

The major drawback of the divergent method is that it leads to dendrimers with more defects 
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especially at higher generations (G4-G5) [33], hence making their synthesis more difficult. 

Therefore, this method is most suitable for the preparation of lower generation dendrimers (G1-

G3). To be brief about the preparation of this class of dendrimers, the synthesis involves 

Michael addition of acrylonitrile to the core DAB or ethylene diamine (EDA) leading to the 

production of half-generation dendrimer [23] (see scheme 2.3).  

http://etd.uwc.ac.za



 

 

 

 

 

17 
 

 

Scheme 2. 3: Synthesis of PPI dendrimers using the divergent approach [25]. 
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Half-generation formation is followed by the conversion of –CN groups into –NH2 groups 

leading to the formation of full-generation dendrimer by heterogeneous hydrogenation which 

is catalysed by Raney Nickel. It is quite important to note that the conversion of half- to full-

generation is done with the help of hydrogenation. In this reaction, solution of half-generation 

dendrimers in methanol is mixed with pre-activated Raney Nickel which is then filled in the 

hydrogenation vessel. 

2.3. Functionalization of PPI dendrimers and their luminiscence 

Several strategies can be used to improve the properties or performance of PPI dendrimers. 

One possible approach is to modify the dendrimer backbone structure by functionalizing it with 

different molecules of interest at their periphery (end-groups) depending on the application of 

interest, thus increasing its affinity towards that application through formation of PPI 

composites/derivatives or functionalized PPI. Functionalized PPI dendrimer can be regarded 

as a material consisting of PPI as a core and one or more components incorporated in the PPI 

periphery as a shell such as metals, organic compounds (e.g, polymers), and nanoparticles in 

order to improve properties or extend its functionalities. Therefore, in this review, we focus on 

the functionalization of PPI with polymers, metals, and nanoparticles. 

2.3.1. Organic/polymer-functionalized PPI dendrimers 

Blending of the spherical structures of PPI dendrimers with linear conducting polymers and 

other organic compounds is one of the most focal points of the current growing research on 

dendritic compounds. This interest is motivated by the recognition that the controlled branching 

of dendritic structures may provide a three-dimensional architecture that allows organic 

compounds to be incorporated in a geometrically well-defined fashion without losing their 

attractive properties. However, not only the architecture is important for understanding the 
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properties of dendrimers, but also the interaction between the polymer functional groups at the 

exterior of the dendritic surface. 

Research has shown that incorporation of different functional units could be used in order to 

prepare multi-functional materials, for specific applications, in this work being photovoltaics. 

Thus the incorporation of conductive and photoactive polymer units, such as poly 

(ethylenedioxythiophene) (PEDOT), poly(pyrrole) (PPY), and poly(aniline) (PANI), may offer 

advantages over the convectional polymers. It is important to note that polymers are one of the 

most electron donors and have been widely used in the design of fluorescent and hole-

transporting materials. Therefore, the combination of PPI with PEDOT to form the copolymer 

PPI-co-PEDOT makes this study very interesting. 

Functionalization of PPI with polymers is achieved by a Schiff-base condensation reaction of 

the commercially available PPI’s, reacting it with an aldehyde. Briefly, the reaction is between 

the primary amine of the dendrimer and the carbonyl carbon of the aldehyde. The mechanism 

proceeds via five steps, which involves the nucleophilic attack (step 1) of the lone pair of NH2 

attacking the electron deficient carbonyl carbon of the aldehyde, followed by a proton transfer 

(step 2) resulting in the rearrangement of the position of the proton. Once this is done, 

protonation of OH (step 3) occurs with the help of the solvent thus enabling the removal of 

water (step 4) leaving behind a cationic primary imine. The cationic primary imine is then 

neutralised by deprotonation to form the resultant new imine bond (C=N). 

Recently, Baleg et al (2011, 2014) reported on the chemical synthesis of PPI-co-PPY by first 

functionalizing PPI with 2-pyrrole aldehyde (2-py) which then enabled him to grow the pyrrole 

polymer on the surface of the dendrimer by coupling via the alpha position of the pyrrole using 

pyrrole as a monomer [21-22] (see scheme 2.4). 
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Scheme 2. 4: Example of polymer functionalized PPI: Structure of PPI-co-PPY copolymer 

functionalized with 2-py [22]. 

In his photoluminescence studies, the dendritic star copolymer PPI-co-PPY exhibited 

fluorescence studies with excitation and emission bands at 385 and 422 nm while the parent 

materials, PPY and PPI, showed excitation and emission bands at 351 and 384 nm, 448 and 

391 nm respectively. Looking closely at the results, the bands of the PPI-co-PPY copolymer is 

observed to be an average of its components indicating the production of a hybrid material. 

The results are presented in figure 2.1 below. Grabchev et al (2008) [34] reported on the 

detection of protons and metal cations by functionalizing PPI with 1, 8-naphthalimide units as 

fluorescence sensors. When the dendrimer was functionalized with a nitro group as a 

substituent in a DMF solvent, it was found not to emit any fluorescence. The lack of colour and 

fluorescence are due to the electron acceptor nature of the nitro group at C4 position. Grabchev 

further explained that another reason is that the nitro group fails to get into donor-acceptor 

interaction with the electron acceptor carbonyl groups in the 1, 8-naphthalimide fluorophores. 

However, upon substitution with an electron donating amino group, the naphthalimide 

fluorophores are polarised and emit fluorescence in all solvents [34]. 
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Figure 2. 1: Excitation and emission spectra of (a) PPI-co-PPY (b) PPI dendrimer and (c) 

polypyrrole [22]. 

Olowu et al (2011) [35] studied the fluorescence properties of PPI functionalised with 

polythiophene. He observed that the functionalised dendrimer exhibits fluorescence properties 

with a shift in excitation and emission wavelength to 381 and 480 nm respectively compared 

to 385 and 455 nm exhibited by pristine PPI. His results are similar to the results obtained by 

Baleg et al (2011) [22]. Therefore this implies that the red shit in emission wavelength is 

brought by the unique properties of the organic molecules used to functionalize the dendrimer, 

hence confirming the reason why there is a rapidly growing research interest in functionalised 

PPI dendrimers for photovoltaic applications. 
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2.3.2. Metal-functionalized PPI dendrimers (metallodendrimers) 

The study of metals coordinated to dendrimer structures dates back to the year 1992. The 

incorporation of metals to dendrimer moieties creates a new class of compounds called 

“metallodendrimer”. In a simple definition, a metallodendrimer is a type of dendrimer 

functionalised or containing metal atoms in its periphery (see scheme 2.5). 

N
N

N

N

N

N

O

O

O

O

Cu
Cu

 

Scheme 2. 5: Cupper-poly(propylene imine) metallodendrimer (CuPPI) [36]. 

From an architectural point of view, the coordination of metal-dendrimer can be splitted into 

three groups: (1) Metal being located at the core to assemble the different wages [37] or to add 

functionality [38], (2) Metal used as an assembly point in the dendrimer branches. Examples 

of metals that have been used as connectors are Ru (II), Pt (II), and Pd (II) [39], (3) Dendrimers 

have been functionalised at the periphery with a manfold of metals [40]. This incorporation of 

metals onto PPI dendrimers has resulted in materials with enhanced and potential useful 
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properties. As such, metallodendrimers are now the well-described and well-constructed term 

of global research due to endeavours of both fields of innovative inorganic and dendrimer 

chemistry. Owing to their unique properties such as solubility in water, well-defined molecular 

architecture, and spherical shape, metallodendrimers have found numerous applications in 

chemical, physical, and biological processes [41]. Recent research has shown that 

metallodendrimers are suitable materials to overcome the drawbacks faced by linear-chain 

polymers and metal-less dendritic compounds such that they are capable to act as light 

harvesting antennas [42], and to be appropriate compounds for optoelectronics applications 

[42]. Similarly to dendrimers, metallodendrimers can be synthesized by either the divergent or 

convergent method [43].With this being said, functionalization of dendrimers with metals can 

also be achieved via Schiff base condensation reaction. It differs to organic functionalization 

with that the metal is coordinated first to the organic compound that is used to functionalize 

the dendrimer before the actual condensation process begins. The reactivity and 

functionalization mechanism is the same as discussed in section 2.3.1 above.  

Grabchev et al (2008) [34] investigated the influence of metal cations on the functionalization 

of first generation PPI dendrimers with 1, 8-naphthalimide units. The focus was specifically on 

Zn2+, Cu2+, Pb2+, Co2+, Ni2+, Fe3+, Mn2+, and Ag+ metal cations. The dendrimers showed 

substantial increase in fluorescence intensity in the presence of the above mentioned metal 

cations. Figure 2.2 below represents as exemplary case of the changes on the fluorescence 

intensity as a function of the concentration of Pb2+ cations. The dendrimers free of metal cations 

showed a very weak fluorescence emission. The addition of Pb2+ cations to the dendrimer led 

to a considerable increase in the fluorescence emission.  
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Figure 2. 2: Fluorescence spectra of PPI dendrimer in acetonitrile at various concentrations of 

Pb2+ [34]. 

From the figure, it is observed that the position of the fluorescence maxima progressively 

shifted from 523 to 513 nm with the addition of Pb2+. The fluorescence of PPI was found to be 

influenced in the same way with the addition of the other metal cations investigated. 

However, another study by Grabchev et al (2007) [44] indicated that the influence of the metal 

cations on the fluorescence intensity is ranked as follows: 

Pb2+> Zn2+> Co2+> Ag+> Ni2+≈ Cu2+ 

This is due to the individual ability of the metal cations to form stable complexes with the PPI 

dendrimer either at the core or at the periphery. Then the total observed intensity results from 

the competitive effects of both complexes formation. With the above mentioned, significant 
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quenching of the fluorescence was observed when Cu2+ was added to the PPI solution. The 

quenching was attributed to the formation of a stable complex between the Cu2+ ions and the 

tertiary dendrimer core nitrogen atoms. The results comparing the influence of Pb2+ and Cu2+ 

on the fluorescence intensity of the PPI dendrimers are presented in figure 2.3 below. 

 

Figure 2. 3: Fluorescence spectra of PPI in acetonitrile at different concentrations of (A) Pb2+ 

(B) Cu2+ [44] 

2.3.3. Nanoparticle-functionalized PPI dendrimers 

In recent years, considerable attention from both fundamental and applied research has been 

paid to synthesizing and characterizing inorganic nanoparticles functionalized with PPI 

dendrimers. The shift has been based on nanoparticles because of their great unique properties 

such as optical, mechanical, and electrical [45-46]. Other nanoparticles such as carbon 

nanotubes (CNTs) have gained significant attention because they exhibit metallic conductivity, 

chemical and thermal stability, high tensile strength, and elasticity [46]. However, a major 

constrain experienced by nanoparticles is their poor solubility and processability [47]. Hence, 
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considerable efforts have been made to functionalize nanoparticles with PPI dendrimers to 

enhance solubility and processing. Therefore, PPI dendrimers with their highly branched 3D 

structural architecture and surface functionality makes them suitable to act as potential 

templates to host inorganic nanoparticles by forming intra-dendrimer complexes. This is 

enabled by the peripheral amine groups of the PPI dendrimers that provide a reactive handle 

for immobilizing the nanoparticles on the surface of the polymer [48]. Recently most studied 

nanoparticles functionalized with PPI dendrimers for various applications include multiwalled 

carbon nanotubes (MWCNTs) [46, 49-50], Silver nanoparticles (Ag) [49-50], Palladium 

nanoparticles [50], and Zirconia [51]. Therefore, the introduction of the nanoparticles onto the 

surface of PPI dendrimers generate new nanostructures with excellent functions and properties 

as a result of the combined properties from both constituents, thus increasing their applicability 

in the fields of optics [52], electronics [53], and electro-catalysis [54]. Hence in this project the 

application is based on photovoltaics because of the incorporation of ZnSe QD onto the 

dendritic star copolymer. 

2.4. Factors that affect the luminescence properties of functionalised PPI 

dendrimers 

2.4.1. Influence of pH on the fluorescence properties  

It is of great interest to investigate the influence of pH on the fluorescence intensity of PPI 

dendrimers. Grabchev et al (2007) [44] investigated the fluorescence intensity in a pH range 

of 3.4-10.6. In his results, it was observed that the fluorescence intensity increases rapidly in 

acidic conditions, that is very low pH values of less than 6. The increase in fluorescence 

intensity at low pH values was further supported by Wang et al (2007) [55], Tsuda et al (2000) 

[56], and Grabchev et al (2008) [34], as similar observations were reported. The increase in 

fluorescence intensity at low pH values is due to the protonation of the tertiary nitrogen atoms 
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in the PPI dendrimer, thus weakening the photo-induced electron transfer (PET) process [34, 

44, 56]. The protonated sites results in the increase in the electrostatic repulsions, thus 

successive neutralization of the amine sites allows the fluorescence to change over a wide pH 

scale. Figure 2.4 below is an exemplary plot of pH against fluorescence intensity. 

 

Figure 2. 4: pH dependence of normalised fluorescence intensity for PPI dendrimers [34, 44] 

2.4.2. Influence of temperature on the fluorescence properties 

It is of great interest to investigate the influence of temperature on the fluorescence intensity 

of PPI dendrimers. Wang et al (2007) [55] investigated the fluorescence intensity in a 

temperature range of 0-45 ℃. In his results, the fluoresce intensity increased fast at 45 ℃ and 

very low at low temperature values. The results indicate that the higher the temperature, the 

better the fluorescence intensity. This could be probably due to the massive increase in energy 

absorbance, thus resulting in the increase in electron excitement as the temperature goes up. 
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2.4.3. Influence of solvent on the fluorescence properties 

It is of great interest to investigate the influence of solvent on the fluorescence properties of 

PPI dendrimers. Grabchev et al (2007, 2008) [34, 44] studied the fluorescence characteristics 

of PPI dendrimers in solvents of different polarity with regards to elucidation of the PET 

processes. The results obtained showed that the fluorescence quantum yield depends 

exclusively on the solvent polarity. The results are presented in table 2.1 below. 

Solvent 𝝀𝑨 (nm) 𝝀𝑭 (nm) 𝜺(mol-1cm-) 𝒗𝑨-𝒗𝑭 

(cm-1) 

𝚽𝑭 

Methanol 438 528 44,600 3892 0,022 

Ethanol 438 527 44,300 3856 0,031 

Propanol 436 526 45,100 3924 0,024 

Acetonitrile 434 523 44,800 3921 0,019 

DMF 436 526 44,200 3924 0,018 

Acetone 432 518 45,600 3843 0,511 

Dichloromethane 428 508 45,800 3679 0,601 

Chloroform 426 504 45,800 3633 0,861 

Tetrahydrofurane 426 505 45,900 3553 0,839 

Table 2. 1: Photophysical properties of PPI in different organic solvents [34, 44  

It is said that the PET process accelerates in polar organic solvents, thus leading to lower 

fluorescence quantum yield. 
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2.4.4. Influence of concentration on the fluorescence properties 

It is of great interest to investigate the influence of concentration on the fluorescence properties 

of PPI dendrimers. Wang et al (2007) [55] studied the fluorescence characteristics of PPI 

dendrimers at different concentrations. It was indicated that the emission intensity increased 

linearly with the concentration. Similar results were reported by Grabchev et al (2007, 2008) 

[34, 44]. The results are presented in figure 2.5 below. 

 

Figure 2. 5: Fluorescence intensity as a function of concentration [55].  
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CHAPTER THREE 

 

3. Experimental 

 

This chapter describes the materials and synthetic procedures used for the chemically 

synthesised two-dimensional and three-dimensional dendritic star copolymers on the basis of 

innovative dendrimer chemistry, and the synthesis of the quantum dot. The theory of all the 

analytical techniques used for characterization and interpretation such as Fourier-Transform 

Infrared Spectroscopy (FTIR), Nuclear Magnetic Resonance (NMR), UV-Visible spectroscopy 

(UV-Vis), X-ray Diffraction (XRD), Photoluminescence (PL), Transmission Electron 

Microscopy (TEM), Energy Dispersive Spectroscopy (EDS), Scanning Electron Microscopy 

(SEM), Thermal Gravimetric Analysis (TGA), and Cyclic Voltammetry (CV) is thoroughly 

discussed. 

3.1. Materials and Reagents 

Chemical polymerization of the parent materials, PEDOT and G2PPT, together with the 

dendritic star copolymers, PPT-co-PEDOT and PPT-co-PEDOT-PSSA, was achieved by the 

use of 3, 4-ethylenedioxythiophene (EDOT, 97%), ferric chloride (FeCl3, reagent grade, 97%), 

chloroform anhydrous (CHCl3, ≥ 99%), dichloromethane (DCM, anhydrous, ≥ 99.8%), 

methanol anhydrous (CH3OH, 99.8%), 2- thiophene carbaxalydehyde (2Th, 98%), poly(4- 

styrene sulfonic acid) solution (PSSA, 18wt% in H2O), and second generation poly(propylene 

imine) dendrimer ( G2PPI). All the above listed chemicals were purchased from Sigma-

Aldrich, South Africa except G2PPI which was purchased from Symo-Chem, Eindhoven, 
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Netherlands. Organo-metallic synthesis of the quantum dot (QD) was achieved by using zinc 

acetate (Zn (OAc)2 99.99% trace metal basis), oleic acid (tested according to ph. Eur), 1-

octadecene (technical grade, 90%), selenium powder (Se, 99.99% trace metal basis), 

trioctylphosphine (p (oct)3, TOP, 97%), and toluene anhydrous (C7H8, 99.8%). All the 

chemicals for quantum dot synthesis were purchased from Sigma-Aldrich, South Africa. 

Certain characterization techniques were performed by using dimethyl sulfoxide (DMSO, ≥ 

99.5% GC, plant cell cultured), DMSO-d6 (99.9 atom% D), chloroform-d (CDCl3 99.8 atom% 

D), and tetrabutylammonium perchlorate (TBAP, for electrochemical analysis, ≥ 99.0%). 

Deionized water and ethanol (absolute, ≥ 99.9% GC) were used in all experiments for 

purification unless otherwise stated. 

3.2. Chemical synthesis of Poly(3, 4-ethylenedioxythiophene) (PEDOT) 

Prior to the synthesis of the homo-polymer, a round bottom flask (250 mL) and a volumetric 

flask (100 mL) were washed, rinsed and dried for 2 h for complete removal of moisture. Then 

the glass wares were cleaned with Nitrogen gas (N2). Poly(3, 4-ethylenedioxythiophene) was 

prepared by oxidative chemical polymerization of 3, 4-ethylenedioxythiophene (EDOT) 

monomer following the literature about chemical synthesis of PEDOT with slight modification 

[1]. Typically, ferric chloride (FeCl3, 0.5677 g, 0.0035 mol) as an oxidising agent and 

chloroform (CHCl3, 25 mL) were added in a round bottom flask (250 mL) and left to stir for 

1h in order for the oxidising agent to be properly dispersed. On the other hand, the monomer 

EDOT (370 𝜇L, 0.0035 mol) and chloroform (CHCl3, 20 mL) were added in a volumetric flask 

(100 mL) and allowed to sonicate for 1 hour for the solution to be properly mixed. Immediately 

after 1 h, the EDOT solution was added dropwise to the oxidant solution to initiate 

polymerization. The resultant mixture was allowed to proceed for 48 h at 60 ℃. Thereafter, the 

content of the mixture was centrifuged for 30 min to separate the product from the solvent. The 

remaining content (product) was washed several times with ethanol and water through repeated 
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centrifugation and then dried at 60 ℃ for 24 h to evaporate the solvent and remaining volatile 

compounds. 

3.3. Chemical synthesis of Poly(3, 4-ethylenedioxythiophene)-poly(4-

styrene sulfonic acid) (PEDOT-PSSA) 

Prior to the synthesis of the hetero-polymer, a round bottom flask (250 mL) and a volumetric 

flask (100 mL) were washed, rinsed and dried for 2 h for complete removal of moisture. Then 

the glass wares were cleaned with Nitrogen gas (N2). PEDOT-PSSA was prepared by in-situ 

oxidative chemical polymerization of EDOT monomer in the presence of PSSA following the 

literature about chemical synthesis of PEDOT with slight modification [1]. Typically, ferric 

chloride (FeCl3, 0.5677 g, 0.0035 mol) as an oxidising agent and chloroform (CHCl3, 25 mL) 

were added in a round bottom flask (250 mL) and left to stir for 1 h in order for the oxidising 

agent to be properly dispersed. On the other hand, the monomer EDOT (370 𝜇L, 0.0035 mol), 

PSSA (1.34 mL), and chloroform (CHCl3, 20 mL) were added in a volumetric flask (100 mL) 

and allowed to sonicate for 1 h for the solution to be properly mixed. Immediately after 1 hour, 

the EDOT-PSSA solution was added dropwise to the oxidant solution to initiate 

polymerization. The resultant mixture was allowed to proceed for 48 h at 60 ℃. Thereafter, the 

content of the mixture was centrifuged for 30 min to separate the product from the solvent. The 

remaining content (product) was washed several times with ethanol and water through repeated 

centrifugation and then dried at 60 ℃ for 24 h to evaporate the solvent and remaining volatile 

compounds. 
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3.4. Synthesis of thiophene-functionalized generation 2 poly(propylene 

imine) dendrimer (G2PPT) 

Prior to the synthesis of the functionalized dendrimer, a 3- necked round bottom flask (100 

mL) was washed, rinsed and dried for 2 h for complete removal of moisture. Then the glass 

ware was cleaned with Nitrogen gas (N2). The synthesis of G2PPT dendrimer proceeded 

through a Schiff base condensation reaction of G2PPI with 2-thiophe carbaxalydehyde 

following a reported method [2-4] with modifications. A reaction mixture of poly(propylene 

imine) generation 2 dendrimer (0.5055 g, 0.6539 mmol) and 2-thiophe carbaxalydeyde (0.5867 

g, 5.2316 mmol) in dry methanol (50 mL) was magnetically stirred in a positive pressure of 

nitrogen gas for 2 days in a three-necked round bottom flask (100 mL). Then methanol was 

taken out by using rotary evaporation, the remaining oil was dissolved in dichloromethane 

(DCM) (50 mL), and the organic phase was then washed with water (6 × 50 mL) to remove 

monomers that did not react. The DCM was then taken out by using rotary evaporation and 

yielded the desired product as an orange oil. 

3.5. Chemical oxidative polymerization of EDOT from functionalized G2PPT 

to form star copolymer G2PPT-co-PEDOT 

Prior to the synthesis of the copolymer, a round bottom flask (250 mL) and a volumetric flask 

(100 mL) were washed, rinsed and dried for 2 h for complete removal of moisture. Then the 

glass wares were cleaned with Nitrogen gas (N2). G2PPT-co-PEDOT was prepared by in-situ 

oxidative chemical polymerization of EDOT monomer on the surface of G2PPT following the 

literature about chemical synthesis of PEDOT with slight modification [1]. Typically, ferric 

chloride (FeCl3, 0.5677 g, 0.0035 mol) as an oxidising agent and chloroform (CHCl3, 25 mL) 

were added in a round bottom flask (250 mL) and left to stir for 1 h in order for the oxidising 

agent to be properly dispersed. On the other hand, the monomer EDOT (370 𝜇L, 0.0035 mol), 
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G2PPT (0.3382 g, 0.0004375 mol), and chloroform (CHCl3, 20 mL) were added in a volumetric 

flask (100 mL) and allowed to sonicate for 1 h for the solution to be properly mixed. 

Immediately after 1 h, the EDOT-PPT solution was added dropwise to the oxidant solution to 

initiate polymerization. The resultant mixture was allowed to proceed for 48 h at 60 ℃. 

Thereafter, the content of the mixture was centrifuged for 30 min to separate the product from 

the solvent. The remaining content (product) was washed several times with ethanol and water 

through repeated centrifugation and then dried at 60 ℃ for 24 h to evaporate the solvent and 

remaining volatile compounds. 

3.6. Incorporation of PSSA to G2PPT-co-PEDOT to form G2PPT-co-

PEDOT-PSSA 

Prior to the synthesis of the copolymer, a round bottom flask (250 mL) and a volumetric flask 

(100 mL) were washed, rinsed and dried for 2 h for complete removal of moisture. Then the 

glass wares were cleaned with Nitrogen gas (N2). G2PPT-co-PEDOT-PSSA was prepared by 

in-situ oxidative chemical polymerization of EDOT monomer on the surface of G2PPT in the 

presence of PSSA following the literature about chemical synthesis of PEDOT with slight 

modification [1]. Typically, ferric chloride (FeCl3, 0.5677 g, 0.0035 mol) as an oxidising agent 

and chloroform (CHCl3, 25 mL) were added in a round bottom flask (250 mL) and left to stir 

for 1 h in order for the oxidising agent to be properly dispersed. On the other hand, the monomer 

EDOT (370 𝜇L, 0.0035 mol), G2PPT (0.3382 g, 0.0004375 mol), PSSA (1.34 mL), and 

chloroform (CHCl3, 20 mL) were added in a volumetric flask (100 mL) and allowed to sonicate 

for 1 hour for the solution to be properly mixed. Immediately after 1 h, the EDOT-PPT-PSSA 

solution was added dropwise to the oxidant solution to initiate polymerization. The resultant 

mixture was allowed to proceed for 48 h at 60 ℃. Thereafter, the content of the mixture was 

centrifuged for 30 min to separate the product from the solvent. The remaining content 
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(product) was washed several times with ethanol and water through repeated centrifugation 

and then dried at 60 ℃ for 24 h to evaporate the solvent and remaining volatile compounds. 

3.7. Synthesis of Zinc selenide quantum dot (ZnSe QD) 

Zinc selenide quantum dot was synthesized following a reported procedure [5] based on 

organic synthesis of zinc selenide quantum dot. Briefly, a solution precursor of zinc was 

prepared by mixing zinc acetate (1.2 g, 6.540 mmol), oleic acid (1.2 mL), and 1-octadecene 

(20 mL) in a flask and heated up to 290 ℃. On the hand, a selenide precursor solution was 

prepared by mixing elemental selenium (0.1 g, 1.266 mmol), trioctylphosphine (1 mL), and 1-

octadecene (10 mL) in a separate flask and heated up to 225 ℃. Then the selenide solution was 

injected into the hot zinc solution and was allowed to react for 5 min. After injection for ZnSe 

QD growth, the mixture was stopped and immediately quenched and cooled down by pouring 

toluene (10 mL). Methanol (5 mL) was then poured into the mixture to precipitate the quantum 

dot. The product was washed several times using ethanol and water through repeated 

centrifugation and dried at 45 ℃ overnight to evaporate the solvent and other volatile 

compounds. 

3.8. Preparation of the active layer: G2PPT-co-PEDOT-PSSA: ZnSe QD 

2.3 mg/mL of G2PPT-co-PEDOT-PSSA was prepared by dissolving 23 mg of the star 

copolymer in DMSO (10 mL) and sonicated for 1 h. On the other hand, 2.3 mg/mL of ZnSe 

QD was also prepared by dissolving 23 mg of ZnSe in toluene (10 mL) and sonicated for 1 h. 

Then the blends or active layers were prepared in five different ratios by mixing: 

  1 mL of G2PPT-co-PEDOT-PSSA solution with 1 mL ZnSe solution ( 1:1 layer) 

  1 mL of G2PPT-co-PEDOT-PSSA solution with 2 mL ZnSe solution ( 1:2 layer) 

  1 mL of G2PPT-co-PEDOT-PSSA solution with 3 mL ZnSe solution ( 1:3 layer) 

  2 mL of G2PPT-co-PEDOT-PSSA solution with 1 mL ZnSe solution ( 2:1 layer) 
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  3 mL of G2PPT-co-PEDOT-PSSA solution with 1 mL ZnSe solution ( 3:1 layer) 

The resultant mixtures were further sonicated for a period of 24 h. 

3.9. Analytical Techniques 

Analytical methods are set of techniques which are used to determine the chemical, physical 

or optical nature of a material and also to quantify certain species within the material under 

study. The following analytical techniques were employed in this work. 

3.9.1. Proton Nuclear Magnetic Resonance spectroscopy (1H NMR) 

NMR spectroscopy is a technique employed to detect a compound’s distinctive structure with 

respect to hydrogen-1 nuclei. It distinguishes the carbon-hydrogen interaction of an organic 

compound. In general, the principle revolves around the atomic nucleus spin when subjected 

to an applied external magnetic field. Without an external applied magnetic field, the nucleus 

spin are unsystematic or unspecific and spin in unspecific directions. But, when an external 

magnetic field is present, the nuclei line-up either with or against the field of the external 

magnet (see scheme 3.1). 

 

Scheme 3. 1: (a) No applied external magnetic field, (b) external magnetic field is applied. 

However, the energy difference (∆E) between two spin states increases as the strength of the 

applied magnetic field increases. Now, for 1H NMR to give signals, the nuclei must undergo 

relaxation. Relaxation is when the nuclei returns to their original state after being subjected to 

(a) (b) 

http://etd.uwc.ac.za



 

 

 

 

 

44 
 

an external magnetic field. During this process, they emit electromagnetic signals whose 

frequencies are dependent on the difference in energy between two spin states. 1H NMR then 

reads these signals and plot them on a graph of signal frequency versus intensity (see scheme 

3.2). It should be well stateted that simple NMR spectra are recorded in solution, and solvent 

protons must not be allowed to interfere. With this being said, deuterated (often symbolised as 

D) solvents are preferred. 

 

Scheme 3. 2: Typical 1-deminsional proton spectrum. 

In this work, 1H NMR was employed to confirm the chemical structures of G2PPT, PEDOT, 

PEDOT-PSSA, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-PSSA. In order to achieve that, 

1H NMR spectra were recorded on a 200 MHz, Varian Gemini XR200 spectrometer, using 

CDCl3 and DMSO-d6 as solvents. 
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3.9.2. Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) is a technique which is employed to acquire an 

infrared spectrum of absorption or emission of a liquid, solid, or a gas. FTIR depends on the 

certainty that almost all molecules absorb light in the infra-red region of the electromagnetic 

spectrum [6-7]. This absorption coincide precisely with the functional groups present in the 

molecule. The frequency values are denoted as wave numbers usually over the range 4000 – 

400 cm-1. The background emission spectrum of the IR source is first measured which is used 

to rectify the spectra recording of analytes, followed by the emission spectrum of the IR source 

with the sample in place [8]. The ratio of the sample spectrum to the background spectrum is 

directly related to the sample's absorption spectrum. The resultant absorption spectrum from 

the bond natural vibration frequencies signals the presence of different chemical bonds and 

functional groups present in the sample. Scheme 3.3 shows representation of the basic 

components of FTIR. 

 

Scheme 3. 3: Simplified schematic illustration of a dispersive IR spectrometer [9]. 
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FTIR is mainly used for qualitative analysis in which the functional groups of the sample is 

determined. In this work FTIR was used to observe functional groups present in G2PPT, 

PEDOT, G2PPT-co-PEDOT, PEDOT-PSSA, and G2PPT-co-PEDOT-PSSA. In order to 

achieve that, FTIR spectra were recorded using a PerkinElmer Spectrum 100 FTIR 

spectrometer at a range of 400-4000 cm-1 wavenumber. The powder samples were mixed with 

KBr prior to analysis. 

3.9.3. Ultraviolet-Visible Spectroscopy (UV-Vis) 

UV-Vis refers to the reflectance or absorption spectroscopy in the ultraviolet-visible region. 

This implies that it utilises light in the visible and adjacent (near-UV and near-infrared) ranges. 

Basically, it is used to study the electronic transitions that molecules undergo. It is routinely 

used in analytical chemistry for qualitative and quantitative analysis such as (i) characterizing 

aromatic compounds and conjugated olefins, and (ii) to find out the molar concentration of the 

solute under study. In principle, light is irradiated on a molecule. The π electrons or non-

bonding electrons absorb the energy from the oncoming radiation in the form of ultraviolet or 

visible light and are thus excited from ground state to higher energy state [6, 10]. The transitions 

are summarised in the Scheme 3.4 below. 

 

Scheme 3. 4: Possible electronic transitions of 𝜋, 𝜎, and n electrons [10]  
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The absorbed energy to excite the electrons is equal to the energy separation between the filled 

valence band and the empty or partially filled conduction band. This energy separation is 

known as the band gap. Its mathematical relation is as follows: 

∆𝐸 = ℎ𝑣                                                                                                                                              3.1 

Where ∆E is the difference in energy between the valence and conduction band, h is Planck’s 

constant, and 𝑣 is the photon frequency. However, since the relationship between frequency 

and wavelength is known (𝑣 ∝ 1/𝜆) then equation 3.1 rearranges to: 

∆𝐸 =  
ℎ𝑐

λ
                                                                                                                                      3.2 

Where c is the speed of light and 𝜆 is the maximum wavelength at which the sample absorbs 

at. The whole principle of UV-Vis is governed by the Beer’s Law which relates the absorbance 

and the concentration of the solution. The mathematical expression of the law is as follows: 

A = 𝜀bc                                                                                                                                      3.3 

Where 𝜀 is the molar absorptivity of the material, b is the path length of the cell, and c is the 

concentration of the sample under study. In this work, UV-Vis was employed to study the 

possible electronic transitions which enabled the determination of the optical band gap of the 

as synthesized materials. In order to achieve this, UV-Vis measurements we recorded using a 

Nicolet Evolution 100 UV-Visible spectrometer (Thermo electron, UK) at a range of 200-1000 

nm wavelength. 

3.9.4. Fluorescence/ Photoluminescence Spectroscopy (PL) 

Fluorescence is an analytical technique that in principle is more similar to ultraviolet-visible 

spectroscopy. Briefly, fluorescence is a spectrochemical technique that is normally employed 

to excite molecules or atoms of a particular analyte by irradiating them at a certain fixed 

wavelength of interest but emit photons of different wavelength, usually longer wavelength 
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(low energy). This technique provides both qualitative and quantitative information about the 

analyte. When light of an appropriate wavelength is absorbed (i. e excitation), the transition of 

the molecule changes the electronic state from the ground state, usually denoted as S0, to the 

excited state (S1-Sn), particularly to the vibrational levels in the excited states. Therefore, once 

the molecule is in this excited state, relaxation can occur through several processes. 

Fluorescence is one of these processes and results in the emission of light. The whole processes 

are summarised using the Jablonski diagram in scheme 3.5 below. 

 

Scheme 3. 5: Jablonski diagram showing the electronic transition levels [6]. 

In this work, photoluminescence was employed to investigate the emission of the samples 

which is an important technique especially for solar cells application. In order to achieve this, 

Fluorescence properties of the samples were recorded using Horiba NanoLog™ - TRIAX 

(USA), with double grating excitation and emission monochromators with a slit width of 5 nm. 
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3.9.5. X-Ray Diffraction (XRD) 

X-ray Diffraction (XRD) is a versatile, non-destructive technique which renders 

comprehensive information about the chemical composition and crystallographic structure of 

many kind of materials; natural and manufactured. It is therefore an indispensable technique in 

material characterization. These technique is based on constructive interference of 

monochromatic X-rays and a crystalline sample of which interaction of the incident rays with 

the sample induces constructive interference such that Bragg’s law is satisfied. The 

mathematical expression of the law is as follows [8]: 

𝑛𝜆=2𝑑sin𝜃                                                                                                                                                            3.4 

Where 𝜆 designates the wavelength of the radiation beam, 𝑑 is the interplanar spacing between 

two diffracting lines, 𝜃 is the diffraction angle, and 𝑛 is an integer usually equal to 1. XRD is 

extensively employed for the detection or determination of unknown crystalline materials such 

as inorganic compounds and minerals, measurements of sample purity, characterisation of 

crystalline materials, and determination of unit cell dimensions [7]. The technique possesses 

numerous advantages such as being powerful and rapid (<20 min) for identification of 

unknown materials and data analysis is relatively easy. However, its disadvantage is that peak 

overlay may occur and worsens for high angle reflections and that for fixed materials, detection 

limit is ~2% of sample [11]. In this study, XRD was used for phase identification and material 

crystallinity. In order to achieve this, XRD measurements were recorded using a Bruker AXS 

D8 Advance diffractometer (voltage 40 KV; current 40 mA) at a range 10-90 degrees. 
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3.9.6. Thermogravimetric Analysis (TGA) 

TGA is a method that is normally employed to monitor changes in chemical and physical 

properties of samples when subjected to increasing temperature conditions but at constant rate 

of heating. It reveals information about physical phenomena such as vaporization, sublimation, 

adsorption, and desorption. Likewise, it also reveals information about chemical phenomena 

such as chemisorption, desolvation, and decomposition [8]. TGA is commonly utilised to 

deduce selected features of materials that display either mass gain or loss due to oxidation, 

decomposition, or loss of volatiles (such as moisture). Its common applications are (i) 

determination of organic content in a sample, and (ii) studies of reaction kinetics and 

degradation mechanisms [8]. Again, TGA can be utilized to assess the thermal stability of a 

material. In simple terms, there will be no observed mass changes if a material under study is 

thermally stable. Advantages of this method are that it provides very little room for 

instrumental error and does not require a series of standards for calculation of an unknown. Its 

disadvantage is that it only provides for the analysis of a single element, or a limited group of 

elements at a time. In this work, TGA was employed to estimate the thermal stability of the 

materials particularly after the introduction of PSSA on the star copolymer back bone. In order 

to achieve this, the thermal stability was performed using a Perkin-Elmer TGA 4000 instrument 

connected to a PolyScience digital temperature controller under N2 gas purged at a flow rate 

of 20 ml/min. The calibration of the instrument was performed using indium (melting point 

=156.6 °C) and aluminium (melting point = 660 ºC). Samples ranging between 1−4 mg were 

heated from 30-900 ºC at a constant heating rate of 10 ºC /min. The data was collected and 

analysed using Pyris software®. 
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3.9.7. Scanning Electron Microscopy (SEM) 

SEM is a type of scanning probe microscopy. Briefly, scanning electron microscope is a 

muscular microscope that utilises electrons instead of light to produce an image of objects such 

as foreign particles and residues, fractured metal components, biological samples, and 

polymers. It utilises a focused beam consisting of high energy electrons (approximately 20 KV) 

to create a diversity of signals at the surface of solid samples. The signals arise from the 

interaction of the electron and the sample and show information about the sample including 

chemical composition, external morphology (texture), crystalline structure and orientation of 

materials making up the sample. The advantages related with SEM involve, among others, its 

capability to perform analyses of selected point locations on the sample. Areas ranging from 

approximately 1 cm to 5 microns can also be imaged in a scanning mode using conventional 

SEM techniques (magnification ranging from 20× to approximately 30,000×, and a spatial 

resolution of 50 to 100 nm) [12]. In this work, SEM was employed to investigate the surface 

morphological properties of the materials. In order to achieve this, the SEM images were 

recorded using a SEM Gemini LEO 1525 Model microscope. 

3.9.8. High-Resolution Transmission Electron Microscopy (HRTEM) 

HRTEM is an electron probe microscopy. Basically, it is an imaging mode of TEM that permits 

for direct imaging of the sample’s atomic structure. It is widely used by most scientists to study 

or investigate atomic scale properties of materials such as nanoparticles, semiconductors, 

metals, and sp2-bonded carbon like graphene. In principle, a beam of electrons is transmitted 

through the sample (with an accelerating voltage of 300 KV), interacting with it as it passes 

through. Then an image is formed from the interaction of the electrons through the sample. The 

transmitted beam contains information about electron density, periodicity, and phase. The 

quantum mechanical properties of electrons are such that the electron has a wavelength defined 

by de Broglie relationship: 
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𝜆 = 
ℎ

𝑝
 = 

ℎ

√2𝑀0𝐸
                                                                                                                                                3.5 

Where ℎ is the Planck constant, 𝑀0 is the rest mass of electron, and 𝐸 is the acceleration 

voltage. But because electrons in TEM are known to be moving at a very high speed defined 

by the accelerating voltage of the electron gun, then the equation rearranges to the relativistic 

version as follows: 

𝜆 = 
ℎ𝑐

√2𝐸𝐸0+ 𝐸2
                                                                                                                                                 3.6 

Where 𝐸0 is the rest energy and 𝑐 is the speed of light. In this work, HRTEM was employed to 

investigate the internal composition, shape and size of the materials. In order to achieve this, 

HRTEM images were recorded using a FEI Tecnai G2 20 transmission electron microscope 

(TEM) coupled with EDX, operating at an accelerating voltage of 200 kV. 

3.9.9. Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is an electrochemical method that estimates the current that evolves 

in an electrochemical cell under conditions where potential is in surplus of that speculated by 

the Nernst equation [7, 11, 13]. CV (Figure 3.1) is performed by cycling the potential of a 

working electrode, and estimating the resulting current. In this technique, it is compulsory to 

have a working, reference, counter electrode, and an electrolytic solution to be added to the 

sample solution to make sure that conductivity is sufficient [13]. It is frequently utilised to 

study or investigate a diversity of redox processes, the involvement of intermediates in redox 

reactions, to detect the stability of reaction products, electron transfer kinetics and the 

reversibility of a reaction [11]. During CV experiment, the potential of the working electrode 

is ramped linearly against time. The potential of the working electrode is inverted when cyclic 

voltammetry reaches a potential that is fixed, and this inversion can occur numerous times in 

only one experiment. The peak potentials (Epc, Epa) and the peak currents (Ipc, Ipa) are the 
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important parameters in a recorded cyclic voltammogram for the anodic and cathodic scans, 

respectively. An electrochemically reversible reaction occurs when the electron transfer is 

faster than other processes such as diffusion. The peak separation is given by the equation: 

∆𝐸𝑝 =  |𝐸𝑝𝑎 −  𝐸𝑝𝑐| = 2.303 𝑅𝑇/𝑛𝐹                                                                                                     3.7 

Where ∆𝐸𝑝 is the peak separation (V), 𝐸𝑝𝑎 is the anodic peak potential (V), 𝐸𝑝𝑐 is the cathodic 

peak potential (V), n is the number of electrons, F is the Faraday constant (96486,3365 C mol-

1), R is the gas constant (8.314 J mol-1 K-1) and T is the absolute temperature of the system 

(298 K). Therefore, the number of electrons (n) involved in the electrochemical process can be 

measured from the above equation. Thus, for a reversible redox reaction at 25 °C (298 K) with 

n electrons, ∆𝐸𝑝 should be 0.0592/n V or about 60 mV for one electron. 

 

Figure 3. 1: Typical cyclic voltammogram showing the peak cathodic and anodic current 

respectively for a reversible reaction [14]. 

http://etd.uwc.ac.za



 

 

 

 

 

54 
 

In this work, CV was utilised to evaluate the electrochemical parameters such as HOMO and 

the LUMO of the materials. In order to achieve this, the information was recorded using a 

traditional three-electrode set-up with glassy carbon electrode (3 mm diameter, 0.071 cm2 area) 

as a working electrode, Pt wire as a counter electrode and Ag/AgCl wire as a reference 

electrode. Repetitive scanning of polymers (2 mg/mL in 0.1 M TBAP/DMSO) was measured 

from -0.3 to +0.7 V at the scan rate of 0.01-0.10 Vs-1. Electrochemical experiments were 

performed in 5 ml of 0.1 M TBAP/DMSO electrolytic system. 

3.9.10. Square Wave Voltammetry (SWV) 

Square wave voltammetry (SWV) is a form of linear potential sweep voltammetry which has 

found plenty of applications in diverse fields. In SWV experiments, the current at a working 

electrode is estimated while the potential between the reference electrode and working 

electrode is swept linearly in time. Its advantage is that it can be used to perform an experiment 

much faster than the other electrochemical techniques [13]. SWV suppresses background 

currents much more productively than cyclic voltammetry. In this work, the SWV was used to 

support the CV analysis for investigation of electrochemical properties of the materials. The 

experiments were performed following the same procedure as in CV above. 
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CHAPTER FOUR 

 

4. Results and Discussion 

 

4.1. Synthesis and Characterisation of polymers 

4.1.1. Synthesis 

Scheme 4.1 below illustrates the synthesis of PEDOT (2, R= 0). Compound (2) was prepared 

as described in the previous chapter, section 3.2. Compound (2) was synthesized according to 

literature [1] as shown in scheme 4.1 through oxidative polymerization, using (1) as a monomer 

to yield (2) as a polymer. The conversion of compound (1) to (2) was achieved using FeCl3 as 

an oxidant which went on to proceed for 48 h. A dark blue precipitate was obtained and further 

washed with ethanol and water to remove unreacted monomer. 
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Scheme 4. 1: Synthetic pathway to PEDOT via oxidative polymerization of EDOT monomer. 
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The polymerization mechanism of the formation of compound (2) is well documented [2]. 

Scheme 4.2 illustrates the mechanism of PEDOT polymerization. The mechanism involves the 

formation of EDOT cation radical (step 1) as a result of oxidation induced by the introduction 

of the oxidant (FeCl3). Once oxidation has occurred, the cation radicals combine via 𝛼 − 𝛼 

coupling (step 2), followed by the formation of conjugation by deprotonation (step 3). From 

this point, polymerization continues from n-mer to (n + 1)-mer (step 4) till the undoped or 

doped state of compound (2) (step 5). 
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Scheme 4. 2: Polymerization mechanism of the formation of PEDOT via step (1-5) [2]. 
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During oxidative polymerization of compound (1), PSSA is also added in-situ to form PEDOT-

PSSA (R= PSSA) as shown in scheme 4.1 above. The incorporation of PSSA is described in 

the previous chapter, section 3.3. The incorporation of PSSA into the PEDOT polymer is as a 

result of the electrostatic interaction between the negatively charged oxygen atom in the PSSA 

(after the –OH dissociated to H+) and the positively charged sulphur atom in the EDOT (during 

oxidation processes, S+, step 1 in scheme 4.2) [3, 5]. However, according to [4-5], the bond 

formation is weak, hence represented as dotted lines. The PSSA was incorporated into the 

PEDOT chain for two functions: (1) act as a counter ion or dopant, and (2) stabilises or 

enhances the solubility. This in turn brings several other advantages such as low oxidation 

potential, moderate band gap with very good stability, and excellent environmental stability 

[5]. 

Scheme 4.3 below illustrates the synthesis of G2PPT (4). Compound 4 was prepared as 

described in chapter 3, section 3.4. The synthesis occurred as reported in literature [6-8]. The 

functionalization of compound 3 to 4 was achieved through a condensation reaction, which is 

the reaction between the primary amine group from the dendrimer moiety and the carbonyl 

group from the aldehyde resulting in the release of water. The obtained product is a yellow oil-

like substance. 
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Scheme 4. 3: Functionalization of G2PPI to G2PPT through a condensation reaction. 

The mechanism of the reaction between the primary amine and the carbonyl group is illustrated 

in scheme 4.4. The mechanism proceeds via five steps, which involves the nucleophilic attack 
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(step 1) of the amine nitrogen in RNH2 (through the lone pair on the nitrogen) on the electron 

deficient carbonyl carbon of the aldehyde, followed by a proton transfer (step 2) resulting in 

the rearrangement of the position of the proton. Once this is done, protonation of OH (step 3) 

occurs with the help of the solvent thus enabling the removal of water (step 4) leaving behind 

a cationic primary imine. The cationic primary imine is then neutralised by deprotonation to 

form the resultant new imine bond (C=N). 

 

R H

O

H2N
R

2
R H

O

HN
R

H

 

R H

O

HN
R

H
H+

R H

O

HN
R

HH

3

 

http://etd.uwc.ac.za



 

 

 

 

 

63 
 

 

R H

N
R

B
H

5 R H

N
R

 

Scheme 4. 4: G2PPT formation mechanism between the primary amine of the dendrimer and 

the carbonyl group of the aldehyde via step (1-5). 

Scheme 4.5 below illustrates the formation of G2PPT-co-PEDOT (5) (R=0). Compound 5 was 

synthesized as described in chapter 3, section 3.2 [1]. The formation of compound 5 from 

compound 4 follows the same synthetic procedure and mechanism as explained in scheme 4.1 

and scheme 4.2 above, respectively. The difference is that a 3-dimensional star copolymer is 

formed by polymerising PEDOT chains on the surface of the dendrimer, which is enabled by 

the presence of the thiophene group after functionalisation. The growth of PEDOT on the 

surface of the dendrimer results in the star copolymer being a core-shell polymer, with the 

dendrimer being a core and the PEDOT being the shell. Likewise, G2PPT-co-PEDOT-PSSA 

(R=PSSA) is formed according to the explanation based on PEDOT-PSSA formation above. 
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Scheme 4. 5: Synthetic pathway to G2PPT-co-PEDOT via oxidative polymerization of EDOT 

monomer on the surface of G2PPT. 
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4.1.2. Structural Characterisation  

4.1.2.1. Proton Nuclear Magnetic Resonance (1H NMR) 

To examine the functionalisation completeness or process and recognition of any functionality 

changes on G2PPI after being embedded with 2Th, 1H NMR was employed for analysis using 

CDCl3 as a solvent. The results are presented in figure 4.1 (A-C) below. Figure 4.1 (A) is the 

proton spectrum of 2Th. The results show three signals resonating at around 7.1, 7.8, and 9.8 

ppm chemical shifts respectively. The signals at 7.1 and 7.8 ppm are attributed to the protons 

labelled 1, 2, and 3 on the structure while the signal at 9.8 ppm which is more deshielded is 

attributed to proton 4 on the structure. Figure 4.1 (B) represents pristine G2PPI. The results 

show three intense signals resonating at around 1.5, 2.3, and 2.7 ppm corresponding to proton 

3, 2, and 1 on the structure respectively. 

 

Figure 4. 1: 1H NMR of (A) 2Th, (B) pristine G2PPI, and (C) G2PPT. 
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Figure 4.1 (C) represents the proton spectrum of functionalised G2PPI with 2Th. Comparing 

(A) and (C) it is quite noticeable that proton 4 observed in (A) is not observed in (C) while 

protons 1, 2, and 3 observed in (A) are still observed in (C). The disappearance of proton 4 

confirms successful completion of the condensation reaction. Moreover, a new signal in (C) 

resonating at 8.3 ppm is observed which is attributed to the formation of the new functionality 

(N=CH). All signals observed in (B) are also observed in (C) confirming the presence of the 

dendrimer in the newly synthesised compound. These results are in accordance to the results 

obtained by [6-8] which shows successful functionalisation of the dendrimer with the aldehyde. 

To examine the polymerization process and recognition of any functionality changes on EDOT 

with and without the presence of PSSA, 1H NMR was employed for analysis using DMSO-d6 

as a solvent. The results are presented in figure 4.2 (A-C) below.  

 

Figure 4. 2: 1H NMR of (A) EDOT, (B) PEDOT, and (C) PEDOT-PSSA. 
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In figure 4.2 (A) the results show two signals resonating around 4.2 and 6.6 ppm respectively. 

The signal at 4.2 ppm is attributed to proton 2 on the structure while the more dishielded signal 

is attributed to proton 1 on the structure. In (B), only one signal is observed at around 2.6 ppm 

which again is attributed to proton 2 with the only difference being that it now appears more 

shielded than in (A). The change in the position of the signal could be a symbol that an entirely 

new compound has been formed. Proton 1 which is observed in (A) is not observed in (B). The 

disappearance of it confirms that EDOT has been polymerized to PEDOT through 𝛼 − 𝛼 

coupling. There are no observed functional changes in (C) in comparison with (B). However, 

it is not surprising to observe no changes as no additional functionality was expected as [4-5] 

explained the weak bondage existing between the oxygen atom from PSSA and the sulphur 

atom from the thiophene ring in PEDOT. 

To examine the polymerization process and recognition of any functionality changes on the 

growth of PEDOT on the surface of the dendrimer with and without the presence of PSSA, 1H 

NMR was employed for analysis using DMSO-d6 as a solvent. The results are presented in 

figure 4.3 (A-B) below. In (A) the signal at 8.3 ppm which was observed in figure 4.1 (C) 

above is also observed. The protons labelled 2 in figure 4.2 (A and B) arising from PEDOT 

and the CH2 protons in figure 4.1 (B) arising from the dendrimer are also observed. This 

confirms the successful growth of PEDOT on the surface of the dendrimer to form core-shell 

G2PPT-co-PEDOT. Just like explained in figure 4.2 (C), figure 4.3 (B) shows a similar 

behaviour with the only difference being that the signals are better pronounced, especially the 

N=CH signal. 
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Figure 4. 3: 1H NMR of (A) G2PPT-co-PEDOT and (B) G2PPT-co-PEDOT-PSSA. 

4.1.2.2. Fourier Transform Infrared Spectroscopy (FTIR) 

To further examine the polymerization process and recognition of any functionality changes 

on G2PPT after being incorporated with PEDOT and PSSA, FTIR analysis was employed in 

the range of 400-4000 cm1 and the results are presented in figure 4.4 (A-C) below. Figure 4.4 

(A) below compares the FTIR spectra of the monomer EDOT and the resultant polymer 

PEDOT polymerized at 60 ℃ for 48 h. The spectra (blue line) shows all the characteristic peaks 

of PEDOT at 1524, 1473, 1202, 1133, 1050, and 1048 cm-1. The bands at approximately 1524 

and 1473 cm-1 are assigned to the asymmetric stretching modes of C=C and inter-ring 

stretching mode of C-C respectively. The bands appearing at 1202 and 1133 are attributed to 

the stretching of C-O-C vibrations, while the bands at 1050, and 1048 cm-1 are characteristic 

bands of the C-S-C stretching mode in the thiophene ring, which suggest successful formation 

of the PEDOT in this polymerization reaction. These results are similar to the results reported 

by [1, 9-10]. In the case of EDOT (black line), all the vibrational bands observed in PEDOT 

are also observed. The only difference is that the band at 889 cm-1 assigned to the out of plane 
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bending of C-H [7] located at the 𝛼-position of the thiophene ring in EDOT does not appear in 

PEDOT indicating the conversion of EDOT to PEDOT through 𝛼 − 𝛼 coupling. The results 

are in agreement to the results observed on 1H NMR. 

 

Figure 4. 4: FTIR of (A) EDOT and PEDOT, (B) G2PPT and G2PPT-co-PEDOT, and (C) 

PEDOT and PEDOT-PSSA. 

The FTIR spectra of the functionalized dendrimer G2PPT and the copolymer G2PPT-co-

PEDOT are all shown in figure 4.4 (B) above. The G2PPT show bands at 1637, 1467, 1432, 

and 1043 cm-1. The band at 1637 cm-1 is attributed to the stretching mode of C=N vibrations 

[6-8] which is clearly absent in the homo-polymer PEDOT in figure 4.4 (A) but present in the 

G2PPT-co-PEDOT with a small shift. The band at 1467 and 1432 cm-1 originate from the 

stretching vibrations of C=C and C-C respectively. The C-O-C vibrational bands at 1133 and 

1202 cm-1 present in PEDOT in (A) are completely absent in the G2PPT spectrum in (B) 

implying that the dendrimer was indeed functionalised with thiophene. However, the same 
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bands C-O-C are present in G2PPT-co-PEDOT showing that the C-H bending from the 

thiophene has been completely replaced by C-O-C in the G2PPT-co-PEDOT. In addition, all 

the characteristic vibrational bands of PEDOT are observed in the spectrum of G2PPT-co-

PEDOT implying that the growth of PEDOT on the surface of the dendrimer was successfully 

achieved. 

Fugure 4.4 (C) above shows the FTIR spectra of pristine PEDOT and doped PEDOT-PSSA. 

The spectrrum of the PEDOT-PSSA looks identical to the spectrum of pristine PEDOT with 

the changes only being the intensity of transmittance and small shifts in vibration 

wavenumbers. This small changes are perhaps indicative of an entirely new compound. 

However, it is not surprising not to see any additional functional groups as a weak bond 

between the thiophene ring from PEDOT and the sulfonic group from the PSSA has been 

proven to exist [4]. However, our results are similar to those reported by Reye-Reyes et al [11] 

with some small shifts in vibration wavenumbers. The observed results are in good agreement 

with what was observed in 1H NMR. 

4.1.2.3. Ultraviolet-Visible Spectroscopy (UV-Vis) 

Electronic transisitions together with band gap determination of the materials was achieved by 

empolying UV-Vis spectroscoscopy at the range of 200-1100 nm in 200 ppm DMSO. The 

absorption spectra of G2PPI, G2PPT, PEDOT, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-

PSSA are all presented in figure 4.5 (A-B) below. figure 3.5 (A) presents the comparison 

between the unfunctionalised dendrimer G2PPI and the functionalised dendrimer G2PPT. The 

unfunctionalised dendrimer show one absorption peak at 235 nm which corresponds to the n-

𝜎 ∗ trsnsitions of the NH2 chromophore on the structure. The functionalised dendrimer G2PPT 

show two distinct absorption peaks at 259 and 301 nm. The band at 259 nm corresponds to the 

n-𝜋 ∗ transitions of the C=N chromophore, while the band at 301 nm corresponds to the 𝜋 −
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𝜋 ∗ transitions of the C=C chromophore on the structure. The red shift of the peak from 235 to 

259 nm is indicative of an increase in 𝜋 conjugation upon functionalisation with thiophene [12] 

which alters the chromophores responsible for absorption as clearly seen on the resultant 

structure of G2PPT. Based on this interpretation, it is obvious that the functionalisation of the 

G2PPI was sucessful as the same conclusion was conferred by both 1H NMR and FTIR. 

 

Figure 4. 5: (A) Absorption spectra of G2PPI and G2PPT, (B) Absorption spectra of PEDOT, 

GEPPT-co-PEDOT, and G2PPT-co-PEDOT-PSSA. 

Figure 4.5 (B) presents the comparison between the polymer composites. The pristine PEDOT 

show two distinct absorption peaks at 264 and 339 nm. The peak at 264 nm corresponds to the 

𝜋 − 𝜋 ∗ transitions of the benzoid ring, while the peak at 339 nm corresponds to the 𝜋 − 𝜋 ∗ 

transitions of the quinoid rings. However, there is a slight red shift and increase in absorbance 

upon copolymers formation through the growth of PEDOT on the surface of G2PPT with and 

without PSSA incorporated. The resultant absorption peaks are observed at 285 and 351 nm 

when only PEDOT is incorporated with G2PPT and also observed at 264 and 342 nm when 

incorporated in the presence of PSSA. The shift in the absorption peaks is caused by the 
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increase in the chain length of the PEDOT on the surface of G2PPT, thus causing an increase 

in 𝜋 conjugation [12]. The obvious shift implies successful polymerization of EDOT on the 

surface of the dendrimer with and without the presence of PSSA as also conferred by both 1H 

NMR and FTIR. 

With the help of the optical absorption spectrum (figure 4.5), it is well known that the Tauc 

relation can be deduced to determine the optical band gap between the transitions as presented 

in Figure 4.6 (A-C). The Tauc relation is given by the following equation: 

𝛼ℎ𝑣 = A[ℎ𝑣 − 𝐸𝑔]n                                                                                                                       4.1 

Where 𝛼 is the absorption coefficient, h𝑣 is the photon energy, A is the band tailing parameter, 

Eg is the optical band gap, and 𝑛 is either 2 for direct transitions or ½ for indirect transitions 

[12-15]. Hence, the bang gap of the absorption peak can be obtained by extrapolating from the 

Tauc plot of (𝛼ℎ𝑣)2 vs ℎ𝑣 to the energy axis (see figure 4.6) [12-15]. 

 

Figure 4. 6: Tauc plot of (A) PEDOT, (B) G2PPT-co-PEDOT, (C) G2PPT-co-PEDOT-PSSA. 
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The optical band gaps of the materials, PEDOT, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-

PSSA were determined to be 2.96, 2.92, and 2.85 eV respectively. The reduction in the band 

gaps in the case of the copolymers is due to the increase in electron density as conjugation 

increases [12, 16] compared to the pristine PEDOT. This observation enables the latter 

copolymer to be promising for use in photovoltaics. 

4.1.2.4. Photoluminescence (PL) Spectroscopy 

Fluorescence studies of the polymers were achieved with the help of absorption studies 

obtained from UV-Vis using the same prepared solutions. The results are presented in figure 

4.7 (A-D) below. Figure 4.7 (A) represents the emission spectrum of PEDOT exited at different 

excitation wavelength ranging from 300-400 nm at a wavelength difference of 20 nm. The 

results show that PEDOT emit at 516 nm even though excited at different wavelength. The no 

change in emission wavelength is indicative of nearly monodispersed particles and narrow size 

distribution as evident by the narrow-like Gaussian curve. G2PPT (figure 4.7 (B)) was excited 

at excitation wavelength ranging from 301-360 nm at a wavelength difference of 20 nm. The 

results reveal that G2PPT emit at 453 nm even though excited at different wavelengths. Again 

the no change in emission wavelength is indicative of nearly monodispersed particles. 

However, the Gaussian curve is broader which is indicative of larger particles distributed. The 

star copolymer G2PPT-co-PEDOT (figure 4.7 (C)) was excited at wavelength similar to those 

of PEDOT and G2PPT to deduce whether the starting materials preserved their individual 

properties. Its emission peak is observed at 478 nm which was observed to be an average of its 

components, designating a kind of hybrid material. A nearly monodispersed size distribution 

is observed. The introduction of PSSA on the star copolymer (figure 4.7 (D)) backbone blue 

shift the emission of the star copolymer by 60 nm to 472 nm. According to reports by Gupta et 

al [17], the blue shift is due to the increase in size chains, which alters the torsion angle and 
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leads to lower conjugation length. This observation is in agreement with the observation seen 

on UV-Vis measurements above. 

Figure 4. 7: Emission spectra of (A) PEDOT, (B) G2PPT, (C) G2PPT-co-PEDOT, and (D) 

G2PPT-co-PEDOT-PSSA. 

4.1.2.5. X-ray Diffraction (XRD. 

The XRD patterns of the as-prepared materials, PEDOT, PEDOT-PSSA, G2PPT-co-PEDOT, 

and G2PPT-co-PEDOT-PSSA are all shown in figure 4.8 below. The XRD patterns of PEDOT 

show two characteristic peaks at nearly 2𝜃~ 26° and 13°. The diffraction peak at 2𝜃~ 26° can 

be attributed to the inter-chain planar ring stacking [18], corresponding to the plane (400) [19]. 

It is further mentioned that this diffraction peak indicates that the particle is in nanoscale [20]. 

The diffraction peak with low intensity at 2𝜃~ 13° is considered to be the distance between the 

two stacks in the two-dimensional stacking arrangement polymer chains and intervening 

dopant ions [21], such as the remaining traces of FeCl3 salt used during the chemical synthesis 

of PEDOT. 
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Figure 4. 8: XRD patterns of PEDOT, PEDOT-PSSA, G2PPT-co-PEDOT, and G2PPT-co-

PEDOT-PSSA. 

The introduction of PSSA on the backbone of PEDOT does not bring any phase changes due 

to the weak bondage that is known to exist between PSSA and PEDOT. Two new diffraction 

peaks with low intensities are observed upon star copolymer formation at 2𝜃 ~ 35° and 40°. 

These new diffraction peaks are probably due to the unique properties of the dendrimer which 

further confirms that an entirely new compound was synthesized. This is also evident by the 

increase in the intensity of the diffraction peaks. However, all the polymers exhibit broad 

diffraction patterns which is indicative of them being in an amorphous state. 
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4.1.2.6 Thermal Gravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a very significant dynamic method that is utilised to 

detect the degradation behaviour of the as-synthesized materials when subjected to elevated 

temperatures. Furthermore, it can be utilised to determine the precise weight loss ratio of each 

component in a sample. The thermograms of mass loss versus temperature for PEDOT, 

PEDOT-PSSA, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-PSSA were recorded at a heating 

rate of 10 ℃/ min in a nitrogen atmosphere. The results are presented in figure 4.9 below. 

200 400 600 800
0

20

40

60

80

100

 

 

W
ei

gh
t 

(%
)

Temperature ( o C)

 PEDOT

 PEDOT-PSSA

 PPT-co-PEDOT

 PPT-co-PEDOT-PSSA

 

Figure 4. 9: Thermogravimetric plot of PEDOT, PEDOT-PSSA, G2PPT-co-PEDOT, and 

G2PPT-co-PEDOT-PSSA. 

It can be seen that the thermogravimetric plot of pristine PEDOT depicts two thermal 

degradation steps throughout the entire experimental range of 30- 900℃. The first weight loss 

up to 150 ℃ is attributed to the removal of moisture, trapped water molecules, and other volatile 
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compounds physisorbed on the polymer backbone. The main degradation at 389 ℃ can be 

ascribed to the collapse of the polymer chains. These results are similar to the results observed 

by Chutia et al [22]. One of the functions of PSSA is to enhance the thermal stability. This 

statement has been proven to be correct as we observe an enhancement in the thermal stability 

due to the introduction of PSSA in the PEDOT backbone. The decreased rate of weight loss in 

the PEDOT-PSSA with increasing temperature symbolises an internal change in this material, 

hence it’s obvious that a new compound was synthesized. The thermal stability is further 

enhanced by the introduction of G2PPT as a core to form the star copolymer. The enhancement 

can be attributed to the increase in conjugation due to increase number of stacking between the 

polymer chains. In addition, though the thermograms of all the polymers seem to undergo the 

same two degradation steps, PEDOT exhibit a steeper weight loss as compared to the polymer 

composites. The slower, less steep degradation in the G2PPT-co-PEDOT-PSSA suggest a 

higher thermal stability due to the stabilising effects of both G2PPT and PSSA and a changed 

in morphology upon composites formation. The small amount of the material remaining after 

thermal decomposition at the entire experimental range was found to be in the order PEDOT 

(17 %)< PEDOT-PSSA (26 %)< G2PPT-co-PEDOT (35 %)< G2PPT-co-PEDOT-PSSA (41 

%). The results demonstrate that the thermal stability is directly proportional to the stacking of 

the polymers. 

4.1.2.7. Scanning Electron Microscopy (SEM) 

The surface morphologies of PEDOT, PEDOT-PSSA, G2PPT-co-PEDOT, and G2PPT-co-

PEDOT-PSSA were investigated by SEM. The results are presented in figure 4.10 (A-D) 

below. The SEM image of PEDOT (figure 4.10 (A)) depicted flake-like structures along with 

a large number of aggregated globular structures, which is in accordance with the observations 

made by Zhao et al [9]. 
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Figure 4. 10: SEM images of (A) PEDOT, (B) PEDOT-PSSA, (C) G2PPT-co-PEDOT, and 

(D) G2PPT-co-PEDOT-PSSA. 

The introduction of PSSA on the backbone of PEDOT shows morphological changes as small 

particles are observed on the surface of PEDOT (figure 4.10 (B)). This then confirms the 

presence of PSSA on PEDOT. The image of G2PPT-co-PEDOT (figure 4.10 (C)) shows a 

coral-like or tubular-like structures with many tentacles which are separated from each other. 

However, the flake-like structures are also observed demonstrating the presence of PEDOT. 

This then indicates that the tubular-like structures are due to the unique properties of G2PPT. 

The same observation seen on the introduction of PSSA to PEDOT is also observed on the 

introduction of PSSA to G2PPT-co-PEDOT (figure 4.10 (D)), showing the presence of PSSA 

which results to morphological changes. The effect or morphological structures of G2PPT 
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might not be clear because of the entire surface coverage of PEDOT to form the core-shell star 

copolymer. Hence all the images look PEDOT-like morphologies. 

4.1.2.8. High Resolution Transmission Electron Microscopy (HRTEM).  

The internal morphologies of PEDOT, PEDOT-PSSA, G2PPT-co-PEDOT, and G2PPT-co-

PEDOT-PSSA were investigated by employing HRTEM coupled with EDX for elemental 

analysis. The results are presented in figure 4.11 (A-H) together with the inset images of the 

selected area electron diffraction (SAED) patterns used to determine the crystallinity of the 

samples. 
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Figure 4. 11: HRTEM images of (A) PEDOT (C) PEDOT-PSSA (E) G2PPT-co-PEDOT (G) 

G2PPT-co-PEDOT-PSSA, and EDX of (B) PEDOT (D) PEDOT-PSSA (F) G2PPT-co-

PEDOT (H) G2PPT-co-PEDOT-PSSA. Inset: SAED of all the samples. 

It could be seen that both PEDOT and PEDOT-PSSA (figure 4.11 (A and C)) showed spherical 

structures. Upon copolymer formations, the morphology was relatively cloudy-like but some 

microporous structures are observed (figure 4.11 (E and G). This can be attributed to the growth 

of PEDOT on the surface of G2PPT forming a core-shell star copolymer upon subsequent 

polymerisation. The SAED results of PEDOT and PEDOT-PSSA do not show clear ring 

patterns which suggest amorphous structures as seen from XRD. However, SAED of the star 

polymers show ring patterns but not that clear suggesting semi-crystalline structures. This 

crystallinity observation could be attributed to the unique properties brought by G2PPT upon 

http://etd.uwc.ac.za



 

 

 

 

 

81 
 

copolymer formation. The elemental analysis of C, O, S, and N were investigated by EDX 

presented in figure 4.11 (B, D, F, and H). All expected elements were observed except nitrogen. 

This is due to the elements of the dendrimer being hidden by the bulky PEDOT elements in its 

periphery. The presence of Fe and Cl are the remaining traces of the oxidant used during 

synthesis, while the Cu is from the copper grid. 

4.1.3. Electrochemical Characterisation 

Electrochemistry of functional species is one of the most prominent parameters for potential 

usage of these materials as semiconductors for photovoltaic applications [23]. In order to 

decide the possible usage of a material as a semiconductor, its electrochemical response should 

be generally determined. For these purposes in this work, the electrochemical characterisation 

of PEDOT, PEDOT-PSSA, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-PSSA was 

investigated with voltammetric measurements such as cyclic voltammetry (CV) and Square 

wave voltammetry (SWV) to determine the HOMO and LUMO which leads to the 

determination of the electrochemical band gap. 

4.1.3.1. Cyclic Voltammetry (CV) 

Figure 4.12 below shows the voltammetric responses, current-potential curves of glassy carbon 

electrode (GCE), PEDOT, PEDOT-PSSA, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-PSSA 

in 0.1 M TBAP/DMSO electrolytic solution at 100 mV/s scan rate. The cyclic voltammograms 

consistently displayed one distinctive oxidation and one reduction peak. PEDOT which is 

known to have a low oxidation potential has an oxidation peak potential (Epa) at ~ 0.2620V 

and a reduction peak potential (Epc) at ~ 0.120V.  
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Figure 4. 12: Cyclic voltammograms of PEDOT, PEDOT-PSSA, G2PPT-co-PEDOT, and 

G2PPT-co-PEDOT-PSSA in 0.1 M TBAP/DMSO electrolyte at 100 mV/s. 

The maximum anodic current (Ipa) was observed to be 9.8𝜇𝐴 and the maximum cathodic 

current was observed to be -10.2𝜇𝐴. The voltammogram is symmetrical with the ratio of the 

anodic to cathodic current (Ipa/Ipc) equal to unity, which is characteristic of a reversible 

behaviour [24]. However, the introduction of both PSSA and G2PPT to form the star 

copolymers causes an increase in the conductivity as seen by the increase in current. This could 

be attributed to the increased electron density and conjugation which promotes fast migration 

of the 𝜋 electrons or bipolarons along the polymer chains. The PSSA which acts as a 

polyelectrolyte increases the diffusional ions thus accelerates the rate at which the ions are 

inserted and released on the electrode surface, hence resulting in increased current. With the 
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help of the cyclic voltammograms above, the HOMO and LUMO of the materials were 

determined and the results are tabulated below (see table 4.1). 

The determination of the HOMO and LUMO was done using the following equation reported 

by Dong et al [25]: 

ELUMO = (E’red + 4.8) eV                                                                                                                4.2 

EHOMO = (E’ox + 4.8) eV                                                                                                            4.3 

Eg = ELUMO - EHOMO                                                                                                                   4.4 

Where E’red and E’ox are the onset reduction and oxidation potentials. 

Material E’red (V) E’ox (V) ELUMO (eV) EHOMO (eV) Eg (eV) 

PEDOT 0.307 0.105 5.107 4.905 0.202 

PEDOT-

PSSA 

0.289 0.070 5.094 4.870 0.219 

G2PPT-co-

PEDOT 

0.281 0.078 5.081 4.880 0.201 

G2PPT-co-

PEDOT-

PSSA 

0.267 0.068 5.067 4.890 0.199 

Table 4. 1: Summary of HUMO, LUMO, and the band gap.  

The effect of scan rate on the electrochemical responses of PEDOT, PEDOT-PSSA, G2PPT-

co-PEDOT, and G2PPT-co-PEDOT-PSSA was also investigated in 0.1M TBAP/DMSO 

electrolytic system using GCE as the working electrode. Figure 4.13 below illustrates the 

multi-scan voltammograms of the materials at scan rates ranging from 10-100 mV/s. Analysis 
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of the voltammograms revealed that the peak potentials and corresponding current vary with 

the scan rates. 

 

Figure 4. 13: Multi-scan rate cyclic voltammograms of (A) PEDOT, (B) PEDOT-PSSA, (C) 

G2PPT-co-PEDOT, and (D) G2PPT-co-PEDOT-PSSA at 10-100 mV/s scan rates in 0.1M 

TBAP/DMSO. 

The systems displayed progressive shift in anodic peak towards more positive values coupled 

with shift in cathodic peak towards less positive values with increase in scan rate. The 

separations increase progressively from 0.102 V at 10 mV/s to 0.160 V at 100 mV/s, 0.081 V 

at 10 mV/s to 0.123 V at 100 mV/s, 0.096 V at 10 mV/s to 0.155 V at 100 mV/s, and 0.088 V 

at 10 mV/s to 0.154V at 100 mV/s for PEDOT, PEDOT-PSSA, G2PPT-co-PEDOT, and 

G2PPT-co-PEDOT-PSSA respectively and are all coupled with increase in the magnitude of 

the peak currents with increase scan rates. This indicates that the polymer structures are electro-
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active governed by the sulphur atom in the thiophene ring and electron transfer processes are 

coupled to a diffusion process namely, charge transportation along the polymeric structures 

[26-27]. 

With the help and estimation from CV (figure 4.12 and 4.13), the number of electrons 

transferred for the polymers was calculated using the equation [26]: 

|𝐸𝑝 − 𝐸𝑝1/2| = 2.20𝑅𝑇/𝑛𝐹 = 56.5/𝑛                                                                                             4.5 

Where 𝐸𝑝 is the maximum peak potential, 𝐸𝑝1/2 is half the maximum peak potential, 𝑅 is the 

gas constant (8.314 J.mol.K-1), 𝑇 is the absolute temperature (298K) of the system, 𝐹 is the 

faraday constant ( 96.584 C/mol), and 𝑛 represents the number of electrons transferred. From 

the equation, the number of electrons was found to be 𝑛=2 (two-electron transfer systems) for 

all the polymers which is in agreement to the number of electrons (𝑛=2) removed during 

oxidation of two EDOT monomers when being polymerised by the oxidant FeCl3 (see scheme 

4.2). Baleg et al also found two electrons being transferred during his studies of G1PPI-co-

PPY [28]. 

Now that the number of electrons transferred is known, the Brown Anson equation was sued 

to estimate the surface concentration (Γ∗) of the adsorbed electro-active species using the 

anodic peak current Ipa obtained at 100 mV/s. The equation is as follows [26, 27, 29, 30]: 

𝐼𝑝 = 𝑛2𝐹Γ∗𝐴v/4𝑅𝑇                                                                                                                         4.6 

Where 𝐼𝑝 represents the peak current, 𝐴 is the surface area of the electrode (0071 cm2), v is the 

scan rate (V/s), Γ∗ is the surface concentration of the adsorbed electro-active species, 𝐹, 𝑅, 𝑇, 

and 𝑛 are the same as in equation 4.5. The surface concentration of PEDOT, PEDOT-PSSA, 

G2PPT-co-PEDOT, and G2PPT-co-PEDOT-PSSA was found to be 3.468 × 10-2, 4.15 × 10-2, 

4.30 × 10-2 and 4.841 × 10-2 mol/cm2 respectively. 
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Now that that surface concentration of each polymer is known, the Randels-Sevcik equation of 

analysing voltammetric data was used to determine the rate of charge transport coefficient (𝐷) 

along the polymer chains. The Randels-Sevcik behaviour of the cyclic voltammetric peak 

currents has been used to evaluate 𝐷 from the slope of the straight line obtained from the plot 

of 𝐼𝑝 versus v1/2. The equation is as follows: 

𝐼𝑝 = 2.686×105 𝑛3/2𝐴Γ∗𝐷1/2v1/2                                                                                                     4.7 

The parameters 𝐼𝑝, 𝑛, 𝐴, 𝐷, v, and Γ∗ are the same as in equation 4.6. The plot of 𝐼𝑝 versus v1/2 

is presented in figure 4.14 (A-B) below. 

 

Figure 4. 14: Randels-Sevcik plots for GCE in 0.1M TBAP/DMSO electrolytic system at scan 

rates range of 10-100 mV/s. 
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The 𝐷 values were determined to be 3.36 × 10-16, 3.13 × 10-16, 1.42 × 10-15, and 2.18 × 10-15 

cm2/s for PEDOT, PEDOT-PSSA, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-PSSA 

respectively. The 𝐷 value of G2PPT-co-PEDOT-PSSA is a magnitude higher than the 𝐷 value 

of pristine PEDOT and G2PPT-co-PEDOT. This implies that electron transfer processes are 

occurring at a much faster rate in G2PPT-co-PEDOT-PSSA than in pristine PEDOT and the 

start polymer without PSSA. This can be attributed to the combination of the unique properties 

of G2PPT and the conducting polymer PEDOT coupled to PSSA which act as a polyelectrolyte, 

thus accelerating the rate of flow of ions going in and out of the electrode surface. 

The linear regression equations for the anodic peaks which are based on the logarithm of the 

oxidative peak currents against the logarithm of the scan rate indicating diffusion kinetically 

controlled reactions for all the polymers in determining the transfer coefficient (𝛼) are 

presented in figure 4.15 (A-B) below. 

 

Figure 4. 15: Logarithm plot of peak current vs scan rate for 𝛼 determination. 
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Table 4.2 below presents all the electrochemically determined parameters which are based on 

diffusion kinetically controlled reactions of the polymers. 

Material Surface 

concentration, 

Γ∗, (mol/cm2) 

Diffusion 

coefficient, De, 

(cm2/s) 

Transfer 

coefficient, 𝛼. 

Number of 

transferred 

electrons 

PEDOT 3.468 × 10-2 3.36 × 10-16 0.391 2 

PEDOT-PSSA 4.15 × 10-2 3.13 × 10-16 0.423 2 

G2PPT-co-

PEDOT 

4.30 × 10-2 1.42 × 10-15 0.482 2 

G2PPT-co-

PEDOT-PSSA 

4.841 × 10-2 2.18 × 10-15 0.456 2 

Table 4. 2: Electrochemical parameters of all the polymers.  

4.1.3.2. Square Wave Voltammetry (SWV) 

The SWV was utilized as the electrochemical probe of the system due to its high sensitivity 

Faradaic current [31]. Basically, it was used as a support to CV and to confirm that there were 

no additional or hidden redox couples. Therefore, as presented in figure 4.16 (A-B) below, it 

is clear that no additional redox couples are observed hence confirming that the system 

undergoes a two-electron process. Moreover, SWV confirmed the reversibility of the redox. 

The effect of varying scan rates is presented in figure 4.17 (A-D) for oxidation and figure 4.18 

(A-D) for reduction. 

http://etd.uwc.ac.za



 

 

 

 

 

89 
 

 

Figure 4. 16: SWV representing (A) Oxidation (B) Reduction of the polymers in 0.1M 

TBAP/DMSO at 100 mV/s. 
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Figure 4. 17: SWV oxidation of (A) PEDOT (B) PEDOT-PSSA (C) G2PPT-co-PEDOT (D) 

G2PPT-co-PEDOT-PSSA in 0.1M TBAP/DMSO at scan rate range of 10-100 mV/s. 

 

Figure 4. 18: SWV reduction of (A) PEDOT (B) PEDOT-PSSA (C) G2PPT-co-PEDOT (D) 

G2PPT-co-PEDOT-PSSA in 0.1M TBAP/DMSO at scan rate range of 10-100 mV/s. 

4.2. Synthesis and Characterisation of ZnSe Quantum Dot (QD) 

4.2.1. Synthesis 

Scheme 4.6 below illustrates the organic synthesis of ZnSe QD. The QD was prepared as 

described in the previous chapter, section 3.7. The QD was synthesized according to literature 

[32]. In the experimental procedure, oleic acid (OA) was chosen as the surface binding ligand 

for stabilising the nanoparticles and cationic precursors. The ligand keep the particles isolated, 

thus preventing nuclei agglomeration and facilitating homogeneous growth [33-34]. 

Trioctlyphosphine (TOP) act as the coordinating solvent and selenium (Se) powders solvent 
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also to provide better size control and surface passivation [33-34]. The QD is formed by first 

preparing both zinc and selenium precursor solutions and later combine them. The synthesis 

reaction (scheme 4.6) can be described as follows [32]: 

Zn (CH3COO)2 + OA ⟶ Zn-complex                                                                              (1) 

Se + TOP ⟶ Se (TOP)                                                                                                      (2) 

Zn (CH3COO)2 + Oleate acid + Se (TOP) ⟶ ZnSe + byproducts                                    (3) 

Equation (3) is the general reaction equation of the formation of ZnSe QD in this experiment. 

Equation (1) is the process of forming Zn-complexes while equation (2) is the process 

involving dissolution of Se powder in TOP. 

4.2.2. Characterisation  

4.2.2.1. Ultraviolet Visible Spectroscopy (UV-Vis) 

Electronic transisitions together with band gap determination of the ZnSe QD was achieved by 

empolying UV-Vis spectroscoscopy at the range of 200-1100 nm in 200 ppm toluene. Figure 

4.19 show the absorption spectra of ZnSe nanoparticles. From the figure, the optical absorption 

wavelength was found to be 416 nm which is close to the absorption wavelength of 412 nm 

observed by Chen et al [32]. However, it is well known that the ligand used to passivate the 

surface of the particles, the reaction temperature, and the heating time all play a role in 

determining the rate of growth, and the size of the particls after injection [32, 35-36]. With the 

help of the absorption spectrum of ZnSe QD, the Tauc relation was employed to determine the 

optical band gap. The Tauc relation is given by equation 4.1 above and the results are presented 

in figure 4.20 below. 
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Figure 4. 19: Optical absorption spectrum of ZnSe QD in 200 ppm Toluene. 
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Figure 4. 20: Tauc plot of ZnSe QD for band gap determination. 
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The optical band energy, Eg, of ZnSe QD was found to be 2.95 eV which is close to the value 

of 3.14 eV found by Senthilkumar et al [35]. This band gap shows a blue shift of 0.25 eV from 

the standard bulk band gap at room temperature (Eg = 3.7 eV). 

4.2.2.2. Photoluminescence (PL) Spectroscopy 

Fluorescence studies of the QD was achieved with the help of absorption studies obtained from 

UV-Vis using the same prepared solution. The results are presented in figure 4.21 below. 
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Figure 4. 21: Photoluminescence spectra of ZnSe. 

The ZnSe QD is exited at different excitation wavelengths ranging from 355-435 nm at a 

wavelength difference of 10 nm. Even though the QD is excited at different wavelength, the 

emission peak is centred at 566 nm which is attributed to the recombination of the excitons. 

The obtained QD show a stoke shift of 116 and 179 nm with respect to the emission peaks 

obtained by Chen et al [32] and Selthilkumar et al [35] respectively. The PL emission spectra 
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is also a Gaussian shape, which clearly indicates a pure band-gap emission without any 

significant trap state emission [32]. The narrow emission peak and no change in the emission 

peak indicates that the QD are monodispersed. 

4.2.2.3. High Resolution Transmission Electron Microscopy (HRTEM) 

The HRTEM images coupled with EDX of the as-prepared ZnSe QD and the selected area 

electron diffraction (SAED) are presented in figure 4.22 (A-B) below. 

 

Figure 4. 22: (A) HRTEM image of ZnSe and (B) EDX results. Inset: SAED of ZnSe 

The image (A) shows that the particles are well dispersed, small, and spherical in shape. The 

SAED shows clear ring patterns indicating pure crystalline QD. All the expected elements, Zn, 

SE, C, and O are observed confirming the successful formation of the QD. C and O are from 

the OA binding ligand while Cu is from the copper grid. 
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4.3. Optical properties of G2PPT-co-PEDOT-PSSA: ZnSe QD blends 

4.3.1. Ultraviolet Visible Spectroscopy (UV-Vis) 

Figure 4.23 below illustrates the UV-Vis absorption spectra of the blended active layer 

G2PPT-co-PEDOT-PSSA: ZnSe QD with the polymer acting as a donor and the QD acting as 

an acceptor at different ratios in a solvent mixture of DMSO and toluene. 

300 400 500 600

0

1

2

3

 

 

A
b

so
rb

a
n

ce

Wavelength (nm)

 1:1

 1:2

 1:3

 2:1

 3:1

 

Figure 4. 23: UV-Vis absorption spectra of G2PPT-co-PEDOT-PSSA: ZnSe QD blends in 

different ratios in terms of volume. 

From the results it is observed that increasing the content of G2PPT-co-PEDOT-PSSA also 

increases the absorbance as seen from the spectra of 2:1 and 3:1. This is indicative of the 

G2PPT-co-PEDOT-PSSA being responsible for the absorption of the light in order to facilitate 

electron excitement which is what was expected from a donor material. On the other hand, 

increasing the content of the QD (1:2 and 1:3) results in the appearance of two distinct 
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absorption peaks at 323 and 365 nm. In comparison to the absorption spectra of G2PPT-co-

PEDOT-PSSA (figure 4.5(B)), the absorption peak shifts from 342 nm in G2PPT-co-PEDOT-

PSSA to 365 nm in the blends, which shows the presence of ZnSe QD. The shift is of vital 

importance for solar cells application because it indicates reduction of the band gap, hence 

requiring less energy to excite electrons from the valence band to the conduction band as 

compared to the donor material alone. 

4.3.2. Photoluminescence (PL) Spectroscopy 

The influence of the presence of the QD in the photoluminescence spectra of G2PPT-co-

PEDOT-PSSA is a very significant parameter that needs to be explored so as to determine the 

applicability of a compound as an acceptor in the photovoltaic system. With the information 

obtained from UV-Vis, only photoluminescence studies of the 1:3 blend was investigated 

because it showed the presence of the QD. The mixture was excited at different excitation 

wavelength ranging from 278-398 nm at a difference of 15 nm to check the particle size 

distribution. The PL spectra is presented in figure 4.24 below. 

 

 

 

 

 

http://etd.uwc.ac.za



 

 

 

 

 

97 
 

300 400 500 600 700

0

2000000

4000000

6000000

8000000

10000000

 

 
In

te
n

si
ty

 (
C

P
S

)

Wavelength (nm)

 278nm

 293nm

 308nm

 323nm

 338nm

 353nm

 368nm

 383nm

 398nm

 

Figure 4. 24: Photoluminescence of G2PPT-co-PEDOT-PSSA: ZnSe QD (1:3) blends in a 

mixture of DMSO/toluene. 

From the results, different emission peaks are observed which indicates polydispersity of the 

particles.  The emission is attributed to the electron transfer from the donor to the acceptor 

which is evident by the decrease in PL intensity in comparison with the emission spectra of 

G2PPT-co-PEDOT-PSSA (figure 4.7(D)).  
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CHAPTER FIVE 

 

5. Conclusion and Recommendations 

 

5.1. Conclusion 

In this study we explored the potential application of a newly developed active layer based on 

a hybrid formation by blending the star copolymer G2PPT-co-PEDOT-PSSA as a donor and 

ZnSe QD as acceptor. In summary, ZnSe QD and novel dendritic star copolymer G2PPT-co-

PEDOT-PSSA with PEDOT and PSSA arms and PPI dendrimer core of generation 2, were all 

successfully synthesized by making use of chemical experimental protocols. Chemical 

synthesis of the star copolymer involved functionalization of the PPI dendrimer with 2-

thiophene aldehyde via a Schiff base condensation reaction followed by copolymerization with 

EDOT monomer using iron chloride as an oxidising agent. Chemical synthesis of the ZnSe QD 

involved preparation of Zn and Se precursor solutions using oleic acid as a capping agent and 

1-octadecene as non-coordinating solvent at very high temperatures. 

For the star copolymer G2PPT-co-PEDOT-PSSA, 1H NMR gave a new chemical shift at 8.3 

ppm for N=CH, which confirmed the incorporation of thiophene aldehyde into the PPI 

dendrimer structure, and also showed the disappearance of the signal at 6.6 ppm, which 

confirmed the 𝛼 − 𝛼 coupling on the thiophene ring suggesting the growth of PEDOT on the 

surface of G2PPT dendrimer. FTIR was found to be in agreement with 1H NMR as it showed 

the presence of N=C vibrations at 1637 cm-1 in the dendrimer moiety, and the disappearance 

of C-H out of plane bending vibrations at 889 cm-1 at the 𝛼 − position of PEDOT confirming 

http://etd.uwc.ac.za



 

 

 

 

 

104 
 

the growth of PEDOT on the surface of G2PPT. Both 1H NMR and FTIR did not show any 

additional functionality as a result of the introduction of PSSA due to the weak bondage that is 

known to exist between PEDOT and PSSA. XRD analysis revealed a broadly amorphous 

structure associated with PEDOT at 2𝜃~ 26°. However, two new diffraction peaks with low 

intensities at 2𝜃~ 35° and 40° were observed, indicative of the presence of the dendrimer with 

its own unique properties, thus confirming a newly formed star copolymer. TGA analysis 

revealed improved thermal stability upon copolymer formation compared to pristine PEDOT 

and G2PPT. In addition, TGA results demonstrated that the thermal stability is directly 

proportional to the stacking of the polymers. The improved thermal stability proves pivotal for 

use of this material in photovoltaics application. Morphological analysis by SEM showed that 

the star copolymer exhibits a coral-or tubular-like structures with many tentacles which are 

separated from each other compared to the flake-like structures exhibited by pristine PEDOT. 

The morphological changes were indicative of a successful copolymer formation. On the other 

hand, HRTEM revealed spherical, cloudy-like microporous structures while EDX showed all 

the expected elements of the structure being present. Electronic transitions or optical properties 

were studied by employing UV-Vis. The results showed increase in absorption bands with 

shifts towards longer wavelengths upon copolymer formation compared to parent polymers. 

The shift was attributed to increase in conjugation, thus resulting in increased electron density. 

The Tauc relation was then used to determine the energy band gap of the materials. The energy 

gap values enable us to deduce whether a material is suitable to be considered a semiconductor 

for photovoltaics. The band gap was determined and found to be 2.96, 2.92, and 2.85 eV for 

PEDOT, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-PSSA respectively. This makes the star 

copolymer a promising material for photovoltaics application. Emission studies were done by 

using PL. The results revealed that the emission of the star copolymer is an average of its 

constituents (478 nm). In addition, the presence of PSSA caused a shift from 478 to 472 nm 
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(blue shift) in emission due to increase in size chains, which alters the torsion angle and leads 

to lower conjugation length. The electrochemical responses of the materials were studied using 

CV and SWV in support of CV. The electrochemistry was performed in TBAP/DMSO 

electrolytic system using GCE as a working electrode. From the study, all the polymers 

exhibited a 2-electron transfer system as expected. The voltammograms depicted a one redox 

couple which was indicative of a diffusion of electrons along the polymer chains. However, 

the current response increased with the introduction of PSSA and copolymer formation. This 

was attributed to the increase in conjugation, thus increasing the free movement of 𝜋 − 

electrons along the polymer chains. With the help of CV, the HOMO and LUMO were 

determined which enabled the determination of the electrochemical band gap, which was found 

to be 0.201, 0.202, and 0.199 eV for PEDOT, G2PPT-co-PEDOT, and G2PPT-co-PEDOT-

PSSA respectively. SWV was found to be in agreement with results Obtained from CV. 

Absorption properties of ZnSe QD together with band gap determination were found to be in 

accordance with literature. An absorption peak wavelength was observed at 416 nm with a 

band gap of 2.95 eV. HRTEM revealed that the particles are well-dispersed, small, and 

spherical in shape. EDX showed the presence of all expected elements (Zn and Se) without any 

impurities. This means that the QD was successfully prepared. 

The UV-Vis of the blends was done at different ratios in a solvent mixture of DMSO and 

toluene. From the results, the blend ratio of 1:3 (G2PPT-co-PEDOT-PSSA: ZnSe QD) showed 

good absorption properties with two distinct absorption bands shifting towards longer 

wavelength, 323 and 365 nm. The shift is of vital importance for photovoltaics because it 

indicates reduction of band gap, hence requiring less energy to excite electrons from the 

valence band to the conduction band. The influence of the presence of the ZnSe QD in the 

emission properties was investigated using PL. The results revealed that the presence of the 

QD caused a decrease in the PL intensity compared to PL intensity of the donor. This indicates 
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an electron transfer process from the donor to the acceptor, thus confirming that the ZnSe QD 

was indeed used as an acceptor. Hence the new novel properties mentioned above such as the 

optical band gap, electrochemical band gap, absorption, and luminescence of the star 

copolymer G2PPT-co-PEDOT-PSSA and the hybrid G2PPT-co-PEDOT-PSSA: ZnSe QD 

makes the hybrid a potential material/semiconductor for future consideration in the use of PV 

devices. 

5.2. Recommendations 

The following aspect of the development of an organic-inorganic, donor-acceptor hybrid active 

layer for photovoltaics needs further investigation. 

 In depth scanning electron microscopy and X-ray photoelectron spectroscopy (XPS) 

needs to be studied to better understand the surface chemistry of the dendritic star 

copolymer. XPS is capable of giving us a more detailed chemical interaction or bonding 

between the atoms within the structure of the star copolymer. S, and P orbitals can be 

revealed by XPS and the information can be correlated to fluorescence studies as to get 

an insight of where exactly is the emission coming from. Knowing the interacting 

orbitals can help better understand the energy levels, S0-Sn, of the Jablonski diagram 

and its emissions. 

 Gas permeation chromatography (GPC) needs to be employed to investigate the 

molecular weight and polydispersity of the star copolymer because the degree of 

polymerization has an effect on the requirements of the properties of materials for PVs. 

Moreover, employing GPC can help us control the degree of polymerization for specific 

desirable properties for PVs. It also helps to confirm the formation of the star copolymer 

by comparing its molecular weight to the molecular weight of the parent polymers, 

hence showing the growth of PEDOT on the surface of G2PPT.  
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 In depth fluorescence studies needs further investigation to determine the life time, 

quantum yield, decay constant, and quenching effects. This would help in knowing the 

exact factors that are responsible for the loss of energy, thus helping us to device 

concrete strategies to counteract the loss of energy. 

 Thermogravimetric analysis (TGA) coupled to FTIR needs to be employed in order to 

know the exact functional group or .species that is thermally degraded. This would help 

us in picking up or choosing the right material to functionalize with in order to improve 

the thermal stability. 

 One-pot synthesis of the star copolymer-quantum dot hybrid needs to be done and 

compare its results to the results of the blends. This brings stability to the material. 

 Photovoltaic properties such as the power conversion efficiency (PCE), fill factor (FF), 

open circuit voltage (OCV) etc needs thorough investigation. 

 Electrochemical impedance spectroscopy (EIS) together with Hall effects 

measurements needs to be studied for resistivity and conductivity of the materials. This 

would help in concluding as to whether the material is a better semiconductor or not. 
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