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Abstract

Or g a nconfugatedmacromolecules(polymers and oligomersgre an important
class of semiconductor which are used in applications suéieldseffect transistors,
photovoltaics, organic light emitting diodesd electrochromic deviced h e-
conjugatedsystemshave tuneable band gagg;) and redox properties, whilst
offering the potential for flexibility antbw caost.

In this thesis, themacromolecularcompoundsand their low molecular weight
precursorswere characterisedby determining their electrochemical and optical
properties which were measuredising a series oftechniques such asyclic
voltammetry;UV/vis spectroscopy; emission spectroscagpectroelectrochemistry
Raman spectroscopy and thermal analyses.

Chapter 2 Presentghiophenecopolymers withelectroactivenitrogen heterocycles

In section 1, aseries of monomergsontaining heteropentalene mesomeric betaine
derivatives were characterized In particular the 3,4-ethylenedioxythiophene
(EDOT) derivative(9) wassuccessfullyelectropolymerisedyielding a polymer with
small optichand electrochemicdty. In Section2 the characterisation cEDTT, 3-
hexylthiopheneand EDOT units(17, 18 and 19 respectively along with their
benzothiadiazole (BT) copolymers are shoWwreresting changes in planarity were
observedetween the PEDOT and PEDTT compounds.

Section 3 and 4 produced many EDOT/thiophene derivatives fgdrananthroline
and [Ru(bpy)]) as the core unit. (20-26) All polymers exhibied lower
electrochemical § when compared to their monomerCompound 26 was

polymerisedwith high oxidative stabilityto anodic conditionshowever monomer
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25 did not polymerise, due tthe domination of the strondRu'/RU" oxidation
process. Section 5 shows bissEDOT pyridine based monomerg27 and 28).
Monomer28 displayed significant effect of thiatramolecular charge transfadcCT)
process and lower electrochemi&gl Threeare new compound29, 30 and 31 in
the section 6, BODIPY cores with two EDOT, thiophene and EDTT units
respectively.When all were compage Compound29 showed red shift in the
absorption spectralueto strongeelectron donating effect of EDOT

Chapter 3 In section 1 the optical and electrochemical properties of three
oligofluorene substituted DPP macromolecul@® (33, 34) andthe core precursors
(35, 36, 37 and 38) were investigatedThe absorption spectra of all compounds in
CHCl,r eveal ed two piée &k g r atngsatetfliaoeime adnarid o
theabsorption oDPPcore. Compoun@3 exhibited a higher LUMO level compared
to the other compounds, which was attributed to the effects of the hexyldecyl and
phenyl groupsSection 2describesix new Cz-symmetriccompoundsontaining BT
units and truxene coretl-46). The UV-absorptionspecta of compounds41-45,
revealan ICT bandwhich is hypsochromially shifted in the case otompound4l
andis not resolved focompound46. Compoundst1-44 exhibited a good agreement
between electrochemical and opti&g) while a significantdifference betweethose

of compound46 indicates the poor HOMGLUMO overlap

Chapter 4 A novel processing methodologyas used to fabricae multi-layer
organic electronic devices by employing electropolymensatito form a
PEDOT/PEDTTbi-layer. Thefabricateddevicedid not exhibit anydistinctive phote
response when it waassesseth a diode configuratianThis was due to &fficient

charge separation at tdenor acceptointerface.
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Symbols and Abbreviations

BODIPY 4,4-difluoro-4-borata3a-azona-4a-azas-indacene
Bu butyl

cm centimetre

Ccv cyclic voltammetry

e electron

EDOT ethylenedioxythiophene
EDST ethylenediselenathiophene
EDTT ethylenedithiathiophene

Ep voltage peak max

Epa anodic current peak

Eoc cathodic voltage peak

eV electron volt

Fc ferrocene

Fc' ferrocenium

g gram

h hour

HOMO highest occupied molecular orbital
ICT intramolecular charge transfer
lp current peak max

I pa anodic current peak

lpc cathodic current peak

iR internal resistance
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ITO

IUPAC

LUMO

Me
min
mol

mV

n-doping
nm
n-type
OFET
OLED

0SO

OoPV
p-doping
PEDOT
PEDTT
Ph

PPV

p-type

indium tin oxide

international union of pure and applied chemistry
litre

lowest unoccupied molecular orbital
molar

methyl

minute

mole

millivolt

number of electrons / nemonding orbital
negative domg

nanometre

negative type

organic field effect transistor

organic light emitting diode
ethylenedioxythiophenethylenedithiathiophene
ethylenedioxythiophene

organic photovoltaic

positive doping
poly(ethylenedioxythiophene)
poly(ethylenedithiathiophene)

phenyl

polyphenylene vinylene

positive type
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RT

SCE
SEC
SHE

SOS

THF
TTF

uv

Vi

\'Z:

Vis

VS

& epa

af'l’]aX

Co

substituent group

room temperature

second

standard calomel electrode
spectroelectrochemistry

standad hydrogen electrode
ethylenedithiathiopherethylenedioxythiophene
ethylenedithiathiophene
tetrahydrofuran

tetrathiafulavalene

ultraviolet

volt

starting voltage

finishing volatge

visible

versus

counter aion

difference in potential between cathodic and anodic peaks
torsion angle

wavelength

maximum absorption wavelength

pi bonding orbital

pi antkbonding orbital / polarizability

sigma bonding orbital

10
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Co
*

Ei
Ellzlox
Ellzlred
E1/220X
E1/22red
Elox

Elred

EZOX

E2red

ERes

ESUb

Eﬁr

sigmaantibonding orbital

surface area / absorbance
concentration / speed of light
diffusion coefficient

diffusion coefficient

electrode potential

standard electrode potential
reversible wave

first reversibleoxidation wave

first reversible reduction wave
second reversible oxidation wave
second reversible reduction wave
first irreversible oxidation wave
first irreversible reduction wave
second irreversiblexadation wave
second irreversible reduction wave
Fermi energy level

band gap / energy gap
intramolecular and interchain interactions
potential of reduction reaction
aromatic resonance

the push / pull effect dhe substituent group
degree of planarity

bond length alternation

11
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F Faraday constant
h Pl anckds constant
[ current density

I current / light intensity

T temperature / transmission
Vv scan rate

Vb drain voltage

Vg gate voltage

12
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Chapter 1

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 applicatién®rganic semiconductors have

a potential to substitute inorgarémaloguesn everyday life and are key materials in

the development of many fields of modern science and technbldye

semi conducting propert i esmolecular grbitala The f r onm
vast variety of organic semiconducting materials can be classified into two main
groups: s ma-fuctionalocbngpounds enchacromolecular 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 toctabelctricity when

doped by the removal or injection of electrdn®.Organic sertonductors 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, solararedldasers,

for their tunable redox properties and band gaps, processablity, flexibility and
potential low cost>®’ Conjugatedpolymershave also been uséul electrochromic
devices and they have advantages over their analogous inorganic counterparts due to
improvements in certain properties such as stability, high colouretimrency and

fast switching’
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1.2 History

Organic semiconducting materiafeve been investigated for five decades. In the
1950sthe semiconducting behaviour ahthracenecrystals was identified through
photoconductivity measureméett'® The electrical conductivityof the complexes
between polycyclic aromatic compounds such as perylene and halogen in the solid
statewasdiscovered in 1954" Nattaet al synthesisegbolyacetylene in 1958 as the
simplest type of the conjugated polym@rLater, in the 1960s, many salts of
tetracyanep-quinodimethane (TCNQ)were found to ehibit semiconducting
behaviour, and in1973 metallic behaviour was observed in the daumeptor
charge transfer (CT) complex tetrathiafulvalene (TTF)/TCR@ the year 1977
conductive organic polymers vere discovered, where very high electrical
conductivity was measured for doped statek the early 1980s,organic
superconductivity was reported in theharge transfer GQT) salt tetramethyl
tetraselenafulvalene (TMTSBFRs > The Nobel prize in chersiry was awarded in
2000 to Alan. J. Heeger, Alan. G. McDiarmid and Hideki Shirakavi@ the

discovey and developmentif conducting polymer§>*®

1.3. Band Theory

Band theory explains how electrons move semiconductingmaterials. The
materials can be divided into three groups;nfgtals,(ii) semiconductors anii)

insulators depending on the band gaphe kand originatedfrom the splitting of
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HOMO levels isknown collectively as the valence band, wdeer tlat composed of
LUMOSs representhe conduction band. Figure 1describes the different types of
materials and their band structures.

The number of electrons that cangremotedinto the conduction band depends on
the energy gapEg or band gap, wibh is the difference in energies between tthe

of the valence andhe bottom ofconduction bands. Thiep of thevalence and the
bottom of theconduction bands are also known as the highest occupied molecular
orbital (HOMO) level and the lowest unoccugd molecular orbital (LUMO}evel,

respectively, and the energy the statewhich is half occupied called the Fermi

level (B).

Conduction Band
L B

F w q Conduction Band

Energy|

Insulator Metal Semiconductor

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 enoufdr electrons from the valence bandke thermally

excited into conduction bandn a metal the energy levelof the valence and
conduction bandareadjacent to each othdrence there is no band gap and electrons

can adopt any energy within half filled batfd’

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

pure cystal structure, producing- @mnd rdoped semiconductors:[poping creates
deficiencies of valence electrons in the valence band and these deficiencies are
termed O6hol es. When a voltage is applie
leaving behind ano#r electron deficiency (hole) in its place.-Dpping creates
vacant states at so calledceptorlevel (Ej) just above the valence bar{#igure

1.2a) which acceptelectrons from the valenceabd In p-doped semiconductor
Fermi level moves towards valaband.

n-Doping is a result of excess electrons in the valence band ands riestiite
creation of a new energy level called the energy déewl (Eg), which sits just

below the conduction barak depicted irFigure 1.2b. Which lead to arexcessof
electrons in the valence bartierefore theelectrons in this bandan be moved io

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

increased conductivity/*®
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[Conduction band J

[ Coduction band ]

a) p-doping b) n-doping

Figurel. 2. p-Doping and rdoping in semiconductors

The smple electrochemicaltechnique can beised to estimatthe HOMO and
LUMO levels of organic materials through the oxidation and reduction in an
electrochemical cellAn electrochemical cell provides the possibility to carry out an
oxidation and reduction processes by aligning HOMO and LUMOIdegt the
analyte with the Fermi level of the working electrode material at external potential.
In an oxidation process positive potential is apptiedhe working electrode ain
electrochemical ceBothe material (A) loses electrons. The electrongraresferred
from the HOMO of the analyte tothe working electrode, creating an anodic current.
The Fermilevel of the working electrode material the oxidation process has to be
lower than the HOMO level of thanalyteto provide an easy passge ofeledrons.

On reduction a negative potential is appliedand electrons migrate from the
electrode into thanalyte the cathodic currerteingproducel.**° The oxidation and

reductionprocesseare illustratedn Figurel.3.
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(a) Oxidation:

Electrode Solution Electrode Solution

S Energy level - e & -
of electrons A-e> A
—_—

LIS B b

(b) Reduction:

Electrode Solution Electrode Solution

ES)
-
— "\ ‘
© — 5 ——
A+e> Ae
—_—

Energy level

@ of electrons { 4

Figure 1. 3. Oxidation and reduction in an electrochemical'cell

1.4 ConjugatedPolymers

Conjugated materials aenimportant type of organic semiconducowrhich can be
further classified into two major sefs oligomers and polymersConjugated
polymers contain naerousmonomericrepeatunits that are bonded together sn
extended chain, whereas the oligomers consist of a limited numbepedtunits.

Organi c conjugated p o {bondmg rsystemadow imiqua n
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physical properties, which are not peatin conventional polymers. They are of
great interest due to low cost, easy processing, turiableptical and electraic
properties high conductivity in doped state and stabifityThe dopantis 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.oRacetylenas 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 ureqoptical and electronic properties of the

polymer!? (Figure 1.4).

N\\M_;NM

Figure 1. 4. Polyacetylene structugsresonance aheelectronic states

Thus, aganic conjugated polymers exhibit semiconducting behaviour and
electroactivity in the main chain of the conjugated matéfidl h e- arid the

" Z*orbitals (bonding and antibonding orbitals, respectivedypport the tragport of
charges (electrons and holes) frahe delocalised valence and conduction bands
through the backborfé?> Common classes of organic conjugated polymers include
polyacetylene, polythiophene, polypyrrole, polyaniline, polyfluorenes and
polyparaphenylenevinytees and thegan exhibit very high electrical conductivity in

both pdoped and +doped states (although they are insulators in their neutral
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statg.?>?%2"?® Organic conjugated polymers can be quite stable in their doped states
and can beermed stable charge carriers with efficient electron lawid transport
properties. Therefore, they have found use in many applications such as light

emitting diodes, thinilim transistors and solar cef*®

1.5 Mechanism of Electrical Conduction

Organic conjugated materialsuch as polythiophene, polyfuran, polyaniline,
polypyrrole and polyp-phenylené>®**32 as shown in Figure 1.8an be produced

by severakechniques.

[\
A O e 40, 0,

Polythiophene Polyfuran Polyaniline Polypyrrole  Poly-p-phenylene

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

Hence avariety of techniques have been employed to preduganic conjugated
materials, including chemical and electrochemical techniqudse chemical
technique can produce organic conjugated polyrbgrssing catalytic oxidation in
which the control over polymer morphology is very limited and processing is
virtually impossible for norderivatisedmaterials: However, the electrochemical
technique of organic conjugated polymers shows many advantages compared to

chemical techniques, including the deposition of the polymeric filraroglectrode
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surface contrdled film thickness, morphology, anpolymer growth without ay
catalyst"**** The electropolymerisation process is achiefrgdhe electreoxidation

of a suitable monomer in an organic solvent containing a supporting electrolyte.
Figure 1.6 shows the combination of cation radia#lsa heterocyclic monomer

through generatlectropolymerisatiof®

o

0= o

X X
@
O 00— o — Do
& 6 \= S,
®
/ N\ x e N ox e
L) T ) @
SR
N\ X N x N L@
x~ 7 X" x N X "
=/ @

Where; X=S,0, N
Figure 1. 6. Mechanism of the electrochemical polymerisation efé&mbered

aromatic heterocycles®

In the first stepthe heterocyclic ring of the monomer loses an electron to the
electrode surface to form a radication. The second step involves the reaction of

two radicalcation species to form a dication dimer, which then undergoes the loss of
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two protons and rearaatisation to form the dimen the third step®" In the fourth
step the dimer form is oxidised and combines with another rachtiain to give a
trimer, which in turn expels twgrotonsto form a conjugated trimer species
exhibited in the fifth step.The oligomer chain must be oxidised for chain growth
and the addition of extra monomer units results he toss of solubility and

deposition on the electrode surfdce

Polythiophene (PT) is a commonly used material in electrochromic and electronic
devices, such as organieght emitting diodes (OLEDs), organic field effect
transistors (OFETshaNnd organic solar cells (OSCs), due to its high electrical
conductivity in the doped state and high stabilEByectrochemical growth can be
performed bythe cyclic voltammetry (CVYedniquevia repetitivescanningover the
oxidation wave of the monom&t. Polythiophene growth begingith the oxication

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

(Figure 1.7)o producean electroactive filnof the polymer®®

\S S/\S

Thiophene Bithiophene Terthiophene

Figure 1. 7. Chemical structure of thiophene andatgjomericderivatives

Electroactivity is exhibited in both oxidation and reduction processes for

terthiophene, by creation of either a cation radical caraon radicabn the terminal
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thiophene unit. The radical cation through the oxidation process of terthiophene
(Figure 1.8) can reactwith other oxidised monomers and this process is

irreversible’°

Figure 1. 8. . Oxidation of terthiophene

The produed polymer film hasa lower oxidation potential and higher conductivity
compared to the monomé*° The electroactivity is represented by the oxidation
and reduction processeshich are reversible in some cases.ithWegard to the
electronic absorption spectra (UXs), the polymeexhibitsa bathochromic shift for

the p-p* transition in compason withthe monomey which isdue tothe increaseof
conjugation along the polymer chdff' During electrochemical or chemical
oxidation, the conjugated polymers are doped with counter anions. However, in the
doped state, the polymer grows the electrode surface lbgpetitive cycling over

the first oxidation wave; therefore, the positive charges will baldhneeounter
anionsof the electrolyté?

The polymercan bede-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 ionsFigure 1.9 shas the doped and e#oped states of polythiophene as an

example.

31



PhD Thesid 2013
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Figure 1. 9. Doping and deloping of polythiophene

In both doped and edoped statesthe polymersexhibit different colours For
example poly 3,4-ethylenedioxythiophene (PEDOT) ashin film is dark blue when

neutral (dedoped) and transparent blue when dop&t>>43

1.5.1 Substituted Heterocycles

Many side chains and conjugated groups have been attachibd fmeriphery of
generic monomers to overcontiee low solubility and poor processability of the
resulting polymef? For instance,hiophenes substituted at tBeor 4-position (also

known as théb-position) maintain th@ ability to electropolymerise, due to the fact

that the 2 and 5positions (alsoknown as thea-positions) remain available for
monomer coupling. Attaching substituent sad&in groups onto the backboné
polythiophenes providgsossibility to varyma t er i a |l sdue tpinductveeor t i e s
mesomericeffects of the substituer***> As such, attachingsidegroups with
electrondonating groups, such as methyl, alkoxy or amino functionalities, gives an
increase in electron densiip the thiophene ring andauses a decrease inet

41
|

oxidation potential of the material** Electronwithdrawing 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 electrpp@rise and result in poorly
conducting polymer$

In addition to electronic effects, steric hindrance also influences the properties of the
polymers. Steric hindrancarises between hedd-head dimers and causes the
thiophene rings to be for ced-orbitaltovetep c o p |
and distortion of conjugation in the backbdn& This effect is magnified in ,3-
dialkyl substituted polythiophenes and causes a decrease in conductivityn and a
increase of theptical band gapf the polymef*! The substitution of thiophenes has
been investigated with both alkyl and alkoxy groups. #8lglkoxythiophene)
exhibited a lower oxidation potential, smaller band gam higher absorption
maximum than the corresponding pdB8ralkylthiophene). This indicates the greater
electrondonating ability of the oxygen atoms in the alkoxy chain and lesser degree
of coplanarity in poly(3-alkylthiophene). However, pol{B8-alkoxythiophene)s will

also suffer steric hindrance, lack of coplanarity and loss of conductivity to a certain
degre€’™*® One method of reducing thieffect is through cyclisation of the alkoxy
3,4-positions in the material.

3,4-Ethylenedioxythiophene (EDOT) and 3thylenedithiothiophene (EDTT)
(Figure 1.10) are excellemtxamples for sucla monomer design, where the fused
1,4-dioxane (dithiane) ayle decreases the steric effect and increases the donor
ability.**** The electropolymerisation dEDOT and EDTTcompounds prodes
poly3,4-ethylenedioxythiophene REDOT) and poly3,4ethylenedithiothiophene

(PEDTT), which haveshownhigh conductivity and good stabilify **
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S S
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S S

EDOT EDTT

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 I&ndgap, low oxidation potential, high electronic
conductivity and outstanding environmental stability in the oxidisedofped)
state** Furthermore, PEDOT exhibits a starlour change betweehe neutral and
doped statest is dark blue in th@eural state and light bluéand highly transparent)
when oxidised® ** PEDOT is used in many fields such as OLEDs, OFETs,
photovoltaic cells, batteries, display devicesnart windows and biosensors,
particularly since it is also a good heigection material in some of these devitks

434> Comparingthe redox and optical propertiesBDTT and EDOT, the monome

of EDTT has a higher oxidation potential than EDOT, but possesses a lower HOMO
LUMO gap Converselyjn the polymercase,PEDTT hasshowna higher oxidation
potentialand wider band gap than PEDQOdwing to an increase in the number of
sulfur atoms in the PEDTT chain, which greatly affectgshe interring

conjugation’’°

This is a reslt of the extensivechalcoger-chalcogensteric
interactions between the sulfur atoms (S---S interactidealing to a twisted
geometry, whilst the chalcogen-chalcogen interactions (O---S interactions) in

PEDOT lead to a highly planar polymer, with law band gap and oxidation
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potential. Therefore, the O---S contact provided tHegree of rigidification and
consequently increased effective conjugated length along the polymer*chain.

In addition, the stronger electrewithdrawing effect from the oxygen atoms in
PEDOT will decrease theduction potentiaf®

Spenceet al ** investigated the effect of the replacement of oxygen by sulfur atoms
in PEDOT structure via the synthesis ofotwew compounds callddDOT-EDTT-
EDOT (OSO) and EDTIEDOT-EDTT (SOS) as shown in Figure 1.IMhus, more
effect have been shown from strong intermolecular (O---S) and (S::-S) contacts and
interchain interaction that cause to persistent conformers of (@80D(SOS) in both
solid and solution state&inder electropolymerisation, it was difficult to obtain a
suitable film forSOS 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 theSOScase (2.14, and 1.89 eV}y.

/\ / N\

S S O O
S ]\ S S ]\ S
\ S \ \ S \
O O O O S S S S
__/ ___/ __/ __/

0SsO SOS

Figure 1.11. Structure of OSO and SGS

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

absorption maxima compared BSOS This is a result of the increase in the
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effective conjugation length and planarityR®SQO. Therefore, the difference in the
electrochemicaland optical properties of these materials is attributed to the
resonance contribution effect of oxygen atoms€Pf@dSO in comparison to sulfur
atoms inPSOS and the effect of SO noncovalent interactions on the polymer
backbone planarit§? POSOalso has a higher electftemical band gap and a small
decrease iplanaritycompared to PEDOT (the electrochemical band gap is 1.35 eV)
due to thestericalhindrance ofS---S interactionsn POSO chain®® The expected
intramolecular interactions of PEDOPOSO and PSOS are illustrated in Figure

1.12.

PEDOT

POSO

PSOS

Figure 1.12. . Expected O:--S interactions for PEDAAQSOandPSOS
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The sulfur atoms in the PEDTT units can be replaced by selenium atoms to give
poly(3,4-ethylenediselena) thiophen@PEDSTJ2. The structure of PEDST is
depicted in Figure 1.13. PEDST has been shown higher stability andptaoee
conformationcompared to those of PEDTT. Stronger interchain contacts between Se
atoms are another factor, which defines the band gaphef 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 interch&m--Se interactions in addition to substituent
and planarity effect. PEDST energy gap values were closer to the electrochemical and

optical band gapsf PEDOT (1.35 and 1.63 eV respectivef)).

Se Se

/A

Figure 1.13. Structure of PEDST.

EDOT and EDTTunits can also be attached to many heterocycles, leading to
copolymers of various structure&s such, thesenaterials care studied to evaluate
the effects of the EDOT (or EDTT) unit® the overall electrochemical and

electranic properties of the polymers. As an example of this cAamakaet al
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synthesised and polymerisdgr-bis(2,3dihydrohienadioxin-5-l)benzahiadiazolé®
1748493051c0mpound to obtain narrow band ga@BOM polymer containing
benzothiadiazole (B) acceptorand 3,4-ethylenedioxythiophene (EDOTdonor
electroactive unitgFigure 1.14). This polymer exhibited high stability under redox
cycling and low band gap value of 1.30 ¥\Thus, the alternation of donor and
acceptor moiety in the polymer backbone creates the polymeodi@oracceptor

interactions®%°2%3

I o
o) o)
I \ o) Electropolymerisation
4
S
7\ S
N\ _N
S
BDT PBDT

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 doprlymers with
donoracceptor units typically show small band gamd the value for PBDWvas
estimatedas about 1.19 eV PBDT can be used as a polynfer many colour
applications, for example alongsidmly(3-methylthiophene)(red) and PEDOT
(blue) as the active layersanganic light emitting diodes aredectrochromic devices
owing to easy change of colour between states by structure alternationkjgand
optical contrastd*>>*® Moreoverother electron donor grougssed orthiophene

derivatives have also been associated Bithacceptor ungto produce conjugated
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polymers with small bandgaps, which were usedn organic photovoltaic
devices®°"°8

The conductivity of conjugated materials can be increased by incorporating materials
such as tetrathiafulvalene (TTF) into the polythophene backbone.The
electropolymerisation process of these materials cannot be accomplished directly
from the corresponding monomer due to
oxidation conditions compared to the thiophene gr8upceet al.®” have described

an electropolymerisation of the polymer film of thiophene unit incorporated with
TTF redox active centrdy 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 electropolymsation process has not done because
presence of the disruption in the aromaticity of the dicationic TTF followed by the

122 have succeeded to

oxidation of thiophene uniff In recent yearsSkabaraet a
solve this problem by using nonconjugated chemical coupl#agurated space
groups to attach TTFs to polythiophene unitand henceTTF units showed
independentelectroactiity.”® TTF is easily converted by reversible oxidation,
forming two s$able states (TTFand TTF")*%%%¢%62 35 shown in Figure 1.15.

TTF and its derivatives have dr® employed in superconductor materials as charge

transfer salts, and recently have been incorporated into conjugated péfyforause

in several different application such as organic semiconductors and s&nsors.
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Figure 1.15. Oxidation of TTF®

Oligo and polyfluorenes are another class of conjugated materials that exhibit unique
properties for several applications, due to their electroluminescence quantum
efficiency and highlytunable properties through copolymersatiors.®* Fluorene
derivatives emit light in the violéto-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 Higbhesceh andare also

usel in organic light emitting diodeand photovoltaic devicés®

Figure 1.16. Structure of fluorene
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1.6. Cyclic Voltammetry

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

to investigate the electrochemical behaviour of a mat&ighis 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 conventiongdree electrodes electrochemical eth reference

(RE), counter (CE) and working (WE) electrodes is f8e@he working electrode
canhavevarious shape(tylinder, spade, or di¥@nd s usually made of gold, glassy
carbon, platinum or indium tin oxide (ITO) The counter electrode is typically a
platinum wire or gauzeto match thesurfaceareas of the workinglectrode. he
reference electrodes conventionally noipolarisable electrode such as saturated
calomel (SCE) or Ag/AgCl aqueous electrodes. For-ampmeous solutioma silver

wire can be used as a quasireferembectrode. An electrolyte is used to allow
conduction through the solution in the electrochemical. ddlle electrochemical
behaviour of theanalytedepends on the kinetics @& oxidation or reduction and
further transformations of oxidised and reduced spécred. 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 electrod® The data are measured with internal resistance (iR)
compensationo avoid any potentiadlrop between working and reference electrodes
that can vyield in a serious errdrin cyclic voltammetryexperimenta triangular

shapepotential waveform used tawmp the voltage linearly from initial voltage to
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particular valueof 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 thevi@rd scan reduces (oxidises) back to the
neutral analyte. These potential sweeps are kept at constant scan rate (V/s) and can
be run continuouslynultiple times between two potentials in a single experiment.

This potentiatriangular waveforf is shown in Figure 1.17.

Reverse Scan

Potential , V

Erinal
Forward Scan

) t‘ t t‘ t
1 2 3 4
E Initial

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

The current response @otted against potential giving cyclic voltammogram
plot.>>*""° CV can be employed to determine the diffusion characteristics of analyte
Where, the scan rate test is employedshow if theredox response of a material
(polymep (charge transport through the polymer) is limited by diffustmnnot.
Consequently; the CV of polymeric film is usualigcorded at vaous scan rates
(from 25 mVs' to 500 mV$) and the values gbeakcurrent(l,) is plotted against

the scan rateslhe linear relationshipbetween peak current and scan @afirms

that thecharge transport through tpelymericfilm is not diffusion limited®®44>43
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CV experiment can distinguistreversible, irreversible and quasiversible
processe$"’? Let us consider a simple reversible reaction of analyte (A), described
by the flowing equation:

+
A

)
A-e

Where, the analytéA) is oxidised to(A") at forward scan in positive direction. This
process results in an anodic current, which reaches its maximum yakethe
potential Ba At the backwards scan the oxidised specig¥) (s reduced back t\)
producing a cathodicucrent that reaches its maximum valygat the potential g.lg

For areversible systemhe current response should have similar heights for anodic
and cathodic peak@$pdlp=1), andthe areaswhich thesecurves circumvent, should

be roughly equal (Figurel.18), the difference between potential of anodic and
cathodic peak$ &gE E,c i Ep) is close to 59 mV /n at 25 C° and independent of

scan rate, whene is the number of electrons in oxidation and reduction procésses.

50 +

254

Current/ mA
o

-25

01 00 01 02 03 04 05 06 07 08
Potential / V

Figure 1.18 Typical cyclic voltammogram graph of reversible redox process
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In an electrochemical reaction, tteecan beahethree types of mass transport, which
can influencethe kinetics ofthe electrochemicatxperiment those are migration,
convection and diffusion.

In the reversible system at any reasonable smi@the electrochemical kinetiasill

be definedby diffusion ofanaralyte to the electrode surface, tfage of the electron
transfer would be fasso thathe concentration adxidized and reduced form of the

redox coupleat the electrode surface would be governed by Nernst equation

., » E
| =
n

Where E is the electrode potentiaE° the standard electrode potentid,is
theuniversal gas constaR= 8. 314 4'72nfcll i theabsélute
temperature[O] and[R] are the concentration of the oxidised and reduced species
respectively>®’

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
reversetransformation§’ 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 aotnbequasi

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

44


http://en.wikipedia.org/wiki/Universal_gas_constant
http://en.wikipedia.org/wiki/Absolute_temperature
http://en.wikipedia.org/wiki/Absolute_temperature

PhD Thesid 2013

oxidation and reductiomwill lose their steepand become more apart compared to
reversible cas€’ In quasireversble process the current peaf) (hcreases with the
scan rate but is not proportional to it.oMoverthe peak in quaskeversible case

does not show reverse scan as reported in reversible case.

Diffusion isa mass transfer that is generated bydifference in the concentration of
the dissolved species. Where, the rate of movement of solute on diffusion can be

il lustrated precisely by Fickds first

\\

L
_r-

A\Y
[ ]

Where Jois the diffusion flux (the rate of the movement multiplied by the
concentration of a solute or the quantity of a solute which crosses the unpearea
unit time), D, is diffusion coefficient, the negative sign) (mears that the solute
moves from high to low concentratioegionand § ¢, / Qvis the change of the
specieg concentration per distange>’*

The peak currently) is controlledby diffusion of analyte its concentration and scan

rateasshown in RandkSevcik equation

| = (2.69x10°) n¥?ADYC 3"

Wheren is number of the electrons transferred per malés the electrode surface
area in crfi, D is the diffusion coefficient in cffs C is solution concentration in

mole/L ands is scan rate of the potential in V/s.
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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
conventionallyknown, t is generallya good practice to use the redox couple of
ferrocene/ferrocenium (Fc/Bc as a standard for the study of organic
semiconductorg®

Fc/F¢ wasrecommended by IUPA@ore than 20 years agdMany other species
have also been proposed asreference redox systersuch as RURb(Hg) due to
their large ionic radius and small chanig thefree energy of solvation of Rubidium
ion. However,this free energyhangewas too bigto be ignoredFor this reason,
there are many studies bgtrehlow and cavorkers on a range of organometallic
complexes to find a suitable reference redox systeth Therefore,
ferrocene/ferriceniunion (Fc/F¢)’’ is extensivelyused as redox system due to the

following properties othese ions

)] The redox couple of both components shouldtbble.

i) The ions have low charges.

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

V) The components of the redox system are soluble, and the redox potential
takes placewithin thepotential range of several solvents.

V) There is aapid and reversible equilibrium at the electrode surface.

Vi) No changeoccursin the geometry of the ion or molecule.
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Moreover the kinetic and mechanism of thelectrochemicalreaction in cyclic
voltammetry experimentshould be monitored throughotivr severalfactorssuch
as; (i) number of peak$n the forwardand reverse scan, (ipotentals 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 boththe highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels, and as such, the electrochemical band
gap of monomers and polymérsThe change in oxidation and reduction potentials

of CV indicating the corresponding change in the HOMOIaWMO levels values.

1.7. Band gap controland characterisation

The band gap isne of the mosimportantcharacteristics of organic semiconductor
and defines the electronic and photonic propertyrginic conjugated materials,
which contribute to peoirmance of the materiah a number ofpplicatiors such as
organic field effect transistor, solar cell and orgdmght emitting diodesThereare
five factors(Figure 1.19) which affect the band gap value:

()  Thedegree oplanarity (Ef)

(i)  Bond lengthalternation (&)

(i)  Aromatic resonance energy effecttE

(iv)  The substituengffect(ES"D

(v) Intermolecularor interchain interactions (&)
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> e .
Q0 Substitution

Planarity

Resonance energy

Figure 1.19. Parameters influencing band gap.

(1) The degreef planarity (E% is characterised bthe twist angles between
adjacent ringsThe higher degree of planarity and the legkertorsion
anglesthemore narronthe bandgappue t o better everl ag
system of adjacent rings and consewtly better conjugation

(i) Bond length alternation (E i s a r -elsctrdng localidationi within
two centred bonds instead of being delocalised over the whole conjugated
system, which lead to the appearance of stdgigble bond alternation all
over the polymeric conjugated baddone. It represents the main
contribution to the value of band gap and originates frBgierls
instability of onedimensional organic semiconductor. Consequently the
structure modifications leading teeducedbond length alteration are
expected to produce decrease in band §lap mosteducedBLA exhibit
polyacetylene (structure 1ll) in comparison to polyaromatic system such

as polythiophene and poly pyrroléstructures! and Il respectively.
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On of tre way to decrease BLA of polyaromatic system is to increase
contribution of corresponding quinoidal resonance structure to the wave

function of the ground state.

/ A\ / o\
M HMN s

n
n n
H

An illustrative example of the conjugated system with iaseel 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).

/ A\

S
(A\V4

(i)  Aromatic resonance energy effect™t& The effect of the aromatic
resonance energy of the rings located within the conjugated chain of the
pol ymer pr event seledrens due dd dordirmng ithemm o f
within the aromatic systems of the rings, which lead to increase the band
gap.

(iv)  The substituent groups {): The ring substituentsan have a large
effect on the band gapy influencing theelectron densityf the polymer
througheither electrorwithdrawingor donatingeffects. Substitution will

affectthe HOMO and LUMO levels anthe substituent groups caalso
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cause steric hindrance to intend interchain interactiosthat will affect
thedistance betweeadjacent polymer chasn

(v) Intermolecularor interchain interactions (&) provide further decrease of
the band gap due tmter mo |l ec-U) ar n{ érringotvé hoa n
covalent or electrostatic (dipetipole, qudrupoleuadrupole)
interactions, which usually leads to aggregation with various affect on

band gag®

Using CV experimenthie eletrochemical HOMGLUMO gap of a monomer or

a polymercan be determinegroviding that the oxidation and reduction graphs
arereferenced to thérrocenderrocenium redox couplas a referencerirstly,
the onset of the first oxidation andeduction peaks of the materials can be
converted theHOMO and LUMO energy levels of monomer or polymer by
subtracting them from thdOMO of ferrocene, which has a known value 48
eV. Finally, the difference betweddOMO and LUMO energylevels provide

band gap valué&’

1.8. ElectronicAbsorption Spectroscopy

The ultraviolet and visibl@bsorptionspectra of materials are associated wiité
transitions between electronic energy levels. When the material absorbs émamngy,
the electroit structure of the molecule excited fromits ground state to an excited

state.However, her e are three types of electroni
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orbitals which can occur between bonding (filled) and -danding {acanj
orbitals. Thus, here are four possiblelectronic transitions for heteroatoms, which

ared YO0*, nYO*, nY  * aasdhownYFigurelt20@ansi ti ons

A Antibonding o*

Antibonding 7t

Energy

Non-bonding n

Bonding

Bonding o

Figure 1.20. The possible electronic transitiofts anorganic molecule

Il n aGYd* transi tpiomatedfrona aboreingdly arbitabto aniarsti

bonding orbital(C ¥. These transitions require a relatively large amount of energy

and show an absorbance maximum normally betweenil@Q00 nm. Thus, an
absorption maximum represenmninmtypical UM YO * tr
vis spectrum, which is normally registered in the range bet@86ro 700 nm"’®
Heteroatoms with nebonding electrons (lone pairs) aatbhe t o wunder go
transitionsthat isoccurring at 150 250 nm therefore, the rganic functional groups

with these transitions show small peaks iis iV region.The nY  * and Y

electronictransitions have absorption maxiraa wavelength betwee?00 and 700
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nm. These transitions require an unsatur
electron orbitald*®® The absorption maxima of conjugated polymers in the UV

Visible range occur dongerwave than for small molecules due to an increase in the
conjugation | ength within the polymer ch
wavelengthis observedor singlemoleculeswith long conjugatiorf®** The longer the
conjugation in the molecule, the higher wavelength of the absorptiomaaf the

Y r tr &S iThe ralssorption spectrumf terthiophenederivatives

shows an absorption maximum at 357 nm, correspondmg tt A& transi ti
however this peakis shifted bathochromically in therrespondingolymerto 467

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

substitution in the terthiophen&s.

LambertBeer law which has been used tguantify the absorptiorof materials is

shown below:

A:Logloo-ﬁ 0.1 . c

WhereA is the absorbancésandl are the intensities of the incident and transmitted
light, respectively] is the path length of the absorbing solution in centimetrés,
the concentration in moles pditre, and U is known as the molar extinction
coefficient @lso callednolar absorptivityf®

Theratio (1o / 1) is called transmittancérl). The optical densitgan be found from

transmittance by the formula

A= -log (%T)
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The opticalband gapof materialscan be calculated from the onset of the longest

wave absorption baretig€ by using the following equation:

. L
AH —
m/

Where E,is the optical energy gag\), h is Plarck constant 6.626068 x 16* Js,
c is the speed of light = 299,792,458 ndds thewavelength(nm) ande charge of

an eletron = 1.60240'°C.

1.9 Spectroelectrochemistry

The gectroelectrochemistrySEC) is an experimentthat combines two methods,
which are spectroscoptechnique for instance UWisible spectroscopy or Infrared
(IR), and anelectrochemicatechnique,such as CVSEC of polymersthin-film is
carried out by growing the soliim of a polymer onto a piece of indium tin oxide
(ITO) coated glassSEC experimentcan &so be carried outfor a solution of
electroactive compounayhere theanalyteis dissolved in the solvent. TIBZECdata
can beplotted inthree dimensionafgraph withabsorbane, wavelength and potential

axesas shown in Figuré.21.
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Figure 1.21. Spectroelectrochemical plot graphs

The spectroelectrochemistry technique shows the evolution of variousasasthe
substrate becomes- @r ndoped through theoxidation or reductionprocesses
respectively. This is achieved by applying @ositive or negativevoltage.

In a spectroelectrochemicaxperiment apolymer oxidationcan be reveale@s
decrease in the *i nttreano$sai neytral qpélymerahde the”
generation of newdnds at longer wavelengths. &e areattributed to the formation

of radical cations (polarons) and dications (bipolar@rs) usually appearad the
visible and near IRegion Figure 1.22 is depicted the polaron and bipolaron guasi
particles throughouthe polybenzeneas an example. It is useful to consider other

important examples of polarons in conjugated oligomers and polymers.
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o
Polaron -

(]
N J
Y

Bipolaron

Figure 1.22. Polarons and bipolarons in oxidispalybenzene

The polaronic signaturef oxidisedPEDOT is observed betwe#me range o850to

860 nm yet it is difficult to observein the doped PEDTT.*® The
spectroelectrochemical studies of TTF derivatives exhibit two new absorption peaks
at 800 and 390 nm, which are correspogdto the formation of radical cation
(TTF") and dication (TTF) respectively’>?® However, the hybrid electroactive
system poly(DPHTF) shows additional new broad band between &9@ 1100

nm, which can be attributed to the charge transfer from TTF unit to the conjugated
polymer chairf! Polarons and bipolarons are shown as two separate peaks in the
spectroelectrochemical graph, but in sooases they can be close together or
combined into one peaR Spectroelectrochemical measurementsataabe used to
study the switching ratesf the polymerbetween two colour statgeeutral and
dopedstates) The svitching rate measuremeniy 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 statdkeopolymer In such an
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experiment, the absorbance is monitored at the wavelength corresponding to the
longest wavelength absorption maximum of the poly(tiee greatest difference in
transmittance (absorbance) at neutral and doped states) and then rdetdreni
change percentagein transmittanceof the polymer at specifiswitching times

values?’4382

1.10. Applications

Organic semiconductors are employed in salv@lectronic devices due to the
distinctive properties such dggh mechanical flexibility,good performanceJow
cost high colouration efficiencgndhigh stability. 8 Examples includéhin film and
organic field effect transostors (OFETs)rganic light emitting diodes (OLEDS),
photovoltaic cells (OPVS} switches, smart windows andisplays® Organic
semiconducta can be key components in exaay applicationssuch aselectronic

displays, smart cardilentification tags and electrochromic sunglasées.

1.10.1. Electrochromism

Electrochromic materials display mversible and highly stable change in their
optical properties during the application of a voltaggany types of organic
materials show electrochromisfit®**#* 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 préidsses.

utilization in electrochromic devices, therganic electrochromic materialsiust
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exhibit or possessnultiple colours, rapid switching times, high contralsigh
colouration efficiencyand good stability. Electrochroampolymers are an interesting
class of conjugated polyngrsince they have the ability to change colour and
possess high optical contrasts, stability, fast switching times, and tunable band
gaps™®* Electrochromic polymers can be used in mapyplicationssuch as smart
windows, multicoloured displays and image generafibnThe common
electrochromic device can be constructenn a number of layers adisplayedin

Figure 1. 23.

Plastic Substrate

- Transparent conductive Oxide
‘ Electochromic Layer

Ion Storage Layer

Transparent conductive Oxide

Plastic Substrate

Figure 1.23. Design and working principle of the electrochromic de¥fég.

Conjugatedmaterials such as blue PEDOT, red poli&kylthiophene) (P3HT) and
green poly (anilineN-butylsulfonate) (PANBS) absorb the three primary colours red,
green and blue (RGB) for use in electrochromic devitésliditionally,in PEDOT,

the chromatic contrast appearsthe visible region witha wavelength maximum at

650 nm®® Therefore, PEDOT is consideredhighly suitable for electrochromic
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applicationsdue toits eay processability antdigh 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. @ the other hand, polyittphene has a red colour in the neutral state and is
blue when pdoped’*>#3# Excelent electrochromic behaviour has been observed in
poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) due to its
high conductivity, high stability and high contrast at low potefiti&leveral types of
conducting polymers includingolypyrrole, polyselenophenand theirderivatives

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, &fechromic sunglasses and displ&¥s.

1.102. Organic field effect transistor

Organic semiconductor materials are highly important components in field effect
transistorsdue to thé& characteristics such asmple structuresgcheap production,

ea® of purification, high performancehigh mobility and capability to be deployed

in large-area electronic products. OFETs can be used in several applications such as
control elements for displayand sensor¥ A typical structure of an organic field
effect transistor device contains several layers, including the gate electrode, dielectric
layer @ilicon dioxide), semiconductor layer and source and drain electrdtes.
source and drain electrodes aie contactwith a semiconductor layer, and a
condtctive substrate acts thegate electrode’®®* Thestructure of atOFET device

is shown intheFigure 1.24.
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Drain

Source

Figure 1.24. Structure of an OFET device

Insulating polymers can be usedths insulatorlayer coated on the gate electrode.

In the off state of the OFEWwhereVs = O, there isa 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
semiconductddielectric interface. This in turn results in a shift in the molecular
orbital enegy levels of the semiconductor (change in HOMO and LUMO levels).
Consequentlythe chages (holes and electrojpscan be transported betwedine

source and drain electrodes, thus the electrical current pass through the OFET device.
Based orthe type of charge carriers, organic semiconductors caiviged into two
types;p-type and the #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 sourcetyipendevice 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 electrod®® The operating principle ofOFETs based onorganic

semiconductorsis presentd by the simplified energy level diagraman the

Figure 1. 25.
Vg=0
LUMO
E¢
]
HOMO
Metal sc Metal
Vg <0 (@)
LUMO Vg >0
L.UMO
o e el
HOMO [
HOMO
SC === |===22
Metal Metal Metal sc Metal

() ©

Figure 1.25. lllustration of a principle of an OFET with respect to applieg (&)
When VG= 0, (b) VG <0 and (c) VG&

Organic conjugated materials are used in thin film field effect transistors (OFET)
because they can possess high mobility and stabilityiany organicelectroactive
compoundssuch as pentacene, rubretiépphene derivativesand tetrathiafulvalene

can be gedas semiconductor materials with high mobility organic field effect

transistors*?
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1.10.3. Organic light emitting diodes

Semi conducti ng -cmudgatet!l onaterialsease augeddrganic light
emitting diodes (OLEDs). They are suitable for such applications due to their
processability, flexibility and largarea coverage, which are advantages over
conventional semiconductor materifisElectrouminescent materials emit light in
the visible spectrum when an electiield is applied”-®*** Organic semiconductors
suitable forOLEDs require many keycharactestics such as a fast response, low
drive voltagefull-colour emissiorand large thin film are®.

In multilayer LED device there are hatenducting (ptype) and electroconducting
(n-type) layers Under an applieelectric potentialthe holes and the electrons are
injected from the anode and cathode respectivelyarganic semiconductor layers
Where, the injected holes and electrons will travel throughattjacentorganic
semiconductolayers and then createlectronically excited statdsy recombination

of charge carrierswhich results in generation thineige depletiomegionbetween p
and n organic semiconductor layeeecompanied bydecrease of itgesistance
consequentlythe exited stateformed on recombinatiocan relax to the ground
state to emit a photon of visible ligif”® A typical single layerOLED with a thin

film of conjugated polymer between two electrodeshown irtheFigurel. 26.
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Figure 1.26. Operation principlesf organic light emitting diode devite

Conjugated polymers such aslyphenylene vinylene (PPVyerivatives and
polyfluorenesareusedasgreen andlue electroluminescent materiaéspectivelyin

organic light emitting diode%"?®

1.10.4 .Photovoltaics

In recent years, organhotovoltaicdevices have beatevelopedo provide unique
properties thaare differentfrom theirinorganic based solar cells. These properties
are flexibility, low cost fabrication and light weigtit.

In a solarcell (or organic photovoltai; the molecules or polymers can absorb
photonsfrom sunlightand convert them to electrical enerdy.these devices the
band gap and the energy positions of HOMA@MO energy levels have a large

influence inthe efficiency of the devicg§10+192%
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The structure o typical organic potovoltaic devicancludesdonor and acceptor
phase sandwiched between anode (ustishgoped indium oxide ITO) and metal
cathode often with additional layer for instarREDOT: poly(styrene sulfonic acid
(PSS) which is localised betweenanode anddonor phase to improve hole
conduction. On the other hantietpn heterojunction cell contasdouble layers of
organic thin films connected with twelectrodes, the electrons and hdlesween p
type and rtype organic semiconductors layers would beypth an essential role in
device performanc® The setup of pn-heterojunctiorphotovoltaics cells shown in

Figure1.27%°

p-Type Semiconductor n-Type Semiconductor
Anodel i i Qathode
’ |
1 H ! H
hv :._____' : : :_--_-_I
Y N

VAVAVAN

Figure 1.27. Operatiorprinciplesof pn-heterojunctiororganic photovoltaics

The operating principlef pn-heterojunctiororganicphotovoltaics can be described
through absorption of theunlight by the conjugated semiconductor material (for

instance doneacceptor polymer) that will lead to generation of an excited state or
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exciton. The exciton diffuses to the -peterojunction anddissociate, creating
electrons and holes in donor and acceptor phases respetfv&h*® Electrons

and holeswill travel away from thedonorAcceptororganic interface to their
corresponding electrodes resulting ancurrent flow and generation of electric
potentialacross the devicélhis process is the opposite to the operation process of
organic light emitting diodes deviceshere the chargemjected from anode and
cathodeform an excied stats and then theyemit the photons out of OLED®%%
Semiconductor copolymers materials such aspoly(3-hexythiopheng¢ and
tetrathienoanthracenean be used inefficient solar cells due to their exceptional

properties for instance broad optical absorption and ttigingemobility. 103108107
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Chapter 2

2. Thiophene Copolymers with Electroactive

Nitrogen Heterocycles.
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2.1. Electropolymerisation of a Novel HeteropentalenedMesomeric Betaine:

Preparation of a Novel low Band Gap Conjugated Polymer.

2.1.1 Introduction

Many studies have focused on polythiophemel itsderivatives Their synthesis and
properties continue to attract considerable interpatticularly whenstuded as
conducting polymer&>19810911% one of the fundamental challengafspolythiophene
chemistry is lowering the bandgap of parent system ot 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 moteatddal
(LUMO). The kandgaps in polythiophenes are typically in the region of 2 eV
although some polymers have been reported with significantly lower vakes
example,the banegap of regioregular polyalkylthiophenes was determined as 1.7
eV 112 | arger changesin the banegap can be achieved by adding stronger
electrondonding or withdrawing side groupsTanaka andYamashita'® have
prepared and electyolymerised thienybubstituted  thienothiadiazdfé
(compoundl) giving the polymer(2), which hasa band gapof Eg = 0.9 eV. The
heterocycle of compound1) can be represented by eitfzdipolar structurela or a
nonclassical structurelb. The parent thienothiadiazofe® system (3) is a
representative of a Typ® heteropentalene mesomeric betaine (HMB) as categorised
by Ramsden* Type A HMBs are associated with the general core struddrin

which the heteroatomX and Y formally contribute a pair of electrons to the
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" -system.An important feature of the Typ® HMB structure(4) is that the HOMO

is topologically and energetically similar ta nonrbonding molecular orbital
(NBMO) whose electromlensity distribtion is depicted in structurg5).***
Accordingly, the HOMOLUMO energy separation in these systems is relatively
small. In the same way, the thiophene substituted H{IBis expected to have a
relatively small HOM@LUMO energy separatigrwhich is reflected in the ergyr
gap of the polymer(2) and related systemS Other exended Type A HMB
derivatives(6) and (7) have also been prepared and eleptrstymerised to yield
polymerswith Eg in the range betweeh5to 0.8 eV 1611718119120 The stryctures of

Type A heterocycles are depicted in Scheme 2.1.

N’/S:N - N”S‘\N N/’S\N -
s. | \__s s N s so M N s
s W \ [\ \ [ /"
1a 1b 2
+S X+
N SN &Y
2/ \; / A\
S Y
3 4 5
: s
S\ N
N7 N
s S N>/_\<N
|, N
X 7\ X s /A S
X N\S/N X \ / S \ /
6 7

Scheme2.1. Structures of compounds?7
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In Type B HMBSs, the heteroatoms X and Y are located at the bridgehead positions as
shown in structur¢8).'** Type B HMBs are similarly associated with a HOMO that

is topologically and energetically similao a nonbonding moleclar orbital and
consequently might also provide a convenient core for the construction of novel low
band gappolymers.

This  chapter descrds the  electregpolymerisation of the 3;4
ethylenedioxoythiophene (EDOTpntaining monomer9) based upon the core
dibenzeType B HMB systen{10). The pendant EDOT group was chosen in view of
its widespread r ecent-conuwaed syastema dnd dsrhighe d f u
tendency for promoting electywolymerisation in multaryl monomers?
Heterocycle(10) was prepared in several steps from ofphenylenediamine as
reported previously?? Brominatiot?®> of compound (10) as described in the
literature gave the dibromaerivative (11) as the major product, together with a
significant quantity of the tribromoompound(12). This mixture was subjected to a

Stille coupling reaction with the stanna(tes),***

yielding the required thiophen
containing monome® after purification.The structure of compoundsto 13 are

illustrated in Scheme 2.2.
S
\ X Br Br
N\ (0]
N N oS - - %
+N—N + N— + N—N
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Scheme 2.The structure of compoun@do 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
potentiostatwith iR compensation. The electrochemical calnsisted of three
electrodesa 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/FE redox couple as an internal standard. Using dichloromethane as the
monomer and mononuree solvents, Argon gas (Ar) was used to degas solutions
for cyclic voltammetry.Monomer concentratioris ca. 10* M, with 0.1 M n-
BusNPFs; as supporting electroly@a scén rate 0.1Vs' .

All electronic absorption spectra were recorded at room temperature on a UNICAM
UV 300 spectrophoimeter operating between 190100 nmand between 300 and
1100 nm for the monomer and polymer respectiveby. solution speica, a 1 cm

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

Compound9 showedtwo major peaksta308 and 467 nm, and three shoulders at

345, 442 and 488 nnT.he peak at 308 nm ®tributed tothen” * t r ansi ti on
nitrogen lone pairs, the shoulder at 345 nm corresponds to the lone p#ies of
oxygen atom in the EDOT units and the peak at 46iguoe tot he *° t ransi t i
from the conjugated portion of the compound.

Compoundll shows three peaks at 268)3 and 426 nm. The first peak at 268 nm

IS the <nax corresponding to the-n* transition from the | or
atoms. The secal peak occuing at 403 nm and the final peak at 426 ismssigned

to’-"* transition from the conjugated part
compoundl1 hasshiftedto 442 nm incompound, a differenceof 39 nm.Th e-" *

transition isbathochromically shifted from 426m in compoundll to 467 nmin
compound®.

The onset otthe absorptionedge at 529 nm of compourtdallowed the optical
HOMO-LUMO gap(2.35 eV) to be determined; this is lower than that of compound

11 (2.82 eV) which isexpected due to the addition of the EDOT uiritsompound

9. The absorption spectra béterocycle 9 and11 are illustrated in Figure 28.
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Figure 2.28. UV-Vis spectra of compous® and11 measured inlichloromethane

The oxidationof dibromo-derivative 11 gives an irreversible pesalat +1.02and
+1.49 V, while the peak maximum for the oxidation of the-BEBOT compoun®
occurs ata lower oxidation potentigh-0.46V). The oxidation gives rise to a radical

cation on one or both of the EDOT unitsshewnin Figure2.29.

. O/—\O
0] O © I_ﬁ
) N °
R/@ . e R %

Figure 2.29. Oxidation of EDOT unit in compour
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The reduction of monome& showed an irreversible wave-2t3V and this has been
attributed to reduction of the central core unit producing the digsioacturéd.4),

which is isoelectronic with the cyclooctatetraene dianion.

14

Under identical conditiongwo irreversiblereduction peak wereobservedat -1.88
and 215V for compound.1. All oxidation and reduction processgfstwo monomers

are displayedh Figure 2.8.
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Figure 2. 30. Monomer @) oxidation and If) reduction of monomer8 and 11 in
CH.Cl, using a glassy carbon working electrode, Ag wire reference electrode and Pt
counter electrode; the monomer concentration was ¢ 1@ith 0.1 M TBAPF; as
supporting electrolyte. The scan rate was 0.1Vamd the data are referenced to the
Fc/Fc redox couple.

The electrochemical HOMQLUMO gaps of monomer9 and 11 are 2.34 and 3.28

eV, whichwere determined from the difference in the onsets of the first oxidation
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(+0.32 V) and reduction-2.02 V) peakgor monomer9 and from the difference in
the onsets of first oxidationtQ.846 \) and reduction-(.79 V) (using the oxidation
and reduction peakn Figure 2.30.

HOMO and LUMO levels are calculated by subtracting the onsets from the HOMO
of ferrocenewhich has a identified value 0f4.8 eV.These results are indicative of
the electrordonating contribution of the EDOT units, which raise the LQMnd
HOMO of compound® closer to vacuunit has to be noted that compoubtiexists
as amixture with the tribromo derivativd2, but it is anticipated that the redox
properties of the two compounds will not differ greafl.the electrochemical data
of both monomers is illustrated in Table 2.1.

Table 2.1 Electrochemical data for monomgrand 11 HOMO and LUMO values

calculated from the onset of the first peak of the corresponding redox wave and
referenced to ferrocenahich has a HOMO 04.8 eV.

Onset Onset HOMO-

Monomer oxidation HOMO/eV reduction LUMO/eV LUMO
IV IAY [ 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

Electrgpolymerisation of compounfl was achieved through repetitive cycling over
the first oxidation peak of the monomer. Therefore the polymer was grown between
-400 to +700 mV refrencedio Fc/Fé. The growth of the polymer was monitored
through the increade current with each cycle and the development of a new peak at

lower potential (Figure. 31).
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Figure2.31. Polymer growth of compour@ The substrate concentration was c&.10
M and TBAPK was used as the supporting electrolyte (0.1 M). A glassy carbon
working electrode and scan rate of 100 m\ixg@re used

The electrochemical barghp of poly9 was determinedonce againby cyclic
voltammetry from the onsets of the oxidatio®.{1 V) andreduction {2.04 V)
waves. The reduction of the polymer showed an irreversible peak3atV, which

was attributed to the reduction of the central core unit in a similar fashion to the
reduction of monome? described aboveaBoth theoxidation and redumn cycles of

the polymer are shown in Figure32.

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 givea value 0f1.93 eV asevealed in Table 2.2.
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Figure 2.32. (a) Cyclic voltammogram andbj reduction of pol® using a glassy
carbon working electrode in monordeee CHCI, (0.1 M TBAPK as supporting
electrolyte at a scan rate of 100m\f$

Table 2.2. Electrochemical data fopoly9, HOMO and LUMO valueswere
calculated from the onset of the first peak of the corresponding redox waweend
referenced to ferrocene, which has a HOMG®4o8 eV.

Onset Onset HOMO-
Polymer oxidationV HOMO/ev reductioV LUMO/ev LUMO/eV
9 -0.11 -4.69 -2.04 -2.76 1.93

2.1.5. Oxidation Stability, Scan Rateand Optical properties of the Polymer

The stability of the polymer towardsdmping 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 ovey@6s(Figure. 233).
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Figure 2.33. Oxidation stability of pol9, in monomer fre€€H,Cl, at a scan rate of
100mVs?, over 80 cyclesusingglassy carbon working electrod&g wire reference
electrode and Pt counter electraded 0.1 M TBAPE as supporting electrolyte. The
data is referenced to the Fc/Fedox couple

To determine if the oxidation of the polymer was limited by diffusion, the oxidation
of the polymer was recorded at \ars scan rates as shown in Fig8&4.A plot of
scan rate versus peak currdfigure 2.35)provides a straigHine graph (R =
0.9977), indicating the presence and stability of the polymer on the working

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

y = 0.0688x + 1.8476
R? = 0.9977
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Figure 2.35. Scan rate vs. peak current maxiaigoly9

The optical band gap of thpolymer9 was determined by growing the polymer onto
a piece of ITGcoated glass slidghe polymer was grown by cycling between 0 and

1100 mV vs. E/Fc’ then dedoped betweerD.4 and-0.2V. The spectrum shows an
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absorption maximaeak of 547 nm, which correspantb a shift of 80 nm for the-

" Mransition when compared to the monor(¥87nm) The absorption spectrum for
this polymer is shown in Figure2.36. Estimaton of the onset of the highest
absorption edge after @kping the polymer (ca. 707 nrgives anoptical band gap

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

(1.93 eV).
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T T T T T T T T T T T T T T T 1
400 500 600 700 800 900 1000 1100
Wavelength / nm

Figure 2.36. Solid state absorption spectrum of gbgn ITO-coated glass

2.1.6. UV-vis Spectroelectrochemistry of Polymer 9

To test the @loping andn-doping effects on poB; oxidation and reduction
spectroelectrochemical measurements were perforiiee.pdoping of the polymer

in Figure 237ashows 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
bet ween 650 and 900 nm -atobhgnavi ahh 800denom

mV a bipolaron band can ledserve to form with theformation ofanew absorption
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band at 900 nm. From6@0 mV onwards, there is a drop in absorbance
corresponding to the breakdown of the polymer into soluble mat&hatle is very
little change in the reductiofeatures inspectroelectrochemical graph; there is a

smallincrease in the absorption @00 nm and1000 mV as shown in Figure3Zh.

0.4

e
L

Absorbance f a.u.

Figure 2.37. UV-vis spectroelectroelectrochemical ptdtupon @) p-doping andI§)
n-doping of pol® deposited on ITO glass, Ag wire reference electrode and Pt

counter electrodeExperiments were ruim monomesfree dichloromethane solution
in the presence of TBARKO.1 M)
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2.1.7. Polymer Switching

The ability of the polymer to switch between colatates was tested by measuring
the absorbance at 1100 nm and switching the potential betw®érv/(and +1.3 V)

at different rates, as shown in Figur82.
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Figure 2.38. Chang in optical absorbance at 1100 nm fpaty9 on ITO glass as a
function of switching rate betweefi.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 theseasurements 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 absorbancedby9.

Switching Time / s % Change
10 80.8
5 65.4
2.5 47.15
1.25 21.95
0.5 0.8
0.25 4.0

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 ajam absorbance wasly 4.0%.

2.1.8.0ther work

A furthertwo compoundg15 and 16) havebeenanalysed by UV spectroscopy and
cyclic voltammetry andtheir propertiescompaed with compound 9 and 11.
Compoundsl5 and 16 are similar to the cerdt coreunits of compound9, 10, 11

andl12 as illustraédin Figure 2.39.
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Figure 2.39. Chemical structures of compountisand16

2.1.8.1 Absorption Spectroscopy and Electrochemistry of Monomgd5 and 16

The absorption spectrum of compout®l shows three peaks at 258, 386, and 406

nm. The first peak at 258 nm correspaadhen-" *ransition from thdone pairsof

the nitrogenatoms. The second peakcursat 386 nm and the final peak occurs at

406 nm whichis - * transition from t heHowevenj ugat i
the absorption spectrum of compouttilalsoshows three peaks at 286, 281 nm

and362 nm.These peaks were hyposchromically shifted compared to comg@dund

The optical HOMOLUMO gaps of compound5 and 16 were 2.96 and 3.3 eV
respectively; these are higher than the vabfesompoundd and11 (2.38 and 2.82

eV respectively) Figure 2.40 shows the absorption spectra of compaldsd16.
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Figure 2.40. UV/ Vis spectra of compounth and16 measured in dichloromethane

Cyclic voltammetry experiments performed on compoubslend 16 have shown

the oxidation processes are reversible, but the reduction processes of these
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compounds were irreversib(€&igure 2.41). Compoundsl5 and 16 have exhibited
reversibleoxidation peaks ai(+0.78/+0.7%), and(+0.92/+0.8&) respectively, but
the reduction processes gaweeversible peaks aR.17 and-2.43 V for compounds
15and16 respectivelywhich are similar values to the reduction peaks in compounds

9andl11l.
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Figure 241 (a) Oxidation andl§) reduction ofcompoundl5 and16 on a glassy
carbon working electrodédg wire reference electrode and Pt counter electinde
dichloromethane, concentration ctJ* M , with 0.1 M TBAPFK as supporting
electrolyteat a scarrate of 100mVs. The data is referenced to the Fé/Fedox
couple.
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The difference between the HOMO and LUMO values gaveelactrochemical
HOMO-LUMO gap for compoundsl5 and 16 thatis almostthe same valueas the
optical band gap (2.96 and 3.3 eV respectivdiyjthere are slight differeces when
comparedto the electrochemical HOMQUMO gap valueof compoundl1 and9
(3.28 eV and 2.34 eV respectivelfable 2.4 represents the electrochemical data for

compounis15and16.

Table 2.4.Electrochemical data fanonomerl5 and16. HOMO and LUMO values
werecalculated from the onset of the first peak of the corresponding redox wave and
referenced to ferrocene, which has a HOM®4a8 eV.

Onset

Onset ) HOMO-
Monomer oxidation/ VV HOMO/eV redu\;:tlon/ LUMO/eV 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;4thylenedioxythiophene (EDOT) containing hef@entalene
mesomeric betaine@) hasbeen prepared and successfully electropolymerised when
coated onto an indium tin oxide (ITO) covered glass slide yielding a polymer with a
bandgap of 1.751.93 eV.The polymerof compound9 is reasonalyl stable to
anodic conditions and the scan rate t@sives that the polymer is not diffusion
limited. Polymer9 has shown fast switching rate between doped aftbded states

whena 10 second switcls appliedthere is an 80.8%hange, but ®.25 second
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switching rateaffordedonly a 4.0% change.This isthe first example of a polymer
possessing &ype B heteropentalene mesomeric betaine ddvespectroscopy and
cyclic voltammetry techniques of monomer$5 and 16 have revealed similar

properties when compareddompound® and11.
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2.2. Electrochemistry, Spectroscopy andSpectroelectrachemistry of novel

organic conjugated moleculébased onthe benzothiadiazole unit.

2.2.1 Introduction

The donoracceptorstructurein conjugated polymerkasbeen introducedh recent
years to afford plymerswith narrow band gaps that have proven tohighly
efficient in severalelectronicapplications->>*?%*2" |n 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 distance between conduction and valance bands vé&lues.
The kenzothiadiazole (BT) unis considered to bene of the best units to introduce

a low band gap valueWhen BT is incorporaed with electronrich units, the
extension of theonjugated length appeadue tothe occurrence ointarmolecular
charge transfer (ICT) in donacceptor structur€® Donoracceptor polymers
exhibited remarkable propertisachas fast and revalde colour changingThis has
pushedthem to be employed in electrochromic applications for instarsreart
windows and mirrord?**° Wald et al.and Topparet al. have investigated donor
acceptor materials based on3,4-ethylenedioxythiophene (EDOT) and
benzothiadiazole (BT) as donor and acceptor units respectihaly exhibited an
extremely low band gap and high stability under redox cycintherefore these
materials are candidatés electrochromic applicatiormwving tother fast switching

and reversild changebetween green and transmissive lighidih the neutral and

doped statesespectively??>*'3>*132 gSimjlarly, Elshehawyet alinvedigateda series
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of donoracceptor alternating conjugated copolymers based on hexylthiophene and
BT units From these studie®roader absorption bands and small highest occupied
and lowest unoccupied molecular orbital values have beemonstrated?®
Thiophene derivatives have been studipteviously and they have shown
exceptional electroactive behaviour looth monomer and polymer caséhese
materials acted a&conducting polymedue to itsproperties such as low oxidation
potential and high conductivityTherefore, these materialgere usedin several
applicationssuch asorganic field effect transistors, light emitting diodes, solarscell
and electrochromic materidi¥ Materials based on electralonor p-type
conjugated polymer) and an electracceptor (rtype) wereused asan active layer
between two electrodes in photovoltaic devidesncenumerous researchers have
focusedthear attentionon these materials due to thdight weight, large eea, low
cost and flexibility. An electrouleficientberzothiadiazole (BT) molecule hdmeen
attachedo electron rich moleculesuch as thiophene derivativieave unique optical
and electrochemical propertiésie to its conjugated natut&'* These conjugated
mateials have beersynthesisedand characterisetb enhane the electrochemical
and optical properties for instance IGMOMO-LUMO gap vales fast switching
time, high optical contrasind high conductivity>>

In this section of thishapteythree monomersl{-19) and their ptymers havebeen
characterised. Paly, polyl8 and Poly.9 havebeen prepared electrochemically and
studied usingelectrochemical and spectroelectrochemical experimémsmomers
17-19 contain a benzothiadiazot®re, attached to two EDTB:hexylthiopheneor

bis EDOT units respectively.
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2.2.2 Synthesis and experimental

Benzothiadiazole was dibrominated using HBr and Br4-Ethylenedioxythiophene
(EDOT), 3,4-ethylenedithiothiophene (EDTT) and3-hexylthiophene were
stannylatedia lithiation followed by the addition of M&nCl 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 Pg(P&s the catalyst

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.

s s
I3
SnMe3

S

Pd(PPh,),, DMF, 160°C 7
CeH1s
A\
Q Br,/HBr BrQB’ QSnMes
N N 7\ 18
s’ N\S,N Pd(PPhs),, DMF, 160°C
o O
/N
s~ ~SnMe,; 19

Pd(PPh,),, DMF, 160°C

Scheme 2.3The synthesis of compound¥ to 19
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17 18 19

Figure 2.42. Structures of monomdr7, 18and19

The electrochemical measurements were investigated by cyclic voltammsgtga

CH Instruments 660A electrochemical workstation with compensationand
dichloromethaneor acetonitrile as the monomer and monoinee solvents
respectivelyGlassy carbormr gold was usedhs the workingelectrodewith platinum

wire and silver wireas the counter and reference electrode, respectively. All
solutions were degassedth (Ar) and contained monomer substrasésa. 10° M
concentrationTetrabutylammonium hexafluorophosph&i®APFs) 0.1 Mwas used

as the supporting electrolytéll measurements are referenced against tiefhe
Fc/F¢ 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 an&lectrochemistry of Monomers

The absorption speet of monomersl?7, 18 and 19 were performed in acetonitrile
solution.

The absorption spectrum exhibitso peaks at 299 and 448 nior monomerl7
(Figure 2.43). Thepeakat 299 nmc or r e s p o n-d 4transition ftoim de
conjugated chain of compound art tsecond peak at 448 roan be assigned to
intramolecular charge transfarteractions (ICT) of the monomefhe dsorption
spectrum ofmonomerl8 shows two peaks at 311 and 457 nm, which have shifted
bathochromicallycompared to the peaks in the monorhérFor monomefr9, 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 monof¥eend 18, which is a
arising from the intramolecular chalcogé&nchalcogen interactions observed in the
crystal structuresf the monomers, therefore resultingextended conjugation form

of the two EDOT groups in monomé#, and increased number of sulfur atoms in
the rest of monomer$?

The onset of th absorption edge gives the opti¢dOMO-LUMO gaps for the
monomers. The opticllOMO-LUMO gap values calculated were found to be 2.37,
2.35 and 1.98 eV for monomef¥, 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 monobidierompared to monomé can

be attributed to the different effect of EDOT and EDTTtsuiti these monomefs.
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Figure 2.43. Solution state electronic absorption spectmoonomersl7, 18 and19
in acetonitrile

The electrochemistrpf the monomersvas achieved by cyclic voltammetrin an
acetonitrilesolutionwith a gold disc electrodéor 17 andin dichloromethane solvent
with a glassy carbon working electroder 18 and 19 (silver wire was usedasthe
reference electroden all cases) Monomer17 has two quasieversble peaks at
+0.58and +0.75V, hese peaksould be attributed tthe sequential removal of two

electrons from the EDTT units to give a radical cation and theniatic@figure

2.44).
ﬁ\
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Figure 2.44. Schematic represgation of the electrochemical oxidation fo#
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The oxidationof monomersL8 and19 shows one quasi reversible peak at +0.71 and
+0.46Vwhere each i®sing electronso result in a dication centred on the thiophene
and EDOT groups. The difference of oxidation potential values in the monomers is
attributedto the different side group structures. Monori8rhas a lower potential
compared with other monomers because of EBEOT units in its structureThe

oxidationgraphsof the monomers are illustrated in Figuré22.
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Figure 2.45. Cyclic voltammograms of oxidation 4f7, 18 and19, in an acetonitrile
solution with a golddisc electrode fod7 andin dichloromethane solvent with a
glassy carbon working electrode fb& and 19, Ag wire reference electrode and Pt
counter electrodethe ®ncentrationwas ca. 10* M, with 0.1 M TBAPFR as
supporting electrolyteat a scan ratef 100mVst. The data is referenced to the
Fc/F¢ redox couple

A reversble reduction of the monomeecgcurs atl1.75t1.73V, -1.76+1.72V and-

1.81+1.73 V for monomersl7, 18 and 19 respectively. Each is attributed to the
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reversible reduction of the BT unit since it is known to beeleatron acceptdr®

giving an anion radicallhe reductiorgraphsof thethreemonomers are illustrated in

Figure 246.
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Figure 246. Cyclic voltammograms of reduction &%, 18 and19, in an acetonitrile
solution with a gold disc electrode fdt7 andin dichloromethane solvent with a
glassy carbon working electrode fb# and 19, Ag wire reference electrode and Pt
counter electrodethe ®ncentrationwas ca. 10% M, with 0.1 M TBAPFK as
supporting electrolyteat a scan rate of 100m\ts The data is referenced to the
Fc/F¢ redox couple

The electrochemical HOMQUMO gaps ofthe three monomers werealculated
from the difference in the onsets of the first oxidation and reduction peaks in the
Figure 247, and then subtractinthem from the HOMO of ferrocen&.able 2.5

summarises the data of the three monomarghe cyclic voltamnetry traceof the
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three monomerghere isa slightdifference inthe electrochemicaHOMO-LUMO
gaps of the three monomelMonomerl9 has a values of 2.04 ethis valueis lower
thanthe electrochemical HOM@.UMO gap of monomerd7 and18(2.18 and 2.29
eV) respectivelyAdditionally, there is aifference inthe electrochemicaHOMO-
LUMO gap values when comparedth their optical HOMO-LUMO gap values

(2.37, 2.35 and 1.98 eV for mononief, 18 and19, respectively
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Figure 247. Cyclic voltammograms o017, 18 and19 for energy level determination
in an acetonitrile solutiowith a gold disc electrode fdr7 andin dichloromethane
solvent with a glassy carbon working electrode f8rand 19, Ag wire reference
electrode and Pt counter electrpdlee @ncentrationwasca. 104 M, with 0.1 M

TBAPFs as supporting electrolytt a scan rate of 100m\ts The data is referenced
to the Fc/FEredox couple
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Table 2.5Electrochemical data for compountig 18 and19.

Onset Onset HOMO-
Monomer oxidation/ HOMO/eV reduction LUMO/eV LUMO/
\V IV 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 fiesdik of the
corresponding redox wave and referenced to ferrocene, which has a HOM®edf.

2.2 .4Electrochemistry of the Polymers

The three monomers were polymerised electnootaly by repetitive cyclingpver
both redoxactive peaks. All the monomers polymerised and the growth af the
polymers is represented in Figurd&.

The electropolymerisation processatf three compounds was probed in monomer
free acetonitrile and over 1&ganswith the same @nditions as illustradin Figure
2.48. Polyl8 exhibited slow growth on the electrode surface to the presence of

the solubilising hexyl chains.
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Figure 2.48. Electrochemical growth of (a) pdly, (b) polyl8 and (c) pol\t9, using
gold for polyl7 and glassy carbon for pdl and polyl9 as working electrode#g
wire reference electrode and Pt counter electiodmonometfree MeCN (0.1 M
TBAPF; as supporting electrolyte).tA scan rate of 0.1V over 100 cycles.
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Quasi reversible oxidation waves have appearedl iinree polymer cases at +0.57,
+0.59 and +0.1¥ for polyl7, polyl8 and polyl9 resgectively, asshown in Figure
2.4%. The oxidation peak at +0.57 in polyl7 is quite narrow for a conjugated
polymer,whichis constrained within theis(EDTT)repeat units of the polymeFhe
other oxidation waves of padly and polyl9 represent a localised oxidatiaf the
hexyl thiopher or EDOT side groupsThe oxidation potential of the three polymers
is observed at different values, where ptbB/hasgiven lower oxidation potential
than the other polymers that can be attributed to the effect of the interchain
interactions Q---S contact) between the EDOT unftsin poly19 and the §---S)
contactin rest of polymersThe polymer reduction peaks are illustrated in Figure
24%; howeverin each casethe polymers givean almost identical reversible
reductionwave at-1.70 £1.60 V,-1.58 £1.42/ and-1.94+1.69V for polyi7, polyl8
and poly19 respectively This can beascribedto the addition of the ektrons to the

benzothiadiazolenits 3¢

— Poly 17
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ly 30 y
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Figure 2.49. Cyclic voltammograms fora) oxidation andl§) reduction of poly7,
polyl8and polyi9
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The electrochemicddandgaps of the polymers were calculated from the difference
in the onset of the first oxidation and reduction pdats the full cycle forenergy
level determination(Figure 2.49 a and b), andOMO and LUMO levels are
calculated by subtracting the seis fom the HOMO of ferrocene.hE difference
between the HOMO andUMO valuesof the polymersgave an electrochemical
HOMO-LUMO gaps are 0, 1.80and 1.4 eV for polyl7, polyl8 and polyl9

respectively. The data asbownin Table2.6.

Table 2.6Electrochemical data fguolymersl7, 18 and19.

Polymer EiodV EiredV HOMO/eV LUMO/eV EgfeV
17 +0.57 -1.70/-1.60 5922 352 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 calculatedom the onset of the first peak of the
corresponding redox wave and referenced to ferrocene, which has a HOMI® e¥.

2.2.5. Scan Rate and Stability of the Polymers

The oxidation stability of théhreepolymess (Figure 2.50pn theworking electrode
surfacewas measured ogold electrode for polli7 and onglassy carbon electrode

for polyl8 and poly\L9, in monometfree acetonitrile solutioby repetitive cycling

over the first redox active peak. Comparing all three, it is clear thal paymore

stable to anodic conditions, with only a 6% decrease in the current response over 140

segments compared &012% decrease for Pdlyand 16% decrease for paly
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Figure2.50. Oxidation stability of polymersaj polyl7, (b) polyl8and €) polyl9in
monomesfree acetonitrile solution
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A peak maximum shifts to higher values figure 2.51after each run in cyclic

voltammograms of three polymersdtf erent scan rates
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Figure2.51. Cyclic voltammograms ofa) polyl7, (b) polyl8and €) polyl9 with
varying scan rates
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A linear relationship between scan rate and current peak maxasabserved for

all three polymergFigure 252), with correlation factor values of 0.9906, 0.9641 and

0.9984 for polyL7, polyl8 and polyi9, respectively. This behaviour proves that the

chargetransportprocess is not diffusion limited
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Figure 2.52. Scan rate vs. peak current maxiofa(a) polyl7, (b) polyl8 and €)

polyl19.
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The three polymers were prepared from a monomer solution with acetonitrile as
solvent. Duringthis experiment, the polymers were grown by repetitiyeling and

then dedoped betweerD.4 t0-0.2 V for polyl7 and polyi.8 whilst between-0.7 and

-0.5 V for poly19.

The spectra of the three polymers shawygpeak at 58, 627 and 743m for

polyl7, polyl8 andpolyl9 respectively(Figure 2.53) The polymers display several
colours in both doped and-d®ped states. Pdly exhibits a dark red in the neutral
state and brown in the oxidised state, whereas,1pathanges between light and
dark violet in doped and eldoped states respectively. However, adlgppears light

blue in the doped state and green in theloleed sta. The absorption peak (528

nm) in polyl7 showsa hypsochromicshift compared t@oly18 andpolyl9, owing to

the effect of steric hindrance fror8-(-S contact) ofthe neighbouring unit in poly.
Therefore this effectwill decrease thelegree ofplanaritythroughout this polymer,
whereas, distortion effect fronS(-S contact) disappeareih poly19,*® which is
exhibited broad absorption at 743 nm.

The onsets of the longest wavelength absorption edge of three polymers exhibited
optical band gapsf 1.76 eV for plyl7, 1.57 eV for poly8 and 1.26eV for polyl9.
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 253. Electronic absorption spectra of pbl polyl8 and polyL9.The spectra
were recorded as a thin film deposited on {@@ated glass

2.2.6. U\tvis Spectroelectrochemistry

UV-vis spectroelectrochemical measurements were performed on films grown on
ITO glassand then deloped. The spectroelectrochemical pldts the oxidation of
polyl7, polyl8and polyl9 are shown in Figure.54. UV-vis spectroelectrochemistry
was carried out for the polymers under oxidative condifidrevever all three
polymers showsimilar dopingprocessesincreasing oxidation leads todecreasén

the intensityoft he *” transi tion at 450/,poa&%aAd and 7
polyl9, respectively. For poly7, new absorption waves were generated atdong
wavelengtls (between 50 and 1000 ni beyond 950 mV This behaviouris
attributed to the formation gfolarons in the conjugatezhain. The sgnaturesfor
polarors for polyl8 and polyi9 appeared as broad absorption peaks ranfyorg
between 860 to 1000 nm. In pa; following the polarorformation,there isa new

peak at +0.3 V that possibly correspondsa tocalised bipolaron whickeatures as a
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broad band in theear IR regionAfter +1.7 V there is a drop in absorbanceha

three polymers that correspa@td the breakdow of the polymer intéhe solution.
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Figure 2.54. Absorption spectroelectrochemical plots of oxidationa)fplyl7, (b)
poly18, (c) polyl9 Potentials are given vs. Ag wire reference electrode

Reduction spectroelectrochemistry measurements were performed fol7alyd
poly19 (Figure2.55). During rdoping, polyL7 does not showrgy significant change,
whereas for pol¥9 considerable changeas clear,with high broadeningof the

absorbance between 600 a@@0 nm in the rangebetween-0.1 to-2.0 V, with a
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correspondinglecrease in the-" *

t r ans i t.ThereforetheseeBe2td cam m
be ascribed to the-doping of the BT units

Apsorbance / au

Figure 255. UV-vis spectroelectrochemicplot for the reduction ofd) polyl7 and
(b) polyl9 deposited on ITO glasotentials are givews. Ag wire reference
electrode
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2.2.7.Polymer Switching

The rate of the change in thensmittanceis a reflection of he ability of the
polymers taswitch between two colour states

This was investigated by monitoring the absorpti@mtween different potentials and
at a specific wavelength, since the potentials wafler the polymer between the
neutraland oxidised states. All three polymers werewn on ITO slides and then
de-doped in monomeiree acetonitrile.

The polymers were investigatéy testing the absorption at 847 nm for fidyand
at 748 nm for pol¥8 and polyl9. The potentials were switchédtween-0.4 V and
1.3 V for polyl7 and polyi8 and between0.7 V and 1.5 V for poly9. The
switching time experiments were determineat 10, 5, 2.5, 1.25, 0.5, and 0.25
secondsFigures 2.56 2.57 and 2.58lustrate the changes in absorbance of all three

polymers.
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Reasonable switchingates were observed for all three polymers; however a greater
change was shown for pdl§ comparedo the othertwo polymers(Table 2.7).

This isexpectedrom PEDOT derivative$®® The percentage change in absorption in
polyl9 was a99.8 % change in absorbance, which isl@av change with high
contrast. With a 0.25 second switching rate, the change in absorbance was 26.4 %.
Poly18 gives faster switching times thaolyl7, wherethe percentagehangewith a

10 second switch is 62.5% and 46.9% for p@land poly.8 respectivelyand with

0.25 seconds is 4.2% for pdlyand 3.22% for polys.

Table 2.7 Switching times and % change in absorbance.

Switching time % Change Poly7 % Change Poly8 % Change Poli9

/s

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)V-vis absorption spectroscopy UV-vis
spectroelectrochemistry, and switchinges.

The three monomers contain a benzothiadiazole unit as an electron acceptor and

EDTT, 3-hexylthiothene or EDOT unitas donor components for monomév, 18
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and 19, respectively. All three monomers show differences in oxidation and
reduction potendls. The nonomes were polymerised under oxidative conditigns
however,monomer18 deposits slowly on the electrode undkee conditionsused
because of its high solubilitgue its side groupsThe band gapcalculations show
similar values betweethe optical and electrochemical band gap monomes 18
and 19, with a slight difference in monomer 17. These polymers show
electrochromicbehaviour with a visible colour chandeetweenthe neutral ah
oxidation statesPolyl9 gives a lower optical and eleadchemicalband gap value
when compared tpolyl7, owing to the neighbouring uniis this polymersuffering
from chalcoger-chalcogen steric interactions between the sulfur at¢8sS
contact). However, in poly9, the O:---S interactions provide a degreeof
rigidification and therefore increagke effective conjugated lengfi. Polyl7 and
polyl9 exhibited high stabilitytoward repetitive oxidation cycles, whereas paly
waslessstableon the electrode surfackie to thepresencef the solubilising hexyl

chains Thepolymers showed potential for use as electrochromic films
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2.3. Electropolymerisable Viologen Based Acceptors

2.3.1 Introduction

There is extensivanterest in the conjugated polymer (PEDOT) arsddirivatives

for usein organic semiconductalectronic devicesuch assolar cell, light emitting
diodes and electrochromic applicatidis=*® For example, PEDOT and its
derivatives have traditionally been used in electrochromic applications dbeirto

high electrochromic contrast, fast switching time, high stabildw band gapnd

ease of colour changing from dark blue to transparent blue betiweaputral and
doped statesespectively’® In recent years, PEDOT and its derivatives have been
incorporated into electrochromic element (violog)an the side chains of PEDCQ®
improving their properties such as enhancement of the electrochromic
contrasf*"1*%4°% viiologens have been investigated ielectrochemistry and
spectroelectrochemistry studies because they have their own distinguishing colours
and reversible change in its three different oxidation stdt@hey have also been

used aslectron acceptor® chargetransfer complexe¥’ Therefore a cooperative
electrochromic action has resulted through electrochemical studies on these materials
from both PEDOT and viologeportions 3% PEDOT-based small molecules such

as viologenshow both gype (hol¢ and ntype (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:®®
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In this sectiorof this chapterthe properties of monomerax24) andtheir polymes

were investigated using cyclic voltammetry and UV/Vis absorption spectroscopy.
Spectroelectrochemical measurements revealed that the polymers showed
electrochromic behaviouwvith switching time measurementall five compounds
containa heteocyclic organic compoun¢phenanthrolineps the coraunit that has
beenattachedio two EDOT units in compoursd20 and 21, or with a bithiophene

unit attached to two EDOT units in composi®, 23 and24. The structures of these
compounds are shown Figure 2.8, and scheme 2depicts the synthesis of these

compounds.

Figure 2.59. Structures of monom@&o, 21, 22, 23and24
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2.3.2 Experimental

The five monomers were synthesised by Abbas Lafta (Glasgow Univensitgjthe
supervison of Graeme CookéGlasgow University)and Peter Skabara (University
of Strathclyde).

Cyclic voltammetry measurements were performed on a CH Instruments 660A
electrochemical workstation withR compensation using dichloromethane and
acetonitrile as the monomend monomer freesolutions. The electrodes in the
electrochemical setup consistefda platinum wirecounter electrodand silver wire
reference electrodewo types of working electrode, glassy carboranindium tin
oxide (ITO) glass slide, depending on ttype of experimentwere usedBefore
every measurement the reference eleldravas calibrated against the,mof the
ferrocene/ferrocenium redox couple.

All solutions were degassed (Aduring a reduction experimergnd contained
monomer substrates at a concentrationaofLl0* M, together withn-Bus;NPFR; as the
supporting elecolyte (0.1 M). Absorption spectrapectroelectrochemicatudies

and switching procedures were recorded on a UNICAM UV 300 instrument.
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2.3.3.Absorption and Cyclic Voltammetry of monomers

The electronic absorption speciwh compound<20, 21 and 22 in dichloromethane

solution and compounds3 and24 in acetonitrile solution are shown in FiguréQ@.

The absorption spectra nfonomer20 show peaks at 291, 362 and 381 nm, with the
final peak at -381t mann Dieti inagatedfipoeiiomof théhe c or
compound.The peaksat (281, 341, and 566 nnin monomer21 have been shifted
bathochromically compared toonomer20and22 (at 263, 314, and 4159m t-h e

“* transiti @hexhiifs a tamge @dnghift of 185 nm compared t
monomer20, while such transitions have similar values in the rest of the compounds.

The peaks for monomerd3 and 24, at 416 and 424 nm respectively, are the
absorption maximac or r espondi-'n*g ttroantshé¢i dn from t
component of the compousidThe small peaks for monome?8 and 24, which

appear at 570 and 555 nm respectivelyrrespond tacharge transfer absorption

bands between the donor and acceptor umitsése compounds

Optical HOMGLUMO gaps20, 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 summarisddalie 2.8. The optical HOMO

LUMO gaps of20, 21, 22, 23 and 24 are 3.06, 1.97, 2.661.65 and 1.91 eV,
respectively Smaller optical band gapalues are evident in monomeis and 24,

which are expected due to the increased conjugation length of theseuomi®po
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Figure 2.60. UV/vis spectroscopy of monomerg0, 21 and 22 measured in
dichloromethane and monomeé*3and24 measured in acetonitrile solution.

Table 2.8 Absorption spectroscopy data for monon29s21, 22, 23and24
UV-vis peaks (nm)

Monomer s o gu 4" Optical §/ eV
20 201 262 381 i 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 voltammogranexperimentof monomer20, 21, and22 were performed
in dichloromethanesolution and for monomers 23 and 24 in acetonitrile
The monomer oxidation gives one irreversible wave for mone@rand 21, at

+1.02 and +0.6/ respectively, producing a radical cation species in each case. Two
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irreversible peaks for monomgp, at +0.60 and +0.7¥, and agquasi reversible peak
for 23 (at +0.60V) are evident.Two reversible waves at +0.57/+0.53 V and
+0.99/+0.91Vare cleatin monomer24, which arelikely to befrom theremoval of
two electronsriom the EDOT units.All monomer oxidation processes are depicted in
Figure 261. The reduction processes 20, 21, 22, 23 and 24 are shown in Figure
2.62. All five monomes revealirreversible reduction peaks &.15,-1.84,-1.98,

-1.62 and-1.87V, whichare likely to bedrom reduction of theentralcore unit.

Current / mA

T T — T T T T T T J
.04 -02 00 02 04 06 08 10 12 14
Potential / V vs Fc/Fc*

Figure 261. Cyclic voltammograms of oxidation of monome&@ 21 and22 (with
dichloromethane as solvent) and mononi&ssand 24 (with MeCN solution) on a
glassy carbon working electrode
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Figure 2.62. Cyclic voltammograms ofeduction of monomersa) 20, 21, 22, and
(b) 23and24
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The electrochemical HOMQUMO gap ofthe five monomers wadeterminedrom

the difference in the onset of the first oxidation and reduction p@aggares 261

and 2.€). HOMO and LUMO levels are calculated by subtracting the onsets from
the HOMO offerrocene. All data are summarisedTiable 2.9 By comparing the
energy levels, the difference between the HOMO and LUMO values gave
electrochemical HOM@.UMO gapsfor the monomers thatare slighty different

from the optical values although the overall trend across the series is maintéieed.
extended conjugation effect hasen obviousn monomer23 by giving lowest band

gap value (1.92 eV).

Table 2.9.Electrochemical Dat for Energy levels of monome2®, 21, 22, 23 and
24

Monomer HOMO / eV LUMO / eV Ey/ 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 fie peak of the
corresponding redox wave and referenced to ferrocene, which has a HOMI® eV. E is
the HOMGLUMO energy gap.

2.3.4. Cyclic Voltammetry and Absorption of Polymers

The five monomers were subjected to electropolysagan by repetitive cycling

over thefirst oxidation wave The polymer of monome20 was grown using a high
concentration solution (1F M), but was not stable on the electrode surface.
Monomer21 was subjected to many attempts to electropolyseday using several
solvents and also by changing the experimental conditions, including using different

potentials, substrate concentrations and number of ¢ymleso polymesation was
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observed. Monomer&2, 23 and 24 were polymesed electrochemically, with the

growthtraces of the corresponding polymers showhigure 263 and 2.8.
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Figure 263 Electrochemical growth of aj poly20, (b) poly22 (both in
dichloromethane) using a glassy carbon working electrode, Ag wire reference
electrode and Pt counter electrode, concentratiara. 10 *M, (0.1M TBAPFs as

supporting electrolyte). The data is referenced to the Fc/Fc+ redox couple, at a scan
rate of 100mVs, over 300 segments.
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Figure 2.64. Electrochemical growth o] poly23 and @) poly24 (in MeCN), using
a glassy carbon working electrode, Ag wire reference electrode and Pt counter
electrode concentratiorof ca. 10 “M, (0.1 M TBAPF;s as supporting electrolyte).

The data is referenced to the Fc/Fc+ redox couple, at a scan rate of 1§0oasis
300 segments.

In the oxidation and reductioanalysisof the polymers (Figure @5), all the
polymersrevealedvaried peaks at differerpiotential values Poly20 revealed an

irreversiblepeakat +0.75 Vdue to theformation of a radical cation on the terminal
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