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Abstract 

Organic ˊ-conjugated macromolecules, (polymers and oligomers) are an important 

class of semiconductor which are used in applications such as: field effect transistors, 

photovoltaics, organic light emitting diodes and electrochromic devices. The ˊ-

conjugated systems have tuneable band gaps (Eg) and redox properties, whilst 

offering the potential for flexibility and low cost. 

 In this thesis, the macromolecular compounds and their low molecular weight 

precursors were characterised by determining their electrochemical and optical 

properties which were measured using a series of techniques such as: cyclic 

voltammetry; UV/vis spectroscopy; emission spectroscopy; spectroelectrochemistry; 

Raman spectroscopy and thermal analyses.   

Chapter 2 Presents thiophene copolymers with electroactive nitrogen heterocycles. 

In section 1, a series of monomers containing heteropentalene mesomeric betaine 

derivatives were characterized. In particular the 3,4-ethylenedioxythiophene  

(EDOT) derivative (9) was successfully electropolymerised, yielding a polymer with 

small optical and electrochemical Eg.  In Section 2 the characterisation of EDTT, 3-

hexylthiophene and EDOT units (17, 18 and 19 respectively) along with their 

benzothiadiazole (BT) copolymers are shown. Interesting changes in planarity were 

observed between the PEDOT and PEDTT compounds. 

Section 3 and 4 produced many EDOT/thiophene derivatives from phenanthroline 

and [Ru(bpy)2]) as the core unit. (20-26) All polymers exhibited lower 

electrochemical Eg when compared to their monomers. Compound 26 was 

polymerised with high oxidative stability to anodic conditions, however, monomer 
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25 did not polymerise, due to the domination of the strong Ru
II
/Ru

III
 oxidation 

process. Section 5 shows bis-EDOT pyridine based monomers (27 and 28). 

Monomer 28 displayed significant effect of the intramolecular charge transfer (ICT) 

process and lower electrochemical Eg. Three are new compounds 29, 30 and 31 in 

the section 6, BODIPY cores with two EDOT, thiophene and EDTT units 

respectively. When all were compared, Compound 29 showed red shift in the 

absorption spectra, due to stronger electron donating effect of EDOT. 

Chapter 3 In section 1 the optical and electrochemical properties of three 

oligofluorene substituted DPP macromolecules (32, 33, 34) and the core precursors 

(35, 36, 37 and 38) were investigated. The absorption spectra of all compounds in 

CH2Cl2 revealed two peaks attributed to ˊḯ * transition of quaterfluorene arms and 

the absorption of DPP core. Compound 33 exhibited a higher LUMO level compared 

to the other compounds, which was attributed to the effects of the hexyldecyl and 

phenyl groups. Section 2 describes six new C3-symmetric compounds containing BT 

units and truxene core (41-46). The UV-absorption spectra of compounds 41-45, 

reveal an ICT band which is hypsochromically shifted in the case of compound 41 

and is not resolved for compound 46. Compounds 41-44 exhibited a good agreement 

between electrochemical and optical Eg, while a significant difference between those 

of compound 46 indicates the poor HOMO-LUMO overlap. 

Chapter 4 A novel processing methodology was used to fabricate multi-layer 

organic electronic devices by employing electropolymerisation to form a 

PEDOT/PEDTT bi-layer. The fabricated device did not exhibit any distinctive photo-

response when it was assessed in a diode configuration. This was due to inefficient 

charge separation at the donor- acceptor interface. 
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Symbols and Abbreviations 

BODIPY  4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene 

Bu   butyl 

cm   centimetre 

CV   cyclic voltammetry 

e   electron 

EDOT   ethylenedioxythiophene 

EDST   ethylenediselenathiophene 

EDTT   ethylenedithiathiophene 

Ep   voltage peak max 

Epa   anodic current peak 

Epc   cathodic voltage peak 

eV   electron volt 

Fc   ferrocene 

Fc
+
   ferrocenium 

g    gram 

h   hour 

HOMO  highest occupied molecular orbital 

ICT   intramolecular charge transfer 

Ip   current peak max  

Ipa   anodic current peak 

Ipc   cathodic current peak 

iR   internal resistance 
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ITO   indium tin oxide 

IUPAC  international union of pure and applied chemistry 

L   litre 

LUMO   lowest unoccupied molecular orbital 

M   molar 

Me   methyl 

min   minute 

mol   mole 

mV   millivolt  

n   number of electrons / non-bonding orbital 

n-doping  negative doping 

nm   nanometre 

n-type   negative type 

OFET   organic field effect transistor 

OLED   organic light emitting diode 

OSO ethylenedioxythiophene-ethylenedithiathiophene-

ethylenedioxythiophene 

OPV organic photovoltaic 

p-doping  positive doping 

PEDOT  poly(ethylenedioxythiophene) 

PEDTT  poly(ethylenedithiathiophene) 

Ph   phenyl 

PPV   polyphenylene vinylene 

p-type   positive type 
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R   substituent group 

RT   room temperature 

s   second 

SCE   standard calomel electrode 

SEC   spectroelectrochemistry 

SHE   standard hydrogen electrode 

SOS ethylenedithiathiophene-ethylenedioxythiophene-

ethylenedithiathiophene 

THF   tetrahydrofuran 

TTF    tetrathiafulavalene 

UV   ultraviolet 

V   volt 

V1   starting voltage 

V2   finishing volatge 

vis   visible 

vs   versus 

X   counter anion 

æEpc-pa   difference in potential between cathodic and anodic peaks 

ɗ   torsion angle 

ɚ   wavelength 

ɚmax   maximum absorption wavelength 

 ́   pi bonding orbital 

ˊ*   pi anti-bonding orbital / polarizability 

ů   sigma bonding orbital 
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ů*   sigma anti-bonding orbital 

 A   surface area / absorbance 

c   concentration / speed of light 

D   diffusion coefficient 

Di   diffusion coefficient 

E   electrode potential 

E
0
   standard electrode potential 

E1/2   reversible wave 

E1/2
1ox

   first reversible oxidation wave 

E1/2
1red

   first reversible reduction wave 

E1/2
2ox

   second reversible oxidation wave 

E1/2
2red

   second reversible reduction wave 

E
1ox

   first irreversible oxidation wave 

E
1red

   first irreversible reduction wave 

E
2ox

   second irreversible oxidation wave 

E
2red

   second irreversible reduction wave 

EF   Fermi energy level 

Eg   band gap / energy gap 

E
Int

   intramolecular and interchain interactions 

ER   potential of reduction reaction 

E
Res

   aromatic resonance 

E
Sub

   the push / pull effect of the substituent group 

E
ɗ
   degree of planarity 

E
ůr

   bond length alternation 
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F   Faraday constant 

h   Planckôs constant 

i   current density 

I   current / light intensity 

T   temperature / transmission 

v   scan rate 

VD   drain voltage 

Vg   gate voltage 
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1. Introduction and background 
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1.1. Historical introduction  

 

The last few decades have shown an increase in research on organic semiconductors 

due to their advantageous properties such as low weight, resistance against corrosion, 

low cost, processability and large area applications.
1,2

 
 
Organic semiconductors have 

a potential to substitute inorganic analogues in everyday life and are key materials in 

the development of many fields of modern science and technology.
1
 The 

semiconducting properties originate from the overlap of ˊ-molecular orbitals. The 

vast variety of organic semiconducting materials can be classified into two main 

groups: small molecule ˊ-functional compounds and macromolecular conjugated 

systems. The most numerous among the latter is the group of conjugated polymers.
 

Traditionally, organic polymers were considered as insulators until it was found that 

polymers possessing conjugated architectures were able to conduct electricity when 

doped by the removal or injection of electrons.
1, 3

 Organic semiconductors have 

semiconducting properties arising from the overlap of molecular orbitals in the 

polymer conjugated chain. They can be used in numerous technological applications 

such as field effect transistors, organic light emitting diodes, solar cells and lasers, 

for their tunable redox properties and band gaps, processablity, flexibility and 

potential low cost.
4,5,6,7  

Conjugated polymers have also been used in electrochromic 

devices and they have advantages over their analogous inorganic counterparts due to 

improvements in certain properties such as stability, high colouration efficiency and 

fast switching.
7
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1.2 History 

 

Organic semiconducting materials have been investigated for five decades. In the 

1950s the semiconducting behaviour of anthracene crystals was identified through 

photoconductivity measurement.
8,9,10 The electrical conductivity of the complexes 

between polycyclic aromatic compounds such as perylene and halogen in the solid 

state was discovered in 1954.
11

 Natta et al.  synthesised polyacetylene in 1958 as the 

simplest type of the conjugated polymer.
12

 Later, in the 1960s, many salts of 

tetracyano-p-quinodimethane (TCNQ) were found to exhibit semiconducting 

behaviour, and in 1973 metallic behaviour was observed in the donor-acceptor 

charge transfer (CT) complex tetrathiafulvalene (TTF)/TCNQ.
13

 In the year 1977, 

conductive organic polymers were discovered, where very high electrical 

conductivity was measured for doped states.
1
 In the early 1980s, organic 

superconductivity was reported in the charge transfer (CT) salt tetramethyl 

tetraselenafulvalene (TMTSF)-PF6.
13,14

 The Nobel prize in chemistry was awarded in 

2000 to Alan. J. Heeger, Alan. G. McDiarmid and Hideki Shirakawa for the 

discovery and development of conducting polymers.
15,16

  

 

 

1.3. Band Theory   

 

Band theory explains how electrons move in semiconducting materials. The 

materials can be divided into three groups; (i) metals, (ii) semiconductors and (iii) 

insulators, depending on the band gap. The band originated from the splitting of 
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HOMO levels is known collectively as the valence band, whereas that composed of 

LUMOs represent the conduction band. Figure 1.1 describes the different types of 

materials and their band structures.  

The number of electrons that can be promoted into the conduction band depends on 

the energy gap (Eg) or band gap, which is the difference in energies between the top 

of the valence and the bottom of conduction bands. The top of the valence and the 

bottom of the conduction bands are also known as the highest occupied molecular 

orbital (HOMO) level and the lowest unoccupied molecular orbital (LUMO) level, 

respectively, and the energy of the state, which is half occupied, called the Fermi 

level (Ef). 

 

 

 

Figure 1.1.Band theory diagram 
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When the energy gap between the valence band and the conduction band is too large 

for reasonable thermal excitation then the material is an insulator. In semiconductors, 

the band gap is small enough for electrons from the valence band to be thermally 

excited into conduction band. In a metal, the energy levels of the valence and 

conduction bands are adjacent to each other, hence there is no band gap and electrons 

can adopt any energy within half filled band.
13,17 

 

A semiconductor can be doped by adding a small portion of impurity atoms to the 

pure crystal structure, producing p- and n-doped semiconductors. p-Doping creates 

deficiencies of valence electrons in the valence band and these deficiencies are 

termed óholes. When a voltage is applied, an electron moves into a nearby hole, 

leaving behind another electron deficiency (hole) in its place.  p-Doping creates 

vacant states  at so called acceptor level (Ea) just above the valence band (Figure 

1.2a), which accept electrons from the valence band. In p-doped semiconductor 

Fermi level moves towards valance band.  

 n-Doping is a result of excess electrons in the valence band and results in the 

creation of a new energy level called the energy donor level (Ed), which sits just 

below the conduction band as depicted in Figure 1.2b. Which lead to an excess of 

electrons in the valence band, therefore the electrons in this band can be moved into 

the conduction band more easily, because of the reduced energy gap, resulting in 

increased conductivity.
17,18 
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Figure1. 2. p-Doping and n-doping in semiconductors 

  

 

The simple electrochemical technique can be used to estimate the HOMO and 

LUMO levels of organic materials through the oxidation and reduction in an 

electrochemical cell. An electrochemical cell provides the possibility to carry out an 

oxidation and reduction processes by aligning HOMO and LUMO levels of the 

analyte with the Fermi level of the working electrode material at external potential. 

In an oxidation process positive potential is applied to the working electrode of an 

electrochemical cell so the material (A) loses electrons. The electrons are transferred 

from the HOMO of the analyte to the working electrode, creating an anodic current. 

The Fermi level of the working electrode material in the oxidation process has to be 

lower than the HOMO level of the analyte to provide an easy passage of electrons. 

On reduction a negative potential is applied, and  electrons migrate from the 

electrode into the analyte, the cathodic current being produced.
19,20

 The oxidation and 

reduction processes are illustrated in Figure 1.3. 
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Figure 1. 3. Oxidation and reduction in an electrochemical cell
19

  

 

 

 

 

 

1.4 Conjugated Polymers 

 

Conjugated materials are an important type of organic semiconductors, which can be 

further classified into two major sets;
21

 oligomers and polymers. Conjugated 

polymers contain numerous monomeric repeat units that are bonded together in an 

extended chain, whereas the oligomers consist of a limited number of repeat units. 

Organic conjugated polymers with an extended ˊ-bonding system show unique 
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physical properties, which are not present in conventional polymers. They are of 

great interest due to low cost, easy processing, tunable for optical and  electronic 

properties, high conductivity in doped state and stability.
22

  The dopant is required in 

the conjugated polymer to increase the conductivity by way of altering the bonding 

structure, therefore holes and electrons will be created and electrical transport along 

the polymer backbone will occur.  Polyacetylene is considered as the simplest case of 

the conjugated polymer structure; electrical transport characteristics (hole or electron 

mobility) will be result of an alternating double and single bond structure along the 

chain of the polymer, which produces unique optical and electronic properties of the 

polymer.
12

 (Figure 1.4). 

 

 

Figure 1. 4. Polyacetylene structure as resonance of the electronic states 

 

Thus, organic conjugated polymers exhibit semiconducting behaviour and 

electroactivity in the main chain of the conjugated material.
23

 The ˊ- and the           

ˊ*-orbitals (bonding and antibonding orbitals, respectively) support the transport of 

charges (electrons and holes) from the delocalised valence and conduction bands 

through the backbone.
24,25

 Common classes of organic conjugated polymers include 

polyacetylene, polythiophene, polypyrrole, polyaniline, polyfluorenes and 

polyparaphenylenevinylenes and they can exhibit very high electrical conductivity in 

both p-doped and n-doped states (although they are insulators in their neutral 
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state).
25,26,27,28

 Organic conjugated polymers can be quite stable in their doped states 

and can be termed stable charge carriers with efficient electron and hole transport 

properties. Therefore, they have found use in many applications such as light 

emitting diodes, thin film transistors and  solar cells.
28,29

  

 

1.5 Mechanism of Electrical Conduction 

 

Organic conjugated materials, such as polythiophene, polyfuran, polyaniline, 

polypyrrole and poly-p-phenylene.
1,30,31,32

 as shown in Figure 1.5, can be produced 

by several techniques. 

 

 

Figure 1. 5. Structures of the most widely studied conducting polymers. 

 

Hence a variety of techniques have been employed to produce organic conjugated 

materials, including chemical and electrochemical techniques. The chemical 

technique can produce organic conjugated polymers by using catalytic oxidation in 

which the control over polymer morphology is very limited and processing is 

virtually impossible for non-derivatised materials.
1
 However, the electrochemical 

technique of organic conjugated polymers shows many advantages compared to 

chemical techniques, including the deposition of the polymeric film on an electrode 
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surface, controlled film thickness, morphology, and polymer growth without any 

catalyst.
1,33,34

 The electropolymerisation process is achieved by the electro-oxidation 

of a suitable monomer in an organic solvent containing a supporting electrolyte. 

Figure 1.6 shows the combination of cation radicals of a heterocyclic monomer 

through general electropolymerisation.
35

 

 

 

Figure 1. 6. Mechanism of the electrochemical polymerisation of 5-membered 

aromatic heterocycles 
1,36

 

 

 

 

In the first step, the heterocyclic ring of the monomer loses an electron to the 

electrode surface to form a radical-cation. The second step involves the reaction of 

two radical-cation species to form a dication dimer, which then undergoes the loss of 
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two protons and rearomatisation to form the dimer in the third step.
36,1 

 In the fourth 

step the dimer form is oxidised and combines with another radical-cation to give a 

trimer, which in turn expels two protons to form a conjugated trimer species as 

exhibited in the fifth step.
1
 The oligomer chain must be oxidised for chain growth 

and the addition of extra monomer units results in the loss of solubility and 

deposition on the electrode surface.
1
 

 

Polythiophene (PT) is a commonly used material in electrochromic and electronic 

devices, such as organic light emitting diodes (OLEDs), organic field effect 

transistors (OFETs) and organic solar cells (OSCs), due to its high electrical 

conductivity in the doped state and high stability. Electrochemical growth can be 

performed by the cyclic voltammetry (CV) technique via repetitive scanning over the 

oxidation wave of the monomer.
37

  Polythiophene growth begins with the oxidation 

of the monomer and then through to the dimer, trimer and higher oligomer units 

(Figure 1.7) to produce an electroactive film of the polymer.
36,38   

 

 

Figure 1. 7. Chemical structure of thiophene and its oligomeric derivatives 

 

 

Electroactivity is exhibited in both oxidation and reduction processes for 

terthiophene, by creation of either a cation radical or an anion radical on the terminal 
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thiophene unit. The radical cation through the oxidation process of terthiophene 

(Figure 1.8) can react with other oxidised monomers and this process is 

irreversible.
7,39 

  

 

 

  

Figure 1. 8. . Oxidation of terthiophene 

 

 

 

The produced polymer film has a lower oxidation potential and higher conductivity 

compared to the monomer.
7,38,40 

The electroactivity is represented by the oxidation 

and reduction processes, which are  reversible in some cases.  With regard to the 

electronic absorption spectra (UV-Vis), the polymer exhibits a bathochromic shift for 

the p-p* transition in comparison with the monomer, which is due to the increase of 

conjugation along the polymer chain.
40,41

 During electrochemical or chemical 

oxidation, the conjugated polymers are doped with counter anions. However, in the 

doped state, the polymer grows on the electrode surface by repetitive cycling over 

the first oxidation wave; therefore, the positive charges will balance the counter 

anions of the electrolyte.
42   

The polymer can be de-doped by repetitive cycling in an electrochemical range close 

to 0 V, where no redox activity takes place and the polymer is obtained free from the 

counter ions. Figure 1.9 shows the doped and de-doped states of polythiophene as an 

example. 
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Figure 1. 9. Doping and de-doping of polythiophene 

 

 

In both doped and de-doped states, the polymers exhibit different colours. For 

example, poly 3,4-ethylenedioxythiophene (PEDOT) as a thin film is dark blue when 

neutral (de-doped) and transparent blue when doped. 
36,41,35,43

 

 

1.5.1 Substituted Heterocycles 

 

Many side chains and conjugated groups have been attached to the periphery of 

generic monomers to overcome the low solubility and poor processability of the 

resulting polymer.
41

 For instance, thiophenes substituted at the 3- or 4-position (also 

known as the ɓ-position) maintain their ability to electropolymerise, due to the fact 

that the 2- and 5-positions (also known as the a-positions) remain available for 

monomer coupling. Attaching substituent side-chain groups onto the backbone of 

polythiophenes provides possibility to vary materialsô properties due to inductive or 

mesomeric effects of the substituent.
41,44,45 

As such, attaching side-groups with 

electron-donating groups, such as methyl, alkoxy or amino functionalities, gives an 

increase in electron density in the thiophene ring and causes a decrease in the 

oxidation potential of the material.
1, 41

 Electron-withdrawing groups, on the other 

hand, such as halogens and nitro groups, provide an increase in the oxidation 
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potential and such monomers are difficult to electropolymerise and result in poorly 

conducting polymers.
1
  

In addition to electronic effects, steric hindrance also influences the properties of the 

polymers. Steric hindrance arises between head-to-head dimers and causes the 

thiophene rings to be forced out of coplanarity. This results in poor ˊ-orbital overlap 

and distortion of conjugation in the backbone.
1, 41

 This effect is magnified in 3,4-

dialkyl substituted polythiophenes and causes a decrease in conductivity and an 

increase of the optical band gap of the polymer.
41

 The substitution of thiophenes has 

been investigated with both alkyl and alkoxy groups. Poly-(3-alkoxythiophene) 

exhibited a lower oxidation potential, smaller band gap and higher absorption 

maximum than the corresponding poly-(3-alkylthiophene). This indicates the greater 

electron-donating ability of the oxygen atoms in the alkoxy chain and lesser degree 

of coplanarity in poly-(3-alkylthiophene).  However, poly-(3-alkoxythiophene)s will 

also suffer steric hindrance, lack of coplanarity and loss of conductivity to a certain 

degree.
41,46

  One method of reducing this effect is through cyclisation of the alkoxy 

3,4-positions in the material.  

3,4-Ethylenedioxythiophene (EDOT) and 3,4-ethylenedithiothiophene (EDTT) 

(Figure 1.10) are excellent examples for such a monomer design, where the fused 

1,4-dioxane (dithiane) cycle decreases the steric effect and increases the donor 

ability.
41,44

 The electropolymerisation of EDOT and EDTT compounds produces 

poly3,4-ethylenedioxythiophene (PEDOT) and poly3,4-ethylenedithiothiophene 

(PEDTT), which have shown high conductivity and good stability.
41, 43

  

  



PhD Thesis 2013  
 

 
34 

 

 

 

 

Figure 1. 10. Structures of EDOT and EDTT 

 

PEDOT is one of the best known conducting polymers due to its exceptional 

electronic properties, such as low band gap, low oxidation potential, high electronic 

conductivity and outstanding environmental stability in the oxidised (p-doped) 

state.
44

 Furthermore, PEDOT exhibits a stark colour change between the neutral and 

doped states; it is dark blue in the neutral state and light blue (and highly transparent) 

when oxidised.
43, 45

 PEDOT is used in many fields such as OLEDs, OFETs, 

photovoltaic cells, batteries, display devices, smart windows and biosensors, 

particularly since it is also a good hole-injection material in some of these devices.
41, 

43-45
 Comparing the redox and optical properties of EDTT and EDOT, the monomer 

of EDTT has a higher oxidation potential than EDOT, but possesses a lower HOMO-

LUMO gap. Conversely, in the polymer case, PEDTT has shown a higher oxidation 

potential and wider band gap than PEDOT owing to an increase in the number of 

sulfur atoms in the PEDTT chain, which greatly affects the inter-ring 

conjugation.
47,39  

This is a result of the extensive chalcogen---chalcogen steric 

interactions between the sulfur atoms (S···S interactions) leading to a twisted 

geometry, whilst the chalcogen---chalcogen interactions (O···S interactions) in 

PEDOT lead to a highly planar polymer, with a low band gap and oxidation 
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potential. Therefore, the O···S contact provided the degree of rigidification and 

consequently increased effective conjugated length along the polymer chain.
41, 43

      

In addition, the stronger electron-withdrawing effect from the oxygen atoms in 

PEDOT will decrease the reduction potential.
43

   

Spencer et al. 
43

 investigated the effect of the replacement of oxygen by sulfur atoms 

in PEDOT structure via the synthesis of two new compounds called EDOT-EDTT-

EDOT (OSO) and EDTT-EDOT-EDTT (SOS) as shown in Figure 1.11. Thus, more 

effect have been shown from strong intermolecular (O···S) and (S···S) contacts and 

interchain interaction that cause to persistent conformers of (OSO) and (SOS) in both 

solid and solution states. Under electropolymerisation, it was difficult to obtain a 

suitable film for SOS, while OSO showed a good growth trace forming a neat film. 

POSO has a lower optical and electrochemical band gap (1.64 and 1.47 eV, 

respectively) than in the PSOS case (2.14, and 1.89 eV). 
43

 

 

 

Figure 1. 11. Structure of OSO and SOS43 

 

Additionally, POSO shows a bathochromic shift by exhibiting a longer wavelength 

absorption maxima compared to PSOS. This is a result of the increase in the 
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effective conjugation length and planarity in POSO. Therefore, the difference in the 

electrochemical and optical properties of these materials is attributed to the 

resonance contribution effect of oxygen atoms in POSO in comparison to sulfur 

atoms in PSOS and the effect of S-O non-covalent interactions on the polymer 

backbone planarity.
43

 POSO also has a higher electrochemical band gap and a small 

decrease in planarity compared to PEDOT (the electrochemical band gap is 1.35 eV) 

due to the sterical hindrance of S···S interactions in POSO chain.
43

 The expected 

intramolecular interactions of PEDOT, POSO and PSOS are illustrated in Figure 

1.12. 

 

 

 

Figure 1. 12. .  Expected O···S interactions for PEDOT, POSO and PSOS. 
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The sulfur atoms in the PEDTT units can be replaced by selenium atoms to give 

poly(3,4-ethylenediselena) thiophene (PEDST)
48

. The structure of PEDST is 

depicted in Figure 1.13. PEDST has been shown higher stability and more planar 

conformation compared to those of PEDTT. Stronger interchain contacts between Se 

atoms are another factor, which defines the band gap of the polymer. The 

electrochemical and UV absorption data of PEDST show agreement between an 

electrochemical and optical band gap value, which are 1.55 and 1.79 eV respectively. 

For PEDTT the corresponding values of bandgap were 2.19 and 2.15 eV 

respectively. The discrepancy in bandgaps between PEDST and PEDTT is likely to 

be attributed to the stronger interchain Se···Se interactions in addition to substituent 

and planarity effect.PEDST energy gap values were closer to the electrochemical and 

optical band gaps of PEDOT (1.35 and 1.63 eV respectively).
48

 

 
 

 

Figure 1. 13. Structure of PEDST. 

 

 

EDOT and EDTT units can also be attached to many heterocycles, leading to 

copolymers of various structures. As such, these materials can be studied to evaluate 

the effects of the EDOT (or EDTT) units to the overall electrochemical and 

electronic properties of the polymers. As an example of this case, Tanaka et al. 
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synthesised and polymerised 4,7-bis(2,3-dihydrothienodioxin-5-l)benzothiadiazole
16, 

17,48,49,50,51
compound to obtain narrow band gap PBDT polymer containing 

benzothiadiazole (BT) acceptor and 3,4-ethylenedioxythiophene (EDOT) donor 

electroactive units (Figure 1.14). This polymer exhibited high stability under redox 

cycling  and low band gap value of 1.30 eV.
50

 Thus, the alternation of donor and 

acceptor moiety in the polymer backbone creates the polymer due to donor-acceptor 

interactions. 
50,52,53

 

 

 

Figure 1. 14. Electropolymerisation of BDT 

 

 

BDT shows reversible redox processes at low potential and polymerises to PBDT on 

an indium tin oxide (ITO) working electrode. PBDT is green in the neutral state and 

its colour changes to a highly transparent light blue when doped.
 
 Polymers with 

donor-acceptor units typically show small band gaps and the value for PBDT was 

estimated as about 1.19 eV. PBDT can be used as a polymer for many colour 

applications, for example alongside poly(3-methylthiophene) (red) and PEDOT 

(blue) as the active layers in organic light emitting diodes and electrochromic devices 

owing to easy change of colour between states by structure alternations, and high 

optical contrasts.
54,55,56  

Moreover other electron donor groups based on thiophene 

derivatives have also been associated with BT acceptor units to produce conjugated 
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polymers with small band gaps, which were used in organic photovoltaic 

devices.
56,57,58 

  

The conductivity of conjugated materials can be increased by incorporating materials 

such as tetrathiafulvalene (TTF) into the polythiophene backbone. The 

electropolymerisation process of these materials cannot be accomplished directly 

from the corresponding monomer due to the TTF groupôs higher sensitivity to the 

oxidation conditions compared to the thiophene group. Bryce et al. 
37

 have described 

an electropolymerisation of the polymer film of thiophene unit incorporated with 

TTF redox active centre by the association of an ester link., Therefore small 

conjugation lengths have been shown in produced material owing to steric hindrance 

between TTF groups that would be caused distortion in polythiophene backbone, 

however in this case the electropolymerisation process has not done because 

presence of the disruption in the aromaticity of the dicationic TTF followed by the 

oxidation of thiophene units.
37

 In recent years Skabara et al.
23

 have succeeded to 

solve this problem by using nonconjugated chemical coupling (saturated spacer 

groups) to attach TTFs to polythiophene units, and hence TTF units showed 

independent electroactivity.
23

 TTF is easily converted by reversible oxidation, 

forming two stable states (TTF
+
 and TTF

++
)
59,60,61,62

 as shown in Figure 1.15.   

TTF and its derivatives have been employed in superconductor materials as charge 

transfer salts, and recently have been incorporated into conjugated polymers
27

 for use 

in several different application such as organic semiconductors and sensors.
63
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 Figure 1.15. Oxidation of TTF 
60

  

 

 

Oligo and polyfluorenes are another class of conjugated materials that exhibit unique 

properties for several applications, due to their electroluminescence quantum 

efficiency and highly tunable properties through copolymerisations.
64

 Fluorene 

derivatives emit light in the violetïto-blue colour region; as a consequence, the band 

gap, i.e. the difference between the valance and conduction bands, is generally large.  

However this material can be used in novel applications such as multicolour displays 

applications and can be modified to obtain a lower band gap when associated with 

electron-deficient units, such as the benzothiadiazole unit. Moreover, fluorene 

(Figure 1.16) based materials have been shown to be highly fluorescent and are also  

used in organic light emitting diodes and photovoltaic devices.
65,66

 

 

 

Figure 1. 16.  Structure of fluorene  
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1.6. Cyclic Voltammetry    

 

The cyclic voltammetry (CV) is one of the common electrochemical technique used 

to investigate the electrochemical behaviour of a material.
67

 This technique is used 

for measuring the oxidation and reduction potentials. When referencing against 

standard compound with a known energy level (HOMO or LUMO) the data can be 

used for estimation of the HOMO and LUMO level of the analyte.                              

In CV experiment a conventional three electrodes electrochemical cell with reference 

(RE), counter (CE) and working (WE) electrodes is used.
68

  The working electrode 

can have various shaped (cylinder, spade, or disc) and is usually made of gold, glassy 

carbon, platinum or indium tin oxide (ITO). The counter electrode is typically a 

platinum wire or gauze, to match the surface areas of the working electrode. The 

reference electrode is conventionally non-polarisable electrode such as saturated 

calomel (SCE) or Ag/AgCl aqueous electrodes. For non-aqueous solution a silver 

wire can be used as a quasireference electrode. An electrolyte is used to allow 

conduction through the solution in the electrochemical cell. The electrochemical 

behaviour of the analyte depends on the kinetics of its oxidation or reduction and 

further transformations of oxidised and reduced species.
1,55,69  

In three electrode 

scheme, the potential is applied between the working electrode and reference 

electrode and the current response is measured between the working electrode and 

counter electrode.
69

 The data are measured with internal resistance (iR) 

compensation to avoid any potential drop between working and reference electrodes, 

that can yield in a serious error.
37

 In cyclic voltammetry experiment a triangular 

shape potential waveform used to rump the voltage linearly from initial voltage to 
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particular value of end potential at forward scan and backwards from the end 

potential to its initial value at reverse scan. At this reverse scan the product of 

oxidation (reduction) that formed at the forward scan reduces (oxidises) back to the 

neutral analyte. These potential sweeps are kept at constant scan rate (V/s) and can 

be run continuously multiple times between two potentials in a single experiment. 

This  potential triangular waveform
67

 is shown in Figure 1.17.  

 

 

Figure 1.17. Variation of potential as a linear function of time 

 

The current response is plotted against potential giving a cyclic voltammogram 

plot.
55,37,70  

CV can be employed to determine the diffusion characteristics of analyte
 

Where, the scan rate test is employed to show if the redox response of a material 

(polymer) (charge transport through the polymer) is limited by diffusion or not. 

Consequently; the CV of polymeric film is usually recorded at various scan rates 

(from 25 mVs
-1
 to 500 mVs

-1
) and the values of peak current (Ip) is plotted against 

the scan rates. The linear relationship between peak current and scan rate confirms 

that the charge transport through the polymeric film is not diffusion limited.
36,41,45,43
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CV experiment can distinguish reversible, irreversible and quasi-reversible 

processes.
71,72

  Let us consider a simple reversible reaction of analyte (A), described 

by the flowing equation: 

 

Where, the analyte (A) is oxidised to (A
+
) at forward scan in positive direction. This 

process results in an anodic current, which reaches its maximum value Ipa at the 

potential Epa. At the backwards scan the oxidised species ( A
+
) is reduced back to (A) 

producing a cathodic current that reaches its maximum value Ipc at the potential Epc.
19

   

For a reversible system the current response should have similar heights for anodic 

and cathodic peaks (Ipa/Ipc=1), and the areas, which these curves circumvent, should 

be roughly equal (Figure1.18), the difference between potential of anodic and 

cathodic peaks (æEp = Epc ï Epa) is close to 59 mV /n at 25 Cº and independent of 

scan rate, where n is the number of electrons in oxidation and reduction processes.
71 
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Figure 1.18. Typical cyclic voltammogram graph of reversible redox process 
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In an electrochemical reaction, there can be the three types of mass transport, which 

can influence the kinetics of the electrochemical experiment; those are migration, 

convection and diffusion.  

In the reversible system at any reasonable scan rate the electrochemical kinetics will 

be defined by diffusion of an analyte to the electrode surface, the rate of the electron 

transfer would be fast, so that the concentration of oxidized and reduced form of the 

redox couple at the electrode surface would be governed by Nernst equation-. 

 

╔  ╔  
╡╣

▪╕
 ἴἶ
Ἓ

ἠ
 

 

Where E is the electrode potential, E° the standard electrode potential, R is 

the universal gas constant: R = 8.314 472(15) J K
ī1
mol
ī1

, T is the absolute 

temperature, [O]  and [R]  are the concentration of the oxidised and reduced species 

respectively.
71,67 

For a totally irreversible oxidation or reduction process only one forward reaction is 

considered to contribute into the electrochemical kinetics, so there is no any 

observable peak current on the backwards scant due to either instability and further 

transformations of oxidised or reduced species. or extremely sluggish rate of their 

reverse transformations.
67

 For quasi reversible reactions the both forward and reverse 

reaction are considered but with electron transfer kinetic limitations. Consequently, 

the redox process might look like reversible at low sweep rates and become quasi 

reversible at faster scans. For quasi reversible system, the current peaks for an 

http://en.wikipedia.org/wiki/Universal_gas_constant
http://en.wikipedia.org/wiki/Absolute_temperature
http://en.wikipedia.org/wiki/Absolute_temperature
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oxidation and reduction will lose their steep and become more apart compared to 

reversible case. 
71

 In quasi-reversible process the current peak (Ip) increases with the 

scan rate but is not proportional to it. Moreover the peak in quasi-reversible case 

does not show reverse scan as reported in reversible case.  

 

Diffusion is a mass transfer that is generated by the difference in the concentration of 

the dissolved species. Where, the rate of movement of solute on diffusion can be 

illustrated precisely by Fickôs first law as given in the following equation: 

 

╙  ╓
⸗╬

⸗●
 

 

Where Jo is the diffusion flux (the rate of the movement multiplied by the 

concentration of a solute or the quantity of a solute which crosses the unit area per 

unit time), Do is diffusion coefficient, the negative sign (-) means that the solute 

moves from high to low concentration region and (‬co /‬ὼ) is the change of the 

species o concentration per distance x.
73,74

 

The peak current (Ip) is controlled by diffusion of analyte its concentration and scan 

rate as shown in Randle-Sevcik equation: 

I  = (2.69 x10
5
) n

3/2
AD

1/2
Cɜ

1/2 

 

Where n is number of the electrons transferred per mole, A is the electrode surface 

area in cm
2
, D is the diffusion coefficient in cm

2
/s ,C is solution concentration in 

mole/L and ɜ is scan rate of the potential in V/s.
75
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The results of the electrochemical experiment are referenced against a stable 

reversible redox couple with known position of HOMO (LUMO) level. Since, 

ferrocene exhibit reversible oxidation wave and HOMO level for this compound is 

conventionally known, it is generally a good practice to use the redox couple of 

ferrocene/ferrocenium (Fc/Fc
+
) as a standard for the study of organic 

semiconductors.
38

  

Fc/Fc
+
 was recommended by IUPAC more than 20 years ago.

76
 Many other species 

have also been proposed as a reference redox system, such as Rb
+
/Rb(Hg) due to 

their large ionic radius and small change in the free energy of solvation of Rubidium 

ion. However, this free energy change was too big to be ignored. For this reason, 

there are many studies by  Strehlow and co-workers on a range of organometallic 

complexes to find a suitable reference redox system.
77

 Therefore, 

ferrocene/ferricenium ion (Fc/Fc
+
)
77

 is extensively used as a redox system due to the 

following properties of these ions: 

 

i) The redox couple of both components should be stable. 

ii)  The ions have low charges. 

iii)  The molecules of redox couple are spherical and have large radius. 

iv) The components of the redox system are soluble, and the redox potential 

takes place within the potential range of several solvents. 

v) There is a rapid and reversible equilibrium at the electrode surface. 

vi) No change occurs in the geometry of the ion or molecule. 
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Moreover, the kinetics and mechanism of the electrochemical reaction in cyclic 

voltammetry experiments should be monitored throughout for several factors such 

as; (i) number of peaks in the forward and reverse scan, (ii) potentials and current 

densities of each peak and (iii) shape of the peaks.  

 

In addition, cyclic voltammetry has been used as a simple method to determine the 

location of both the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) levels, and as such, the electrochemical band 

gap of monomers and polymers.
51

 The change in oxidation and reduction potentials 

of CV indicating the corresponding change in the HOMO and LUMO levels values.  

 

1.7. Band gap control and characterisation 

 

The band gap is one of the most important characteristics of organic semiconductor 

and defines the electronic and photonic property of organic conjugated materials, 

which contribute to performance of the material in a number of applications such as 

organic field effect transistor, solar cell and organic light emitting diodes. There are 

five factors (Figure 1.19) which affect the band gap value:  

(i) The degree of planarity (E
ɗ
) 

(ii)  Bond length alternation (E
ůr

)   

(iii)  Aromatic resonance energy effect (E
Res

) 

(iv) The substituent effect (E
Sub

) 

(v) Intermolecular or interchain interactions (E
Int

)  
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Figure 1.19. Parameters influencing band gap.  

 

 

(i) The degree of planarity (E
ɗ
) is characterised by the twist angles between 

adjacent rings. The higher degree of planarity and the lesser the torsion 

angles, the more narrow the band gap due to better overlap between the ˊ-

system of adjacent rings and consequently better conjugation. 

(ii)  Bond length alternation (E
ůr

) is a result of ˊ-electrons localisation within 

two centred bonds instead of being delocalised over the whole conjugated 

system, which lead to the appearance of single-double bond alternation all 

over the polymeric conjugated back-bone. It represents the main 

contribution to the value of band gap and originates from Peierls 

instability of one-dimensional organic semiconductor. Consequently the 

structure modifications leading to reduced bond length alteration are 

expected to produce decrease in band gap. The most reduced BLA exhibit 

polyacetylene (structure III) in comparison to polyaromatic system such 

as polythiophene and poly pyrrole (structures I and II  respectively).        
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On of the way to decrease BLA of polyaromatic system is to increase 

contribution of corresponding quinoidal resonance structure to the wave 

function of the ground state. 

 

 

An illustrative example of the conjugated system with increased quinoidal resonance 

contribution to the ground state is polyisothianaphthene IV, which has narrow band 

gap of about 1 eV compared to polythiophene (about 2 eV). 

 

(iii)  Aromatic resonance energy effect (E
Res

). The effect of the aromatic 

resonance energy of the rings located within the conjugated chain of the 

polymer prevents delocalisation of ˊ-electrons due to confining them 

within the aromatic systems of the rings, which lead to increase the band 

gap.  

(iv) The substituent groups (E
Sub

): The ring substituents can have a large 

effect on the band gap by influencing the electron density of the polymer 

through either electron-withdrawing or donating effects.  Substitution will 

affect the HOMO and LUMO levels and the substituent groups can also 
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cause steric hindrance to intra- and inter-chain interactions that will affect 

the distance between adjacent polymer chains. 

(v) Intermolecular or interchain interactions (E
Int

) provide further decrease of 

the band gap due to intermolecular (ˊ-ˊ) interaction or involve non-

covalent or electrostatic (dipole-dipole, qudrupole-quadrupole) 

interactions, which usually leads to aggregation with various affect on 

band gap.
78

  

 

Using CV experiment, the electrochemical HOMO-LUMO gap of a monomer or 

a polymer can be determined providing that the oxidation and reduction graphs 

are referenced to the ferrocene/ferrocenium redox couple as a reference. Firstly, 

the onsets of the first oxidation and reduction peaks of the materials can be 

converted the HOMO and LUMO energy levels of monomer or polymer by 

subtracting them from the HOMO of ferrocene, which has a known value of -4.8 

eV. Finally, the difference between HOMO and LUMO energy levels provide 

band gap value.
40

  

 

1.8. Electronic Absorption Spectroscopy 

 

The ultraviolet and visible absorption spectra of materials are associated with the 

transitions between electronic energy levels. When the material absorbs energy, then 

the electronic structure of the molecule is excited from its ground state to an excited 

state. However, there are three types of electronic transitions, involving ů, ˊ and n 
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orbitals, which can occur between bonding (filled) and anti-bonding (vacant) 

orbitals. Thus, there are four possible electronic transitions for heteroatoms, which 

are ůŸů*, nŸů*, nŸˊ* and ˊŸˊ* transitions as shown in Figure 1. 20.  

 

 

 

Figure 1.20. The possible electronic transitions for an organic molecule 

 

In ůŸů* transitions an electron is promoted from a bonding (ů) orbital to an anti-

bonding orbital (ů*). These transitions require a relatively large amount of energy 

and show an absorbance maximum normally between 100 ï 200 nm. Thus, an 

absorption maximum representing a ůŸů* transition is not shown in a typical UV-

vis spectrum, which is normally registered in the range between 200 to 700 nm.
7,79 

 

Heteroatoms with non-bonding electrons (lone pairs) are able to undergo nŸů* 

transitions that is occurring at 150 ï 250 nm, therefore, the organic functional groups 

with these transitions show small peaks in this UV region. The nŸˊ* and ˊŸˊ* 

electronic transitions have absorption maxima at wavelength between 200 and 700 
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nm. These transitions require an unsaturated group in the molecule to provide the ˊ 

electron orbitals.
7,41,68

 The absorption maxima of conjugated polymers in the UV-

Visible range occur at longer wave than for small molecules due to an increase in the 

conjugation length within the polymer chains. Thus, the ˊŸˊ* transitions at higher 

wavelength is observed for single molecules with long conjugation.
7,39 

The longer the 

conjugation in the molecule, the higher wavelength of the absorption maxima of the 

ˊŸˊ* transitions.
7, 39, 40,41,80

 The absorption spectrum of terthiophene derivatives 

shows an absorption maximum at 357 nm, corresponding to the ˊ-ˊ* transition, 

however this  peak is shifted bathochromically in the corresponding polymer to 467 

nm,
7
 and the bathochromic shift can be observed on the alkyl and alkylsulfanyl 

substitution in the terthiophenes.
39 

 

Lambert-Beer law which has been used to quantify the absorption of materials is 

shown below:   

A=Log10 
Ὅ
Ὅ= ὑ.l.c 

Where A is the absorbance, I 0 and I  are the intensities of the incident and transmitted 

light, respectively, l is the path length of the absorbing solution in centimetres, c is 

the concentration in moles per litre, and ὑ is known as the molar extinction 

coefficient (also called molar absorptivity).
68

           

The ratio (I 0 / I) is called transmittance (T). The optical density can be found from 

transmittance by the formula: 

 

A= -log (%T)  
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The optical band gap of materials can be calculated from the onset of the longest 

wave absorption band edge
7
 by using the following equation: 

 

ἏἯ  
▐╬

▄ⱦ
 

Where, Eg is the optical energy gap (eV), h is Planck constant = 6.626068 x 10
-34

 Js, 

c is the speed of light = 299,792,458 m/s, ɚ is the wavelength (nm) and e charge of 

an electron = 1.602x10
-19

C. 

 

1.9   Spectroelectrochemistry 

 

The spectroelectrochemistry (SEC) is an experiment that combines two methods, 

which are spectroscopic technique, for instance UV-Visible spectroscopy or Infrared 

(IR), and an electrochemical technique, such as CV. SEC of polymers thin-film is 

carried out by growing the solid film of a polymer onto a piece of indium tin oxide 

(ITO) coated glass. SEC experiment can also be carried out for a solution of 

electroactive compound, where the analyte is dissolved in the solvent. The SEC data 

can be plotted in three- dimensional graph with absorbance, wavelength and potential 

axes as shown in Figure 1.21. 

 



PhD Thesis 2013  
 

 
54 

 

 

 

 

Figure 1. 21.  Spectroelectrochemical plot graphs 

 

 

The spectroelectrochemistry technique shows the evolution of various spectra as the 

substrate becomes p- or n-doped through the oxidation or reduction processes 

respectively. This is achieved by applying a positive or negative voltage.                     

In a spectroelectrochemical experiment a polymer oxidation can be revealed as 

decrease in the intensity of the ˊ-ˊ* transitions of a neutral polymer and the 

generation of new bands at longer wavelengths. These are attributed to the formation 

of radical cations (polarons) and dications (bipolarons) and usually appeared in the 

visible and near IR region. Figure 1.22 is depicted the polaron and bipolaron quasi-

particles throughout the polybenzene as an example. It is useful to consider other 

important examples of polarons in conjugated oligomers and polymers.   
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Figure 1. 22.  Polarons and bipolarons in oxidised polybenzene 

 

 

The polaronic signature of oxidised PEDOT is observed between the range of 850 to 

860 nm, yet it is difficult to observe in the doped PEDTT.
43

 The 

spectroelectrochemical studies of TTF derivatives exhibit two new absorption peaks 

at 800 and 390 nm, which are corresponding to the formation of radical cation 

(TTF
+·

) and dication (TTF
2+

) respectively.
23,28

 However, the hybrid electroactive 

system  poly(DPP-TTF) shows additional new broad band between 890 and 1100 

nm, which can be attributed to the charge transfer from TTF unit to the conjugated 

polymer chain.
81

 Polarons and bipolarons are shown as two separate peaks in the 

spectroelectrochemical graph, but in some cases they can be close together or 

combined into one peak.
35

 Spectroelectrochemical measurements can also be used to 

study the switching rates of the polymer between two colour states (neutral and 

doped states).   The switching rate measurements by UV-Vis spectroscopy and CV 

shows the ability of the polymer, (which was grown on ITO coated glass slide) to 

switch continuously between neutral and doped states of the polymer. In such an 
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experiment, the absorbance is monitored at the wavelength corresponding to the 

longest wavelength absorption maximum of the polymer (the greatest difference in 

transmittance (absorbance) at neutral and doped states) and then determine the 

change percentage in transmittance of the polymer at specific switching times 

values.
27,43,82

 

 

1.10. Applications 

 

Organic semiconductors are employed in several electronic devices due to their 

distinctive properties such as high mechanical flexibility, good performance, low 

cost, high colouration efficiency and high stability. 
83

 Examples include thin film and 

organic field effect transostors (OFETs), organic light emitting diodes (OLEDs), 

photovoltaic cells (OPVs),
83

 switches, smart windows and displays.
43

 Organic 

semiconductors can be key components in everyday applications such as electronic 

displays, smart cards, identification tags and electrochromic sunglasses.
24

  

 

1.10.1. Electrochromism 

 

Electrochromic materials display a reversible and highly stable change in their 

optical properties during the application of a voltage. Many types of organic 

materials show electrochromism.
16,38,43,84 

Generally, the difference between the 

electronic absorption bands in the visible region that generates the electrochromic 

behaviour corresponds to a change in the oxidation and reduction processes.
85

 For 

utilization in electrochromic devices, the organic electrochromic materials must 
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exhibit or possess multiple colours, rapid switching times, high contrast, high 

colouration efficiency, and good stability. Electrochromic polymers are an interesting 

class of conjugated polymers, since they have the ability to change colour and 

possess high optical contrasts, stability, fast switching times, and tunable band 

gaps.
7,24   

 Electrochromic polymers can be used in many applications such as smart 

windows, multi-coloured displays and image generation.
24

 The common 

electrochromic device can be constructed from a number of layers as displayed in 

Figure 1. 23. 

 

 

Figure 1.23.  Design and working principle of the electrochromic device.
86,85 

 

 

Conjugated materials such as blue PEDOT, red poly(3-hexylthiophene) (P3HT) and 

green poly (aniline-N-butylsulfonate) (PANBS) absorb the three primary colours red, 

green and blue (RGB) for use in electrochromic devices.
87

 Additionally,
 
in PEDOT, 

the chromatic contrast appears in the visible region with a wavelength maximum at 

650 nm.
86

 Therefore, PEDOT is considered highly suitable for electrochromic 
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applications due to its easy processability and high degree of electrochromic contrast 

in the visible region of the spectrum. It has low energy band gap and is switched 

between dark blue colour in neutral state and transparent blue colour in oxidised 

state. On the other hand, polythiophene has a red colour in the neutral state and is 

blue when p-doped.
7,45,43,88  

Excellent electrochromic behaviour has been observed in 

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) due to its  

high conductivity, high stability and high contrast at low potential.
89

 Several types of 

conducting polymers including polypyrrole, polyselenophene and their derivatives 

exhibit electrochromic behaviour and stability of their optical and electrical 

properties in both oxidised and neutral states. Such polymers have been used in many 

applications such as smart windows, electrochromic sunglasses and displays.
82

 

 

1.10.2. Organic field effect transistor 

 

Organic semiconductor materials are highly important components in field effect 

transistors due to their characteristics such as simple structures, cheap production, 

ease of purification, high performance, high mobility and capability to be deployed 

in large-area electronic products.  OFETs can be used in several applications such as 

control elements for displays and sensors.
90

  A typical structure of an organic field 

effect transistor device contains several layers, including the gate electrode, dielectric 

layer (silicon dioxide), semiconductor layer and source and drain electrodes. The 

source and drain electrodes are in contact with a semiconductor layer, and a 

conductive substrate acts as the gate electrode .
76,91

 The structure of an OFET device 

is shown in the Figure 1.24. 
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Figure 1.24.  Structure of an OFET device 

 

Insulating polymers can be used as the insulator layer coated on the gate electrode.  

In the off state of the OFET, where VG = 0, there is a negligibly current flowing 

through the semiconductor layer between the source and drain electrodes. When a 

voltage is applied to the gate electrode, an electrical field is created in the dielectric 

layer and this causes an increase in the number of holes and electrons at the 

semiconductor/dielectric interface. This in turn results in a shift in the molecular 

orbital energy levels of the semiconductor (change in HOMO and LUMO levels).  

Consequently the charges (holes and electrons) can be transported between the 

source and drain electrodes, thus the electrical current pass through the OFET device. 

Based on the type of charge carriers, organic semiconductors can be divided into two 

types; p-type and the n-type.  In p-type OFET the negative voltage of the gate leads 

to rising HOMO level of the semiconductor and after aligning it to the Fermi level of 

the electrode the holes can be injected from the source. In n-type device it is the 
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LUMO level of the semiconductor that should be aligned with Fermi level of the 

electrodes at positive voltage of the gate before electron will be injected from the 

source electrode.
88,92 

The operating principle of OFETs based on organic 

semiconductors is presented by the simplified energy level diagram on the                 

Figure 1. 25. 

 

Figure 1.25. Illustration of a principle of an OFET with respect to applied VG. (a) 

When VG= 0, (b) VG < 0 and (c) VG > 0.  

 

Organic conjugated materials are used in thin film field effect transistors (OFET) 

because they can possess high mobility and stability.
91

  Many organic electroactive 

compounds such as pentacene, rubrene, thiophene derivatives, and tetrathiafulvalene 

can be used as semiconductor materials with high mobility in organic field effect 

transistors.91,93
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1.10.3. Organic light emitting diodes 

 

Semiconducting and luminescent ˊ-conjugated materials are used in organic light 

emitting diodes (OLEDs). They are suitable for such applications due to their 

processability, flexibility and large-area coverage, which are advantages over 

conventional semiconductor materials.
64

 Electroluminescent materials emit light in 

the visible spectrum when an electric field is applied.
91,64,94

 Organic semiconductors 

suitable for OLEDs require many key characteristics such as a fast response, low 

drive voltage, full -colour emission and large thin film area.
95

                             

In multilayer LED device there are hole-conducting (p-type) and electron-conducting 

(n-type) layers. Under an applied electric potential the holes and the electrons are 

injected from the anode and cathode respectively into organic semiconductor layers. 

Where, the injected holes and electrons will travel through the adjacent organic 

semiconductor layers, and then create electronically excited states by recombination 

of charge carriers, which results in generation the huge depletion region between p 

and n organic semiconductor layers, accompanied by decrease of its resistance, 

consequently, the excited state, formed on recombination can relax to the ground 

state to emit a photon of visible light.
96,97,95 

A typical single layer OLED with a thin 

film of conjugated polymer between two electrodes is shown in the Figure 1. 26. 
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Figure 1.26. Operation principles of organic light emitting diode device
95

  

 

Conjugated polymers such as polyphenylene vinylene (PPV) derivatives and 

polyfluorenes are used as green and blue electroluminescent materials respectively in 

organic light emitting diodes.
64,98 

 

 1.10.4 .Photovoltaics  

 

In recent years, organic photovoltaic devices have been developed to provide unique 

properties that are different from their inorganic based solar cells. These properties 

are flexibility, low cost fabrication and light weight.
99

   

In a solar cell (or organic photovoltaic), the molecules or polymers can absorb 

photons from sunlight and convert them to electrical energy. In these devices the 

band gap and the energy positions of HOMO-LUMO energy levels have a large 

influence in the efficiency of the devices.
100,101,102,95
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The structure of a typical organic photovoltaic device includes donor and acceptor 

phase sandwiched between anode (usually tin-doped indium oxide - ITO) and metal 

cathode often with additional layer for instance PEDOT: poly(styrene sulfonic acid 

(PSS), which is localised between anode and donor phase to improve hole 

conduction. On the other hand, the pn- heterojunction cell contains double layers of 

organic thin films, connected with two electrodes, the electrons and holes between p-

type and n-type organic semiconductors layers would be played an essential role in 

device performance.
95

 The set-up of pn-heterojunction photovoltaics cell is shown in 

Figure 1.27.
99

 

 

 

Figure 1.27. Operation principles of pn-heterojunction organic photovoltaics
95 

 

The operating principle of pn-heterojunction organic photovoltaics can be described 

through absorption of the sunlight by the conjugated semiconductor material (for 

instance donor-acceptor polymer) that will lead to generation of an excited state or 
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exciton. The exciton diffuses to the pn-heterojunction and dissociate, creating 

electrons and holes in donor and acceptor phases respectively.
102,103,104,95 

Electrons 

and holes will travel away from the donor/acceptor organic interface to their 

corresponding electrodes resulting in a current flow and generation of electric 

potential across the device. This process is the opposite to the operation process of 

organic light emitting diodes device, where the charges injected from anode and 

cathode form an excited states and then they  emit the photons out of OLEDS.
100,95

 

Semiconductor copolymers materials such as poly(3-hexylthiophene) and 

tetrathienoanthracene can be used in efficient solar cells due to their exceptional 

properties for instance broad optical absorption and high charge mobility.
105,106,107
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Chapter 2 

 

 

 

 

2. Thiophene Copolymers with Electroactive 

Nitrogen Heterocycles. 
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2.1. Electropolymerisation of a Novel Heteropentalene Mesomeric Betaine: 

Preparation of a Novel low Band Gap Conjugated Polymer. 

2.1.1 Introduction 

 

Many studies have focused on polythiophene and its derivatives.  Their synthesis and 

properties continue to attract considerable interest, particularly when studied as 

conducting polymers.
30,108,109,110

 One of the fundamental challenges of polythiophene 

chemistry is lowering the  band-gap of parent system  to prepare more useful 

materials. This is often achieved by introducing pendant substituents onto the 

polymer backbone in order to increase the energy of the highest occupied molecular 

orbital (HOMO) or to reduce the energy of the lowest unoccupied molecular orbital 

(LUMO). The band-gaps in polythiophenes are typically in the region of 2 eV 

although some polymers have been reported with significantly lower values.  For 

example, the band-gap of regioregular polyalkylthiophenes was determined as 1.7 

eV.
111,112

 Larger changes in the band-gap can be achieved by adding stronger 

electron-donating or withdrawing side groups. Tanaka and Yamashita
113

 have 

prepared and electro-polymerised thienyl-substituted thienothiadiazole
51,113

 

(compound 1) giving the polymer (2), which has a band gap of Eg = 0.9 eV.  The 

heterocycles of compound (1) can be represented by either a dipolar structure 1a or a 

non-classical structure 1b. The parent thienothiadiazole
51,113

 system (3) is a 

representative of a Type A heteropentalene mesomeric betaine (HMB) as categorised 

by Ramsden.
114

 Type A HMBs are associated with the general core structure (4) in 

which the heteroatoms X and Y formally contribute a pair of electrons to the             
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-́system. An important feature of the Type A HMB structure (4) is that the HOMO 

is topologically and energetically similar to a non-bonding molecular orbital 

(NBMO) whose electron-density distribution is depicted in structure (5).
114

 

Accordingly, the HOMOïLUMO energy separation in these systems is relatively 

small. In the same way, the thiophene substituted HMB (1) is expected to have a 

relatively small HOMOïLUMO energy separation, which is reflected in the energy 

gap of the polymer (2) and related systems.
115

 Other extended Type A HMB 

derivatives (6) and (7) have also been prepared and electropolymerised to yield 

polymers with Eg in the range between 0.5 to 0.8 eV.
116,117,118,119,120

  The structures of 

Type A heterocycles are depicted in Scheme 2.1. 

 

 

 

 

Scheme 2.1. Structures of compounds 1-7 
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In Type B HMBs, the heteroatoms X and Y are located at the bridgehead positions as 

shown in structure (8).
114

 Type B HMBs are similarly associated with a HOMO that 

is topologically and energetically similar to a non-bonding molecular orbital and 

consequently might also provide a convenient core for the construction of novel low 

band gap polymers.  

 This chapter describes the electro-polymerisation of the 3,4-

ethylenedioxoythiophene (EDOT)-containing monomer (9) based upon the core 

dibenzo-Type B HMB system (10). The pendant EDOT group was chosen in view of 

its widespread recent use in advanced functional ˊ-conjugated systems and its high 

tendency for promoting electro-polymerisation in multi-aryl monomers.
121

 

Heterocycle (10) was prepared in several steps from ortho-phenylenediamine as 

reported previously.
122

 Bromination
123

 of compound (10) as described in the 

literature gave the dibromo-derivative (11) as the major product, together with a 

significant quantity of the tribromo-compound (12). This mixture was subjected to a 

Stille coupling reaction with the stannane (13),
124

 yielding the required thiophene-

containing monomer 9 after purification. The structure of compounds 8 to 13 are 

illustrated in Scheme 2.2. 

 

Scheme 2.2.The structure of compounds 8 to 13
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2.1.2 Experimental 

 

The monomer was prepared synthetically by Alexander Gehre, Stephen P. Stanforth
 

(University of Northumbria) and Filipe Vilela (University of Strathclyde).               

Cyclic voltammetry experiments were carried out using a CH 660A Instruments 

potentiostat with iR compensation. The electrochemical cells consisted of three 

electrodes: a glassy carbon electrode, a platinum wire counter electrode and a silver 

wire as the reference electrode. All cyclic voltammetry experiments were referenced 

to the Fc/Fc
+
 redox couple as an internal standard. Using dichloromethane as the 

monomer and monomer-free solvents, Argon gas (Ar) was used to degas solutions 

for cyclic voltammetry. Monomer concentration is ca. 10
ī4

 M, with 0.1 M n-

Bu4NPF6 as supporting electrolyte at a óscan rate of 0.1Vs
ī1

.      

All electronic absorption spectra were recorded at room temperature on a UNICAM 

UV 300 spectrophotometer operating between 190 to 1100 nm and between 300 and 

1100 nm for the monomer and polymer respectively. For solution spectra, a 1 cm
3
 

path length quartz cell was used and the baselines were measured before analysis. 
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2.1.3. Absorption Spectroscopy and Electrochemistry of Monomers 

 

Compound 9 showed two major peaks at 308 and 467 nm, and three shoulders at 

345, 442 and 488 nm. The peak at 308 nm is attributed to the n-ˊ* transition of the 

nitrogen lone pairs, the shoulder at 345 nm corresponds to the lone pairs of the 

oxygen atom in the EDOT units and the peak at 467nm is due to the ˊ-ˊ* transition 

from the conjugated portion of the compound. 

 Compound 11 shows three peaks at 268, 403 and 426 nm. The first peak at 268 nm 

is the ˂ max corresponding to the n-ˊ* transition from the lone pairs of the nitrogen 

atoms. The second peak occurring at 403 nm and the final peak at 426 nm is assigned 

to -́ˊ* transition from the conjugated part of the compound. The peak at 403 nm in 

compound 11 has shifted to 442 nm in compound 9, a difference of 39 nm. The ˊ-ˊ* 

transition is bathochromically shifted from 426 nm in compound 11 to 467 nm in 

compound 9.  

The onset of the absorption edge at 529 nm of compound 9 allowed the optical 

HOMO-LUMO gap (2.35 eV) to be determined; this is lower than that of compound 

11 (2.82 eV), which is expected due to the addition of the EDOT units in compound 

9. The absorption spectra of heterocycles 9 and 11 are illustrated in Figure 2.28. 
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Figure 2.28. UV-Vis spectra of compounds 9 and 11 measured in dichloromethane  

 

The oxidation of dibromo-derivative 11 gives an irreversible peaks at +1.02 and 

+1.49 V, while the peak maximum for the oxidation of the bis-EDOT compound 9 

occurs at a lower oxidation potential (+0.46V). The oxidation gives rise to a radical 

cation on one or both of the EDOT units as shown in Figure 2.29. 

 

 

Figure 2. 29. Oxidation of EDOT unit in compound 9 
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The reduction of monomer 9 showed an irreversible wave at -2.3V and this has been 

attributed to reduction of the central core unit producing the dianion (structure14), 

which is isoelectronic with the cyclooctatetraene dianion.  

 

Under identical conditions, two irreversible reduction peaks were observed at -1.88 

and 2.15V for compound 11. All oxidation and reduction processes of two monomers 

are displayed in Figure 2.30. 
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Figure 2. 30. Monomer (a) oxidation and (b) reduction of monomers 9 and 11 in 

CH2Cl2 using a glassy carbon working electrode, Ag wire reference electrode and Pt 

counter electrode; the monomer concentration was ca. 10
-4
M, with 0.1 M TBAPF6 as 

supporting electrolyte. The scan rate was 0.1V s
-1
, and the data are referenced to the 

Fc/Fc
+
 redox couple. 

 

 

The electrochemical HOMOïLUMO gaps of monomer 9 and 11 are 2.34 and 3.28 

eV, which were determined from the difference in the onsets of the first oxidation 
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(+0.32 V) and reduction (-2.02 V) peaks for monomer 9 and from the difference in 

the onsets of first oxidation (+0.846 V) and reduction (-1.79 V) (using the oxidation 

and reduction peaks in Figure. 2.30).  

HOMO and LUMO levels are calculated by subtracting the onsets from the HOMO 

of ferrocene, which has an identified value of -4.8 eV. These results are indicative of 

the electron-donating contribution of the EDOT units, which raise the LUMO and 

HOMO of compound 9 closer to vacuum. It has to be noted that compound 11 exists 

as a mixture with the tribromo derivative 12, but it is anticipated that the redox 

properties of the two compounds will not differ greatly. All the electrochemical data 

of both monomers is illustrated in Table 2.1. 

 

Table 2.1. Electrochemical data for monomer 9 and 11 HOMO and LUMO values 

calculated from the onset of the first peak of the corresponding redox wave and 

referenced to ferrocene, which has a HOMO of -4.8 eV. 

Monomer 

Onset 

oxidation 

/ V 

HOMO/eV 

Onset 

reduction 
/ V 

LUMO/eV 

HOMO-       

LUMO 

/ eV 

9 +0.32   -5.12 -2.02 -2.78 2.34 

11 +0.846 -5.64 -1.92 -3.01 2.62 

      

 

 

2.1.4. Electropolymerisation of Compound 9 

 

Electropolymerisation of compound 9 was achieved through repetitive cycling over 

the first oxidation peak of the monomer. Therefore the polymer was grown between   

-400 to +700 mV referenced to Fc/Fc
+
. The growth of the polymer was monitored 

through the increase in current with each cycle and the development of a new peak at 

lower potential (Figure. 2.31).  
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Figure2.31. Polymer growth of compound 9.The substrate concentration was ca.10
-4
 

M and TBAPF6 was used as the supporting electrolyte (0.1 M). A glassy carbon 

working electrode and scan rate of 100 mV s
-1
 were used. 

 

 

The electrochemical band-gap of poly9 was determined once again by cyclic 

voltammetry from the onsets of the oxidation (-0.11 V) and reduction (-2.04 V) 

waves. The reduction of the polymer showed an irreversible peak at -2.3 eV, which 

was attributed to the reduction of the central core unit in a similar fashion to the 

reduction of monomer 9 described above. Both the oxidation and reduction cycles of 

the polymer are shown in Figure 2.32.  

The data allow the electrochemical band gap to be calculated by subtracting the 

onsets of the first oxidation and reduction peaks from the known HOMO of ferrocene 

(-4.8 eV) to give a value of 1.93 eV as revealed in Table 2.2. 
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Figure 2.32. (a) Cyclic voltammogram and (b) reduction of poly9 using a glassy 

carbon working electrode in monomer-free CH2Cl2 (0.1 M TBAPF6 as supporting 

electrolyte, at a scan rate of 100mVs
ī1

) 

 

 

Table 2.2. Electrochemical data for poly9, HOMO and LUMO values were 

calculated from the onset of the first peak of the corresponding redox wave and were 

referenced to ferrocene, which has a HOMO of -4.8 eV. 

Polymer 
Onset 

oxidation/V 
HOMO/eV 

Onset 

reduction/V 
LUMO/eV 

HOMO-

LUMO/eV 

      

9 -0.11 -4.69 -2.04 -2.76 1.93 

      

 

2.1.5. Oxidation Stability, Scan Rate and Optical properties of the Polymer 

 

The stability of the polymer towards p-doping was established by repetitive cycling 

over the oxidation wave of the polymer.  

The polymer was found to be reasonably stable under oxidative conditions, with only 

an 11% decrease in the current response over 80 cycles (Figure. 2.33).  
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Figure 2. 33.  Oxidation stability of poly9, in monomer free CH2Cl2, at a scan rate of 

100mVs
ī1

, over 80 cycles, using glassy carbon working electrode, Ag wire reference 

electrode and Pt counter electrode and 0.1 M TBAPF6 as supporting electrolyte. The 

data is referenced to the Fc/Fc
+
 redox couple. 

 

 

To determine if the oxidation of the polymer was limited by diffusion, the oxidation 

of the polymer was recorded at various scan rates as shown in Figure 2.34. A plot of 

scan rate versus peak current (Figure 2.35) provides a straight-line graph (R
2
 = 

0.9977), indicating the presence and stability of the polymer on the working 

electrode, and it is not diffusion limited. 
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Figure 2.34.  Cyclic voltammograms of poly9 at varying scan rates 

 

 

 

Figure 2.35. Scan rate vs. peak current maxima of poly9 

 

 

The optical band gap of the polymer 9 was determined by growing the polymer onto 

a piece of ITO-coated glass slide. The polymer was grown by cycling between 0 and 

1100 mV vs. Fc/Fc
+
 then de-doped between -0.4 and -0.2 V. The spectrum shows an 

y = 0.0688x + 1.8476
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absorption maxima peak of 547 nm, which corresponds to a shift of 80 nm for the ́-

ˊ* transition when compared to the monomer (467nm). The absorption spectrum for 

this polymer is shown in Figure. 2.36. Estimation of the onset of the highest 

absorption edge after de-doping the polymer (ca. 707 nm) gives an optical band gap 

of 1.75 eV, that is marginally lower than the band gap determined electrochemically 

(1.93 eV). 
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Figure 2.36.  Solid state absorption spectrum of poly9 on ITO-coated glass 

 

 

2.1.6.  UV-vis Spectroelectrochemistry of Polymer 9 

 

To test the p-doping and n-doping effects on poly9, oxidation and reduction 

spectroelectrochemical measurements were performed.  The p-doping of the polymer 

in Figure 2.37a shows that from 200 mV onwards, polarons start to form in the 

polymer chain and this can be seen from the development of new absorption band 

between 650 and 900 nm along with a decrease in the ˊ-ˊ* band at 500 nm. At 800 

mV a bipolaron band can be observed to form with the formation of a new absorption 
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band at 900 nm. From 1600 mV onwards, there is a drop in absorbance 

corresponding to the breakdown of the polymer into soluble material. There is very 

little change in the reduction features in spectroelectrochemical graph; there is a 

small increase in the absorption at  700 nm and -1000 mV as shown in Figure 2.37b. 

 

 
Figure 2.37. UV-vis spectroelectroelectrochemical plot of upon (a) p-doping and (b) 

n-doping of poly9 deposited on ITO glass, Ag wire reference electrode and Pt 

counter electrode. Experiments were run in monomer-free dichloromethane solution 

in the presence of TBAPF6 (0.1 M)  
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2.1.7. Polymer Switching 

 

The ability of the polymer to switch between colour states was tested by measuring 

the absorbance at 1100 nm and switching the potential between (-0.4 V and +1.3 V) 

at different rates, as shown in Figure 2.38. 
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Figure 2.38. Change in optical absorbance at 1100 nm for poly9 on ITO glass as a 

function of switching rate between -0.4 and +1.3 V, at varying times: 10, 5, and 2.5  

seconds (top graph) and 1.25 ,0.5 , and 0.25 seconds (bottom graph) 
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The switching times used for these measurements were 10, 5, 2.5, 1.25, 0.5, and 0.25 

seconds. The % change in absorbance for each experiment is shown in Table 2.3. 

 

Table 2.3. Switching times and % change in absorbance for poly9. 

% Change Switching Time / s 

80.8 10 

65.4 5 

47.15 2.5 

21.95 1.25 

9.8 0.5 

4.0 0.25 

 

 

The switching experiments show that with a 10 second switch there is an 80.8% 

change in absorbance, which is a slow change but with high contrast. However, with 

a 0.25 second switching rate, the change in absorbance was only 4.0%. 

 

2.1.8. Other work  

 

A further two compounds (15 and 16) have been analysed by UV spectroscopy and 

cyclic voltammetry and their properties compared with compounds 9 and 11.  

Compounds 15 and 16 are similar to the central core units of compounds 9, 10, 11 

and 12 as illustrated in Figure 2.39. 
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Figure 2.39.   Chemical structures of compounds 15 and 16  

 

2.1.8.1 Absorption Spectroscopy and Electrochemistry of Monomers 15 and 16 

The absorption spectrum of compound 15 shows three peaks at 258, 386, and 406 

nm. The first peak at 258 nm correspond to the n-ˊ* transition from the lone pairs of 

the nitrogen atoms. The second peak occurs at 386 nm and the final peak occurs at 

406 nm, which is -́ˊ* transition from the conjugation of the compound. However, 

the absorption spectrum of compound 16 also shows three peaks at 238 nm, 281 nm 

and 362 nm. These peaks were hyposchromically shifted compared to compound 11.  

The optical HOMO-LUMO gaps of compound 15 and 16 were 2.96 and 3.3 eV 

respectively; these are higher than the values of compound 9 and 11 (2.38 and 2.82 

eV respectively). Figure 2.40 shows the absorption spectra of compounds 15 and 16. 

250 300 350 400 450 500

-0.3

0.0

0.3

0.6

0.9  15

A
b

s
o

rb
a

n
c
e

 /
 a

.u
.

Wavelength / nm

250 300 350 400 450 500

-0.5

0.0

0.5

1.0

1.5

2.0

 16

A
b

s
o

rb
a

n
c
e

 /
 a

.u
.

Wavelength / nm

 

Figure 2.40.  UV/ Vis spectra of compound 15 and 16 measured in dichloromethane 

 

Cyclic voltammetry experiments performed on compounds 15 and 16 have shown 

the oxidation processes are reversible, but the reduction processes of these 
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compounds were irreversible (Figure 2.41).  Compounds 15 and 16 have exhibited 

reversible oxidation peaks at (+0.78/+0.70V), and (+0.92/+0.86V) respectively, but 

the reduction processes gave irreversible peaks at -2.17 and -2.43 V for compounds 

15 and 16 respectively, which are similar values to the reduction peaks in compounds 

9 and 11. 
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Figure 2.41. (a) Oxidation and (b) reduction of compound 15 and 16  on a glassy 

carbon working electrode, Ag wire reference electrode and Pt counter electrode in 

dichloromethane, concentration ca. 10
ī4

 M , with 0.1 M TBAPF6 as supporting 

electrolyte at a scan rate of 100mVs
ī1

. The data is referenced to the Fc/Fc
+
 redox 

couple. 
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The difference between the HOMO and LUMO values gave an electrochemical 

HOMO-LUMO gap for compounds 15 and 16 that is almost the same value as the 

optical band gap (2.96 and 3.3 eV respectively), but there are slight differences when 

compared  to the electrochemical HOMO-LUMO gap values of compound 11 and 9 

(3.28 eV and 2.34 eV respectively). Table 2.4 represents the electrochemical data for 

compounds 15 and 16. 

 

 Table 2.4. Electrochemical data for monomer 15 and 16. HOMO and LUMO values 

were calculated from the onset of the first peak of the corresponding redox wave and 

referenced to ferrocene, which has a HOMO of -4.8 eV. 

 

Monomer 
Onset 

oxidation / V 
HOMO/eV 

Onset 

reduction / 

V 

LUMO/eV 
HOMO-

LUMO / eV 

15 +0.68 -5.48 -2.0 -2.8 2.68 

16 +0.82 -5.62 -2.36 -2.44 3.18 

      

 

 

 

2.1.9. Conclusions 

 

In conclusion the 3,4-ethylenedioxythiophene (EDOT) containing heteropentalene 

mesomeric betaine (9) has been prepared and successfully electropolymerised when 

coated onto an indium tin oxide (ITO) covered glass slide yielding a polymer with a 

band-gap of 1.75ï1.93 eV. The polymer of compound 9 is reasonably stable to 

anodic conditions and the scan rate test proves that the polymer is not diffusion 

limited. Polymer 9 has shown fast switching rate between doped and de-doped states, 

when a 10 second switch is applied there is an 80.8% change, but a 0.25 second 
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switching rate afforded only a 4.0% change. This is the first example of a polymer 

possessing a type B heteropentalene mesomeric betaine core. UV spectroscopy and 

cyclic voltammetry techniques of monomers 15 and 16 have revealed similar 

properties when compared to compounds 9 and 11. 
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2.2. Electrochemistry, Spectroscopy and Spectroelectrochemistry of novel 

organic conjugated molecule based on the benzothiadiazole unit. 

2.2.1 Introduction 

 

The donor-acceptor structure in conjugated polymers has been introduced in recent 

years to afford polymers with narrow band gaps that have proven to be highly 

efficient in several electronic applications.
125,126,127

  In addition  these  groups in the 

polymer chain have exposed high stability to the doping process with different 

charge carriers during the redox process that is considered to be one of the main 

processes  to decrease the distance between conduction and valance bands values.
128

 

The benzothiadiazole (BT) unit is considered to be one of the best units to introduce 

a low band gap value. When BT is incorporated with electron-rich units, the 

extension of the conjugated length appears, due to the  occurrence  of intarmolecular 

charge transfer (ICT) in donor-acceptor structure.
129

 Donor-acceptor polymers 

exhibited remarkable properties such as fast and reversible colour changing. This has 

pushed them to be employed in electrochromic applications for instance smart 

windows and mirrors.
125,130

  Wald et al. and Toppare et al. have investigated  donor-

acceptor materials based on 3,4-ethylenedioxythiophene (EDOT) and 

benzothiadiazole (BT)  as donor and acceptor units respectively, that exhibited an 

extremely low band gap and high stability under redox cycling.
50

 Therefore these 

materials are candidates for electrochromic applications owing to their fast switching 

and reversible change between green and transmissive light blue in the neutral and 

doped states, respectively.
125,131,54,132

  Similarly, Elshehawy et al investigated a series 
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of donor-acceptor alternating conjugated copolymers based on hexylthiophene and 

BT units. From these studies, broader absorption bands and small highest occupied 

and lowest unoccupied molecular orbital values have been demonstrated.
129

  

Thiophene derivatives have been studied previously and they have shown 

exceptional electroactive behaviour in both monomer and polymer cases. These 

materials acted as a conducting polymer due to its properties such as low oxidation 

potential and high conductivity. Therefore, these materials were used in several 

applications such as organic field effect transistors, light emitting diodes, solar cells 

and electrochromic materials.
133

 Materials based on electron-donor (p-type 

conjugated polymer) and an electron-acceptor (n-type) were used as an active layer 

between two electrodes in photovoltaic devices, hence numerous researchers have 

focused their attention on these materials due to their light weight, large area, low 

cost and flexibility. An electron-deficient benzothiadiazole (BT) molecule has been 

attached to electron rich molecules such as thiophene derivatives have unique optical 

and electrochemical properties due to its conjugated nature.
134,135

 These conjugated 

materials have been synthesised and characterised to enhance the electrochemical 

and optical properties for instance low HOMO-LUMO gap values, fast switching 

time, high optical contrast and high conductivity.
133

  

In this section of this chapter, three monomers (17-19) and their polymers have been 

characterised. Poly17, poly18 and Poly19 have been prepared electrochemically and 

studied using electrochemical and spectroelectrochemical experiments. Monomers 

17-19 contain a benzothiadiazole core, attached to two EDTT, 3-hexylthiophene or 

bis EDOT units respectively. 
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2.2.2 Synthesis and experimental 

 

Benzothiadiazole was dibrominated using HBr and Br2.  3,4-Ethylenedioxythiophene 

(EDOT), 3,4-ethylenedithiothiophene (EDTT) and 3-hexylthiophene were 

stannylated via lithiation followed by the addition of Me3SnCl at -78°C.  Compounds 

17, 18 and 19 were obtained in good yield (78, 82 and 67% respectively) using 

microwave assisted Stille cross coupling at 160°C and Pd(PPh3)4 as the catalyst.
49

  

All monomers were prepared synthetically by Filipe Vilela and Neil Findlay 

(University of Strathclyde). The synthesis and structures of the three compounds are 

illustrated in scheme 2.3 and Figure 2.42.  

 

 

 

Scheme 2.3. The synthesis of compounds 17 to 19 
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Figure 2.42. Structures of monomer 17, 18 and 19 

 

The electrochemical measurements were investigated by cyclic voltammetry using a 

CH Instruments 660A electrochemical workstation with iR compensation and 

dichloromethane or acetonitrile as the monomer and monomer-free solvents, 

respectively. Glassy carbon or gold was used as the working electrode, with platinum 

wire and silver wire as the counter and reference electrode, respectively. All 

solutions were degassed with (Ar) and contained monomer substrates of ca. 10
-4
 M 

concentration. Tetrabutylammonium hexafluorophosphate (TBAPF6) 0.1 M was used 

as the supporting electrolyte.  All measurements are referenced against the E
1/2 

of the 

Fc/Fc
+
 redox couple. Spectroelectrochemical on ITO glass slide, spectroscopic and 

switching experiments have been achieved by using UNICAM UV300 

spectrophotometer. 
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2.2.3 Absorption Spectroscopy and Electrochemistry of Monomers 

 

The absorption spectra of monomers 17, 18 and 19 were performed in acetonitrile 

solution.  

The absorption spectrum exhibits two peaks at 299 and 448 nm for monomer 17 

(Figure 2.43). The peak at 299 nm corresponds to the ˊ-ˊ* transition from the 

conjugated chain of compound and the second peak at 448 nm can be assigned to 

intramolecular charge transfer interactions (ICT) of the monomer. The absorption 

spectrum of monomer 18 shows two peaks at 311 and 457 nm, which have shifted 

bathochromically compared to the peaks in the monomer 17. For monomer 19, three 

peaks at 262, 321, and 492 nm were observed. The highest absorption band at 492 

nm exhibits a red shift compared to the peaks in monomers 17 and 18, which is a 

arising from the intramolecular chalcogenï chalcogen interactions observed in the 

crystal structures of the monomers, therefore resulting an extended conjugation form 

of the two EDOT groups in monomer 19, and increased number of sulfur atoms in 

the rest of monomers. 
43

   

The onset of the absorption edge gives the optical HOMO-LUMO gaps for the 

monomers. The optical HOMO-LUMO gap values calculated were found to be 2.37, 

2.35 and 1.98 eV for monomers 17, 18 and 19 respectively, indicating that the 

different side groups in the monomers had a significant effect on the electronic 

transitions.  The higher band gap value in monomer 17 compared to monomer 19 can 

be attributed to the different effect of EDOT  and EDTT units in these monomers.
43
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Figure 2.43. Solution state electronic absorption spectrum monomers 17, 18 and 19 

in acetonitrile. 

 

 

The electrochemistry of the monomers was achieved by cyclic voltammetry in an 

acetonitrile solution with a gold disc electrode for 17 and in dichloromethane solvent 

with a glassy carbon working electrode for 18 and 19 (silver wire was used as the 

reference electrode in all cases). Monomer 17 has two quasi-reversible peaks at 

+0.58 and +0.75V, these peaks could be attributed to the sequential removal of two 

electrons from the EDTT units to give a radical cation and then dication (Figure 

2.44). 

 

 

Figure 2. 44. Schematic representation of the electrochemical oxidation for 17 
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The oxidation of monomers 18 and 19 shows one quasi reversible peak at +0.71 and 

+0.46V where each is losing electrons to result in a dication centred on the thiophene 

and EDOT groups. The difference of oxidation potential values in the monomers is 

attributed to the different side group structures. Monomer 19 has a lower potential 

compared with other monomers because of the EDOT units in its structure. The 

oxidation graphs of the monomers are illustrated in Figure 2.45. 
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Figure 2.45. Cyclic voltammograms of oxidation of 17, 18 and 19, in an acetonitrile 

solution with a gold disc electrode for 17 and in dichloromethane solvent with a 

glassy carbon working electrode for 18 and 19, Ag wire reference electrode and Pt 

counter electrode, the concentration was ca. 10
ī4

 M, with 0.1 M TBAPF6 as 

supporting electrolyte at a scan rate of 100mVs
ī1

. The data is referenced to the 

Fc/Fc
+
 redox couple 

 

A reversible reduction of the monomers occurs at -1.75/-1.73 V, -1.76/-1.72 V and -

1.81/-1.73 V for monomers 17, 18 and 19 respectively. Each is attributed to the 



PhD Thesis 2013  
 

 
93 

 

 

 

reversible reduction of the BT unit since it is known to be an electron acceptor,
136

 

giving an anion radical. The reduction graphs of the three monomers are illustrated in 

Figure 2.46.  

-2400 -2100 -1800 -1500 -1200 -900 -600 -300

-8

-6

-4

-2

0

2

4
  17

  18

  19

C
u

rr
e

n
t 

/ 
m
A

Potential / mV vs Fc/Fc
+

 
 

Figure 2.46.  Cyclic voltammograms of reduction of 17, 18 and 19, in an acetonitrile 

solution with a gold disc electrode for 17 and in dichloromethane solvent with a 

glassy carbon working electrode for 18 and 19, Ag wire reference electrode and Pt 

counter electrode, the concentration was ca. 10
ī4

 M, with 0.1 M TBAPF6 as 

supporting electrolyte at a scan rate of 100mVs
ī1

. The data is referenced to the 

Fc/Fc
+
 redox couple 

 

 

 

The electrochemical HOMO-LUMO gaps of the three monomers were calculated 

from the difference in the onsets of the first oxidation and reduction peaks in the 

Figure 2.47, and then subtracting them from the HOMO of ferrocene. Table 2.5 

summarises the data of the three monomers. In the cyclic voltammetry trace of the 
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three monomers, there is a slight difference in the electrochemical HOMO-LUMO 

gaps of the three monomers. Monomer 19 has a values of 2.04 eV; this value is lower 

than the electrochemical HOMO-LUMO gap of monomers 17 and 18 (2.18 and 2.29 

eV) respectively. Additionally, there is a difference in the electrochemical HOMO-

LUMO gap values when compared with their optical HOMO-LUMO gap values 

(2.37, 2.35 and 1.98 eV for monomer 17, 18 and 19, respectively) 
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Figure 2.47. Cyclic voltammograms of 17, 18 and 19 for energy level determination, 

in an acetonitrile solution with a gold disc electrode for 17 and in dichloromethane 

solvent with a glassy carbon working electrode for 18 and 19, Ag wire reference 

electrode and Pt counter electrode, the concentration was ca. 10
ī4

 M, with 0.1 M 

TBAPF6 as supporting electrolyte at a scan rate of 100mVs
ī1

. The data is referenced 

to the Fc/Fc
+
 redox couple  
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Table 2.5 Electrochemical data for compounds 17, 18 and 19.  

Monomer 

Onset 

oxidation / 

V 

HOMO/eV 

Onset 

reduction 
/ V 

LUMO/eV 

HOMO-

LUMO / 

eV 

17 +0.59 -5.39 -1.60 -3.2 2.18 

18 +0.67 -5.47 -1.62 -3.18 2.29 

19 +0.47 -5.27 -1.57 -3.23 2.04 

 HOMO and LUMO values are calculated from the onset of the first peak of the 

corresponding redox wave and referenced to ferrocene, which has a HOMO of -4.8 eV. 

 

 

2.2.4 Electrochemistry of the Polymers 

 

The three monomers were polymerised electrochemically by repetitive cycling over 

both redox-active peaks. All the monomers polymerised and the growth of their 

polymers is represented in Figure 2.48.  

The electropolymerisation process of all three compounds was probed in monomer-

free acetonitrile and over 100 scans with the same conditions as illustrated in Figure 

2.48. Poly18 exhibited slow growth on the electrode surface due to the presence of 

the solubilising hexyl chains. 
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Figure 2.48. Electrochemical growth of (a) poly17, (b) poly18 and (c) poly19, using 

gold  for poly17 and glassy carbon for poly18 and poly19 as working electrodes, Ag 

wire reference electrode and Pt counter electrode in monomer-free MeCN (0.1 M  

TBAPF6 as supporting electrolyte). At a scan rate of 0.1Vs
ī1

, over 100 cycles. 
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Quasi reversible oxidation waves have appeared in all three polymer cases at +0.57, 

+0.59 and +0.11V for poly17, poly18 and poly19 respectively, as shown in Figure 

2.49a. The oxidation peak at +0.57 V in poly17 is quite narrow for a conjugated 

polymer, which is constrained within the bis(EDTT) repeat units of the polymer. The 

other oxidation waves of poly18 and poly19 represent a localised oxidation of the 

hexyl thiophene or EDOT side groups. The oxidation potential of the three polymers 

is observed at different values, where poly 19 has given lower oxidation potential 

than the other polymers that can be attributed to the effect of the interchain 

interactions (O···S contact) between the EDOT units
43

 in poly19 and the (S···S) 

contact in rest of polymers. The polymer reduction peaks are illustrated in Figure 

2.49b; however in each case, the polymers give an almost identical reversible 

reduction wave at -1.70 /-1.60 V, -1.58 /-1.42V and -1.94/-1.69V for poly17, poly18 

and poly19 respectively. This can be ascribed to the addition of the electrons to the 

benzothiadiazole units.
136
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Figure 2.49. Cyclic voltammograms for (a) oxidation and (b) reduction of poly17, 

poly18 and poly19 
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The electrochemical band gaps of the polymers were calculated from the difference 

in the onset of the first oxidation and reduction peaks from the full cycle for energy 

level determination (Figure 2.49 a and b), and HOMO and LUMO levels are 

calculated by subtracting the onsets from the HOMO of ferrocene. The difference 

between the HOMO and LUMO values of the polymers gave an electrochemical 

HOMO-LUMO gaps are 1.70, 1.80 and 1.41 eV for poly17, poly18 and poly19 

respectively. The data are shown in Table 2.6. 

 

Table 2.6 Electrochemical data for polymers 17, 18 and 19.  

Polymer E1ox/V E1red/V HOMO/eV LUMO/eV Eg/eV 

17 +0.57 -1.70 / -1.60 -5.22 -3.52 1.70 

18 +0.59 -1.58 / -1.42 -5.25 -3.37 1.80 

19 +0.11 -1.94/-1.69 -4.51 -3.10 1.41 

 HOMO and LUMO values are calculated from the onset of the first peak of the 

corresponding redox wave and referenced to ferrocene, which has a HOMO of -4.8 eV. 

 

2.2.5. Scan Rate and Stability of the Polymers 

 

The oxidation stability of the three polymers (Figure 2.50) on the working electrode 

surface was measured on gold electrode for poly17 and on glassy carbon electrode 

for poly18 and poly19, in monomer-free acetonitrile solution by repetitive cycling 

over the first redox active peak. Comparing all three, it is clear that poly19 is more 

stable to anodic conditions, with only a 6% decrease in the current response over 140 

segments compared to a 12% decrease for Poly17 and 16% decrease for poly18. 
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Figure2.50. Oxidation stability of polymers (a) poly17, (b) poly18 and (c) poly19 in 

monomer-free acetonitrile solution 
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A peak maximum shifts to higher values in figure 2.51 after each run in cyclic 

voltammograms of three polymers at different scan rates.  
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Figure2.51. Cyclic voltammograms of (a) poly17, (b) poly18 and (c) poly19 with 

varying scan rates 
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A linear relationship between scan rate and current peak maxima was observed for 

all three polymers (Figure 2.52), with correlation factor values of 0.9906, 0.9641 and 

0.9984 for poly17, poly18 and poly19, respectively. This behaviour proves that the 

charge transport process is not diffusion limited. 

 

  

 

Figure 2. 52.  Scan rate vs. peak current maxima of (a) poly17, (b) poly18 and (c) 

poly19. 
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The three polymers were prepared from a monomer solution with acetonitrile as 

solvent. During this experiment, the polymers were grown by repetitive cycling and 

then de-doped between -0.4 to -0.2 V for poly17 and poly18 whilst between -0.7 and 

-0.5 V for poly19.  

The spectra of the three polymers show a ɚmax peak at 528, 627 and 743 nm for 

poly17, poly18 and poly19 respectively (Figure 2.53). The polymers display several 

colours in both doped and de-doped states. Poly17 exhibits a dark red in the neutral 

state and brown in the oxidised state, whereas, poly18 changes between light and 

dark violet in doped and de-doped states respectively. However, poly19 appears light 

blue in the doped state and green in the de-doped state. The absorption peak (528 

nm) in poly17 shows a hypsochromic shift compared to poly18 and poly19, owing to 

the effect of steric hindrance from (S···S contact) of the neighbouring unit in poly17. 

Therefore, this effect will decrease the degree of planarity throughout this polymer, 

whereas, distortion effect from (S···S contact) disappeared in poly19,
43

 which is 

exhibited broad absorption at 743 nm.  

The onsets of the longest wavelength absorption edge of three polymers exhibited 

optical band gaps of 1.76 eV for poly17, 1.57 eV for poly18 and 1.26 eV for poly19.  

However there is a significant difference between these optical band gap values of 

the polymers and their electrochemical band gaps. 
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Figure 2.53. Electronic absorption spectra of poly17, poly18 and poly19.The spectra 

were recorded as a thin film deposited on ITO-coated glass 

 

 2.2.6. UV-vis Spectroelectrochemistry 

 

UV-vis spectroelectrochemical measurements were performed on films grown on 

ITO glass and then de-doped.  The spectroelectrochemical plots for the oxidation of 

poly17, poly18 and poly19 are shown in Figure 2.54. UV-vis spectroelectrochemistry 

was carried out for the polymers under oxidative conditions, however all three 

polymers show similar doping processes. Increasing oxidation leads to a decrease in 

the intensity of the ˊ-ˊ* transition at 450, 550 and 740 nm for poly17, poly18 and 

poly19, respectively. For poly17, new absorption waves were generated at longer 

wavelengths (between 500 and 1000 nm) beyond 950 mV. This behaviour is 

attributed to the formation of polarons in the conjugated chain. The signatures for 

polarons for poly18 and poly19 appeared as broad absorption peaks ranging from 

between 860 to 1000 nm. In poly19, following the polaron formation, there is a new 

peak at +0.3 V that possibly corresponds to a localised bipolaron which features as a 
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broad band in the near IR region. After +1.7 V there is a drop in absorbance in the 

three polymers that corresponds to the breakdown of the polymer into the solution. 

 

 

Figure 2.54. Absorption spectroelectrochemical plots of oxidation of (a) poly17, (b) 

poly18, (c) poly19 Potentials are given vs. Ag wire reference electrode 

 

 

Reduction spectroelectrochemistry measurements were performed for poly17 and 

poly19 (Figure 2.55). During n-doping, poly17 does not show any significant change, 

whereas for poly19 considerable change was clear, with high broadening of the 

absorbance between 600 and 900 nm, in the range between -0.1 to -2.0 V, with a 
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corresponding decrease in the ́-ˊ* transition at 521 nm. Therefore these effects can 

be ascribed to the n-doping of the BT units.  

 

 

 

Figure 2.55. UV-vis spectroelectrochemical plot for the reduction of (a) poly17 and 

(b) poly19 deposited on ITO glass. Potentials are given vs. Ag wire reference 

electrode 
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2.2.7. Polymer Switching 

 

The rate of the change in the transmittance is a reflection of the ability of the 

polymers to switch between two colour states.  

 This was investigated by monitoring the absorption between different potentials and 

at a specific wavelength, since the potentials will alter the polymer between the 

neutral and oxidised states. All three polymers were grown on ITO slides and then 

de-doped in monomer-free acetonitrile.  

The polymers were investigated by testing the absorption at 847 nm for poly17 and 

at 748 nm for poly18 and poly19. The potentials were switched between -0.4 V and 

1.3 V for poly17 and poly18 and between -0.7 V and 1.5 V for poly19. The 

switching time experiments were determined at 10, 5, 2.5, 1.25, 0.5, and 0.25 

seconds. Figures 2.56, 2.57 and 2.58 illustrate the changes in absorbance of all three 

polymers.  
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Figure 2. 56. Change in optical absorbance for poly17. On ITO glass as function of 

switching rate between -0.4 and 1.3 V and was monitored at 847 nm.  
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Figure 2. 57. Change in optical absorbance for poly18. On ITO glass as function of 

switching rate between -0.7 V and 1.5 V and was monitored at 748 nm. 
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Figure 2. 58. Change in optical absorbance for poly19. On ITO glass as function of 

switching rate between -0.7 V and 1.5 V and was monitored at 748 nm. 
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Reasonable switching rates were observed for all three polymers; however a greater 

change was shown for poly19 compared to the other two polymers (Table 2.7).   

This is expected from PEDOT derivatives.
136

 The percentage change in absorption in 

poly19 was a 99.8 % change in absorbance, which is a slow change with high 

contrast. With a 0.25 second switching rate, the change in absorbance was 26.4 %. 

Poly18 gives faster switching times than poly17, where the percentage change with a 

10 second switch is 62.5% and 46.9% for poly17 and poly18 respectively and with 

0.25 seconds is 4.2% for poly17 and 3.22% for poly18. 

 

Table 2.7. Switching times and % change in absorbance. 

 

Switching time 

/s 
% Change Poly17 % Change Poly18 % Change Poly19 

10 62.5 46.9 99.8 

5 48 20 95.5 

2.5 31.6 9 93.4 

1.25 22 8.24 91 

0.5 6.6 5.31 62 

0.25 4.2 3.22 26.4 

 

 

 

2.2.8 Conclusions 

 

The monomers and their subsequent polymers have been synthesised and 

characterised by cyclic voltammetry, UV-vis absorption spectroscopy, UV-vis 

spectroelectrochemistry, and switching times.  

The three monomers contain a benzothiadiazole unit as an electron acceptor and 

EDTT, 3-hexylthiophene or EDOT units as donor components for monomers 17, 18 
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and 19, respectively. All three monomers show differences in oxidation and 

reduction potentials. The monomers were polymerised under oxidative conditions, 

however, monomer 18 deposits slowly on the electrode under the conditions used 

because of its high solubility due its side groups. The band gap calculations show 

similar values between the optical and electrochemical band gaps in monomers 18 

and 19, with a slight difference in monomer 17. These polymers show 

electrochromic behaviour with a visible colour change between the neutral and 

oxidation states. Poly19 gives a lower optical and electrochemical band gap value 

when compared to poly17, owing to the neighbouring units in this polymer suffering 

from chalcogen---chalcogen steric interactions between the sulfur atoms (S···S 

contact). However, in poly19, the O···S interactions provide a degree of 

rigidification and therefore increase the effective conjugated length.
43

  Poly17 and 

poly19 exhibited high stability toward repetitive oxidation cycles, whereas poly18 

was less stable on the electrode surface due to the presence of the solubilising hexyl 

chains. The polymers showed potential for use as electrochromic films. 
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2.3. Electropolymerisable Viologen Based Acceptors 

2.3.1 Introduction 

 

There is extensive interest in the conjugated polymer (PEDOT) and its derivatives 

for use in organic semiconductor electronic devices such as solar cell, light emitting 

diodes and electrochromic applications.
137,138

 For example, PEDOT and its 

derivatives have traditionally been used in electrochromic applications due to their 

high electrochromic contrast, fast switching time, high stability, low band gap and 

ease of colour changing from dark blue to transparent blue between the neutral and 

doped states, respectively.
43

 In recent years, PEDOT and its derivatives have been 

incorporated into electrochromic element (viologens) in the side chains of PEDOT to 

improving their properties such as enhancement of the electrochromic 

contrast.
137,139,140 

Viologens have been investigated in electrochemistry and 

spectroelectrochemistry studies because they have their own distinguishing colours 

and reversible change in its three different oxidation states.
138

 They have also been 

used as electron acceptors in charge-transfer complexes.
141

 Therefore a cooperative 

electrochromic action has resulted through electrochemical studies on these materials 

from both PEDOT and viologen portions.
139,141

 PEDOT-based small molecules such 

as viologen show both p-type (hole) and n-type (electron) conductivity and high 

absorbance in the visible region. This behaviour with suitable properties has 

promoted these materials as strong candidates for use in organic photovoltaics 

devices.
138
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In this section of this chapter, the properties of monomers (20-24) and their polymers 

were investigated using cyclic voltammetry and UV/Vis absorption spectroscopy. 

Spectroelectrochemical measurements revealed that the polymers showed 

electrochromic behaviour with switching time measurements. All five compounds 

contain a heterocyclic organic compound (phenanthroline) as the core unit that has 

been attached to two EDOT units in compounds 20 and 21, or with a bithiophene 

unit attached to two EDOT units in compounds 22, 23 and 24. The structures of these 

compounds are shown in Figure 2.59, and scheme 2.4 depicts the synthesis of these 

compounds. 

 

Figure 2. 59. Structures of monomer 20, 21, 22, 23 and 24 
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Scheme 2.4. Syntheses of compounds (20-24) 
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2.3.2. Experimental 

 

The five monomers were synthesised by Abbas Lafta (Glasgow University) under the 

supervision of Graeme Cooke (Glasgow University) and Peter Skabara (University 

of Strathclyde). 

 Cyclic voltammetry measurements were performed on a CH Instruments 660A 

electrochemical workstation with iR compensation using dichloromethane and 

acetonitrile as the monomer and monomer free solutions. The electrodes in the 

electrochemical setup consisted of a platinum wire counter electrode and silver wire 

reference electrode. Two types of working electrode, glassy carbon or an indium tin 

oxide (ITO) glass slide, depending on the type of experiment were used. Before 

every measurement the reference electrode was calibrated against the E1/2
 
of the 

ferrocene/ferrocenium redox couple.  

All solutions were degassed (Ar) during a reduction experiment and contained 

monomer substrates at a concentration of ca. 10
-4

 M, together with n-Bu4NPF6 as the 

supporting electrolyte (0.1 M). Absorption spectra, spectroelectrochemical studies 

and switching procedures were recorded on a UNICAM UV 300 instrument. 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis 2013  
 

 
116 

 

 

 

2.3.3. Absorption and Cyclic Voltammetry of monomers 

 

The electronic absorption spectra of compounds 20, 21 and 22 in dichloromethane 

solution and compounds 23 and 24 in acetonitrile solution are shown in Figure 2.60. 

The absorption spectra of monomer 20 show peaks at 291, 362 and 381 nm, with the 

final peak at 381 nm being the ˊ-ˊ* transition from the conjugated portion of the 

compound. The peaks at (281, 341, and 566 nm) in monomer 21 have been shifted 

bathochromically compared to monomer 20 and 22 (at  263, 314, and 415 nm); the ˊ-

ˊ* transition of monomer 21 exhibits a large red shift of 185 nm compared to 

monomer 20, while such transitions have similar values in the rest of the compounds. 

The peaks for monomers 23 and 24, at 416 and 424 nm respectively, are the 

absorption maxima corresponding to the ˊ-ˊ* transition from the conjugated 

component of the compounds. The small peaks for monomers 23 and 24, which 

appear at 570 and 555 nm respectively, correspond to charge transfer absorption 

bands between the donor and acceptor units in these compounds.   

Optical HOMO-LUMO gaps 20, 21, 22, 23 and 24 were calculated from the onsets 

of the longest wavelength absorption peaks. The data for all the absorption maxima 

and the optical band gap values are summarised in Table 2.8. The optical HOMO-

LUMO gaps of 20, 21, 22, 23 and 24 are 3.06, 1.97, 2.66, 1.65 and 1.91 eV, 

respectively. Smaller optical band gap values are evident in monomers 23 and 24, 

which are expected due to the increased conjugation length of these compounds. 
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Figure 2.60. UV/vis spectroscopy of monomers 20, 21 and 22 measured in 

dichloromethane and monomers 23 and 24 measured in acetonitrile solution. 

 

 

 

Table 2.8. Absorption spectroscopy data for monomers 20, 21, 22, 23 and 24  

Monomer 
UV-vis peaks (nm)  

4th 1st  2nd  3rd Optical Eg / eV 

20 291 262 381 - 3.06 

21 281 341 525 566 1.97 

22 263 314 415 - 2.66 

23 260 320 416 570 1.65 

24 280 340 424 555 1.91 

 

 

 

The cyclic voltammogram experiments of monomers 20, 21, and 22 were performed 

in dichloromethane solution and for monomers 23 and 24 in acetonitrile.               

The monomer oxidation gives one irreversible wave for monomers 20 and 21, at 

+1.02 and +0.6 V respectively, producing a radical cation species in each case. Two 
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irreversible peaks for monomer 22, at +0.60 and +0.75 V, and a quasi reversible peak 

for 23 (at +0.60 V) are evident. Two reversible waves at +0.57/+0.53 V and 

+0.99/+0.91V are clear in monomer 24, which are likely to be from the removal of 

two electrons from the EDOT units. All monomer oxidation processes are depicted in 

Figure 2.61. The reduction processes of 20, 21, 22, 23 and 24 are shown in Figure 

2.62. All five monomers reveal irreversible reduction peaks at -2.15, -1.84, -1.98,      

-1.62 and -1.87 V, which are likely to be from reduction of the central core unit.   
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Figure 2.61. Cyclic voltammograms of oxidation of monomers 20, 21 and 22 (with 

dichloromethane as solvent) and monomers 23 and 24 (with MeCN solution) on a 

glassy carbon working electrode 
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Figure 2.62. Cyclic voltammograms of reduction of monomers (a) 20, 21, 22, and 

(b) 23 and 24 
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The electrochemical HOMO-LUMO gap of the five monomers was determined from 

the difference in the onset of the first oxidation and reduction peaks (Figures 2.61 

and 2.62). HOMO and LUMO levels are calculated by subtracting the onsets from 

the HOMO of ferrocene. All data are summarised in Table 2.9. By comparing the 

energy levels, the difference between the HOMO and LUMO values gave 

electrochemical HOMO-LUMO gaps for the monomers that are slightly different 

from the optical values although the overall trend across the series is maintained. The 

extended conjugation effect has been obvious in monomer 23 by giving lowest band 

gap value (1.92 eV).  

Table 2.9. Electrochemical Data for Energy levels of monomers 20, 21, 22, 23 and 

24 

Monomer HOMO / eV LUMO / eV Eg / eV 

20 -5.70 -2.77 2.93 

21 -5.32 -3.08 2.24 

22 -5.33 -2.92 2.34 

23 -5.28 -3.36 1.92 

24 -5.19 -3.02 2.17 

HOMO and LUMO values are calculated from the onset of the first peak of the 

corresponding redox wave and referenced to ferrocene, which has a HOMO of -4.8 eV. Eg is 

the HOMO-LUMO energy gap. 

 

 

2.3.4. Cyclic Voltammetry and Absorption of Polymers 

 

The five monomers were subjected to electropolymerisation by repetitive cycling 

over the first oxidation wave. The polymer of monomer 20 was grown using a high 

concentration solution (10
ī2

 M), but was not stable on the electrode surface. 

Monomer 21 was subjected to many attempts to electropolymerise by using several 

solvents and also by changing the experimental conditions, including using different 

potentials, substrate concentrations and number of cycles, but no polymerisation was 
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observed. Monomers 22, 23 and 24 were polymerised electrochemically, with the 

growth traces of the corresponding polymers shown in Figure 2.63 and 2.64. 
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Figure 2.63. Electrochemical growth of (a) poly20, (b) poly22 (both in 

dichloromethane), using a glassy carbon working electrode, Ag wire reference 

electrode and Pt counter electrode, concentration of ca. 10
ī4

 M, (0.1 M  TBAPF6 as 

supporting electrolyte). The data is referenced to the Fc/Fc+ redox couple, at a scan 

rate of 100mVs
ī1

, over 300 segments. 
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Figure 2.64. Electrochemical growth of (c) poly23 and (d) poly24 (in MeCN), using 

a glassy carbon working electrode, Ag wire reference electrode and Pt counter 

electrode, concentration of ca. 10
ī4

 M, (0.1 M  TBAPF6 as supporting electrolyte). 

The data is referenced to the Fc/Fc+ redox couple, at a scan rate of 100mVs
ī1

, over 

300 segments. 

 

 

In the oxidation and reduction analysis of the polymers (Figure 2.65), all the 

polymers revealed varied peaks at different potential values. Poly20 revealed an 

irreversible peak at +0.75 V due to the formation of a radical cation on the terminal 


















































































































































































































































