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Abstract

Novel Polythiophenes for Biosensor Applications
Kate L. Clayton

The development of an enzyme biosensor employingnogel functionalised
polythiophene matrix is presented. The researc woemducting polymer platforms
for biological immobilisation is extensive but by means exhaustive and therefore
this investigation contributes to the field of ghse detection with covalently
immobilised glucose oxidase upon novel copolymérbl-succinimido thiophene-3-
acetate/3-methylthiophene  (STA-MT),  trans-3-(34tlyi¢  acetic  acid/3-
methylthiophene (TTA-MT) and N-succinimido trang3thienyl) acetate/3-
methylthiophene STTA-MT.

Polymer characterisation was performed using eeb&mical techniques, primarily
cyclic voltammetry. The examination of various ditbged conducting polymers
from the polythiophene family was performed whema&hylthiophene was selected
for copolymerisation due to its low oxidation pdiah and redox behaviour.
Copolymerisation of the novel monomers providedersible and stable films and
succeeded in generating a range of copolymer ratlwaracterised by cyclic
voltammetry with the available binding sites catatl using SEM-EDX. Film
morphology and dopant intercalation were inveséidat providing supporting
evidence for the successful copolymerisation of ehowmonomers with 3-
methylthiophene.

Optimisation of the biosensor format was invesgdathrough analysis of film
thickness, copolymer ratio and enzyme immobilisatiome. A film thickness
generated with 50 mC provided a stable film witlod@esponse to glucose over a
wide range of immobilisation times and was employed all other biosensor
investigations. A 10% functional monomer conterviisled enhanced current signals
upon glucose addition which supported the findiog&uwaharaet al where a 10%
thiophene-3-acetic acid content within a thioph8recetic acid/3-methylthiophene
copolymer demonstrated enhanced biosensor behawWdustudies were compared
against the thiophene-3-acetic acid and 3-mettoptiene system generated under the
optimised conditions of the novel copolymer films.

The evaluation of the immobilised glucose oxidaseam amperometric biosensor
within a mediated system employipgoenzoquinone was performed generating fast
response times within 4 seconds, good stability exckellent current response to
glucose between 1.4 and 1.9 mAfcafter the addition of 15 mM of glucose. All
three novel biosensor systems exhibit good analyfierformance demonstrating
excellent repeatability typically over 90%, reprodulity of over 80% and shelf-life
stability of 85-96% over a seven day analysis agtvben 50-78% after 1 month.



Abbreviations and Acronyms

MeCN Acetonitrile
(NH4)2$,0s | Ammonium persulfate
BTA Tert-butyl thiophene-3-carboxylate
CP Conducting polymer
CE Counter electrode
CV Cyclic voltammogram
DCM Dichloromethane
DCC Dicyclohexylcarbodiimide
DIC Diisopropylcarbodiimide
EL Electroluminescence
EMI Electromagnetic interference
EDX Electron Diffraction X-ray
FTIR Fourier Transform Infra Red
Gox Glucose oxidase
g Gram
HOMO Highest Occupied Molecular Orbital
hr Hour
i Current (Amperes)
ICP Intrinsically conducting polymer
ITO Indium-tin Oxide
FeCk Iron chloride
LED Light Emiting Diode
LiCIO4 Lithium perchlorate
LUMO Lowest Unoccupied Molecular Orbital
MS Mass spectrometry
MT 3-Methylthiophene
mmol Millimole
M Molar
mol Mole
ME Molecular electronics
MoCls Molybdenum chloride
NHS N-Hydroxysuccinimide
STA N-succinimido thiophene-3-acetate*
STTA N-succinimido trans-3-(3-thienyl) acetate
NMR Nuclear Magnetic Resonance (spectroscopy)
ppm Parts per million
PAT Poly(alkylthiophene)
PBT Poly(bithiophene)
PDDT Poly(3-dodecylthiophene)
PEDOT | Poly(3,4-ethylenedioxythiophene)
PLED Polymer light emitting diode
POT Poly(3-octylthiophene)
E Potential (V)
PC Propylene carbonate
PT Polythiophene
PTS p-toluene sulfonate
RE Reference Electrode




SCE Saturated Calomel Electrode

SEM Scanning electron microscopy
S Siemens
Sigma

TBACIO, | Tetrabutylammonium perchlorate
TBATFB | Tetrabutylammonium tetrafluoroborate
T3AA Thiophene-3-acetic acid
TCA 3-Thiophene carboxylic acid
TMA 3-Thiophenemalonic acid
TTA Trans-3-(3-thienyl) acrylic acid
BFEE Trifluoroborate—ethyl ether
SO;CR; | Trifluoromethyl sulfonate

uv Ultra violet
UV-Vis | Ultra violet -Visible spectrometry
Vis Visible
\% Volts
Wavelength (mM)
cm™ Wavenumber

WE Working Electrode
XRD X-Ray Diffraction

*IUPAC; (2,5-dioxopyrrolidin-1-yl) thiophene-3-canlzylate known and referenced
in this thesis as N-succinimido thiophene-3-acétate
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Chapter 1 Introduction

1.0. The Discovery of Conducting Polymers

Prior to the discovery of conducting polyacetylepelymer materials were generally
utilised for their insulating properties. It wasethirth of a new genre of research
when enhanced electrical conductivity was produtieugh polyacetylene by
Shirakawaet al in 1977. The way was paved and the direction was set for
conducting polymer research, which led to Nobetédchievements in Chemistry for
Hideki Shirakawa, Alan McDiarmid and Alan Heeger2@00 “for the discovery and
development of electrically conductive polymers’n Awareness of the advantages

surrounding such materials began the surge forvearplotential applications.

“In the field of observation, chance favours one tprepared mind” Louis Pasteur
lecture 1854

Like most great discoveries the conducting propertf polymers were pursued due
to acts of unintentional practice. Although deenmedrely accidental, the highly

conductive form of polyacetylene was not discovdrg@n untrained mind.

Polyacetylene was first noted for its ability torrgaan electric current in 1961 by
Hatand. Although displaying only semi-conductive propestiof 7x 13" to 7x 10°
Sm’ its true potential would soon be discovered. Hasveit was not the only
polymer to be examined for electrical qualitiesotigh this period. In 1968 “pyrrole
black” was identified as a conductive material whiénwas electrochemically
polymerised, producing a brittle film using a véyief oxidising agents Whilst it is
the conducting nature of the materials that is aftipular interest the precluding
synthesis of polyacetylene and polypyrrole has established in some detail since
1958 when polyacetylene was first synthesised biyaN af*> as an intractable, air

sensitive black powder and in 1916 for the chenpicéymerisation of pyrrofe

In 1967 the unfolding of Shirakawa’s achievememhowenced at the Tokyo Institute
of Technology. A researcher visiting Shirakawa’sugr was attempting to synthesise
polyacetylene in which a silvery material was progtlicontrary to the previous black
powdered polymer usually obtained. This substanas thie result of miscalculation
and in fact 1000 times the normal amount of Zeiflatter catalyst had been
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introduced into the reaction. The film was inveategl and conductivities were found
to demonstrate semi-conducting materials. A separavestigation led to the
“doping” of polyacetylene which involved a chemigabcess exposing the films to
halogens. The result was a film demonstrating cotidty similar to a metal a billion
times more conductive than the 1961 findings ofaratet al. The semiconducting
silvery film represents an undoped form of polysieste intractable, insoluble and air
sensitivé and when doped with the halogen, iodine, beconesskly oxidised, green

in colour and possesses a high conducfhafyl0* Smi™.

1.1. What are Conducting Polymers

Intrinsically conducting polymers (ICP) are orgapiglymers that have been termed
“synthetic metals”. They are a different class ofymeric materials that posses the
electrical, electronic, magnetic and optical prtéipsrof a metal while retaining the
associated characteristics of common plastics sash mechanical properties,
solubility and processibilify The metal associated properties are inherenhéo t
doped form reaching conductivities of 1 td' Bxm’, although some range from poor
conductivity 10" to 10° Scni' towards semi-conducting vald@sf 10° to 1 Scrit.

1.2. Conducting Polymers

Conducting polymers differ from typical insulatipglymer materials by permitting
the movement of electrons through the structurgaimg a current flow. The key
feature allowing this transfer of charge corresporid the conjugation present
throughout the polymer backbone

Polyacetylene is the simplest conjugated systemisrlde most studied conducting
polymer to daté. However there are significant limitations to thisn aromatic

polymer including processing difficulties and higistability in air. The effect that
this has on the film is described as an initiakréase in conductivity followed by a

decrease due to irreversible oxidation destroyiregconjugated structufe™

Figure 1.1. Polyacetylene (PA)
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Heterocyclic systems were developed in the 198@k leve become very popular
conducting polymers offering increased stabilitgpd conductivities and the ease of
synthesis with the option of incorporating substitis into the ring for specific

functionality.

Polythiophene Polypyrrole
(PT) (PPy)
Poly3,4-ethylenedioxythiophene Polyaniline
(PEDOT) (PANI)
Polycarbazole Polyindole
(PCz) (P

Figure 1.2. Structural representation of some cotidg polymer units.

1.3. Conductivity in Conducting Polymers

Conductivity is a measure of electrical conductiemmd is therefore employed to
determine the ability of current flow through camtanaterials. Generally materials
with conductivities less than £0S/cm are considered insulators, measurements of
108 through to 18 S/cm are categorised as semi-conductors and vgheaser than

10° are classed as conductdrs
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Conductivity within a conducting polymer is influsad by a number of parameters.
The extent of doping within the polymer is of greatue to the level of conductivity
achievablé’, as well as the degree of strain acting upon tbkgynper backbone
through the presence of substituents affecting ugaijon lengtfP™”. Such factors
provide a very complex assignment to the mechanisterpretation of conductivity
and as a result this translation is avoided andaesgpion is founded on the band

theory.

Conducting polymers exhibit intrinsic conductivibgtween 18* and 18 Scm® and
the band theory is often used to explain the cotivtic observed®. The simplest
model describes the three different categories maégecan be classified under:

insulating, semi conducting or conducting.

Polymers in their general function are insulatotsclw are associated with a large

energy gap between the conduction and the valesed. [IConducting materials such

as metals possess a continuous band with no gapemsin figure 1.3. The space

acting to separate these two groups is known abdahd gap and is associated with a
specific energy which is determined by the matsmablecular structure.

Energy garE,

Electron energy

Metal Sem-conducto Insulato

Figure 1.3. Band theory diagram
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1.3.1. Atomic Structure and Bonding

The conduction and valence bands, displayed adeiem@rgy blocks, refer to a more
complicated system. The valence band is assocvatbdlower energy compared to
the conduction band and serves as the highest metomlecular orbital (HOMO). In
the ground state the HOMO or the bonding molecal&ital is fully occupied by
electrons, which are observed in the case of itisgland semi-conducting materials.
The lowest unoccupied molecular orbital (LUMO) reémsaempty in the ground state
which functions as the conduction band. When aereat energy is applied to the
system the molecules can be represented in theitedxstate in which electrons will
be found in the anti-bonding region approachingvel of conductivity.

Molecular orbitals are generated by the bondingwsd or more atoms. Covalent
bonding arises when atomic orbitals of the indigidatoms overlap allowing the
electrons to interact and become associated toaonéer. A new orbital is then
created with the two electrons being shared adrods atoms. Bonding occurs so that
lower energy molecular orbitals can be generatedieler a higher energy molecular

orbital exists, known as the anti-bonding molecokdnitaf®.

1.3.2. Hybridisation and Conjugation

Hybridisation of carbon atoms into “sprbitals allows pi-bond formation with the
interaction of one sigma Y and two pi () bonds. By definition conjugated
hydrocarbon polymers contain a sequence of linked hybridized carbort§?°
Polyacetylene demonstrates this linkage and thexefoe acetylene molecule is
linear. If the axis between the molecules is natlel bonding will not result and
conductivity of the molecule through the conjugatesickbone will be severely
disrupted. As alternating double and single bonds iatroduced the available
electrons in the orbitals become delocalised across the conjugatsttm affecting
the energy state of the molecule. The associatedygms lower compared to systems
without conjugation and therefore is thermodynathicstable (less reactivé) The
HOMO-LUMO gap is reduced through conjugafiand so less energy is needed to
overcome the band gap and therefore electrons are easily promoted to the

conduction band.



Chapter 1 Introduction

1.3.3. Conductivity in Metals

The band theory diagram (figure 1.3) demonstrates metallic structure as a
continuous energy band due to the large numberveflapping molecular orbitals
significantly reducing the energy of the band gHpe electrons available for metallic
bonding do not completely fill the molecular orltstand this is what gives rise to the
characteristic metallic properties. Unoccupied roolar orbitals permit the passage
of excited electrons which require only a smallmfitg of energy such as an applied
electrical potential or an input tiermal energy. The electrons are then free to move

through the lattice initiating electrical and thedrsonductivity®.

The band gap associated with conducting mategisesents an energy barrier below
0.2 eV and insulating properties occur with vergéband gaps typically greater than
3 eV Semi-conducting materials are somewhere in betweih a band gap
sufficient enough to prevent high conductivity blotv enough to allow some

electrons to jump the gap through the applicatioenergy.

Conducting polymers generally fit in the class @&msconductors. It is their
alternating single and double bonds that provide @ktended conjugated system
and allows the process of conductivity. Variousapaeters influence the band gap
value such as regioregularity, the doping level tredextent of the conjugation in the
system. However conducting polymers cannot remainthieir neutral state for
conductivity to be established as they require nigpdiefore they can imitate the
metallic state. Polythiophene band gap values leen reported to range from 2.2
eV in the undoped state to 1.7-1.8 &Within a regioregular format and can

hypothetically reach 0.14 eV upon a doping level @ %°.

1.3.4. Doping of Conducting Polymers

Doping of the polymer systems can be introduceautjn either chemical or
electrochemical processes. Doping is considerestiaxrreaction and so oxidation or
reduction of the molecules produces the correspgngdolycations and polyanions.
This involves either the injection of an electrandpping) or the expulsion of an
electron (p-doping). Semi-conductors can be dopeddyting p- and n-type
mechanisms by the addition of atoms such as borarsenic. The doping in such

systems provides either a partially filled valenocend or excess electrons that
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populate the LUMO. This is not the case for conithgcpolymers as an alternative
method for storing charge across the polymer cpampagates conductivity through

the backbone.

Upon oxidation of a conducting polymer system sashpolypyrrole an electron is

lost from the delocalised arrangement and a rad&ibn is formed. The radical and
cation species are linked and this creates a pulaBy localising the charge,

geometric modifications appear through the polynsgstem and lead to the
appearance of electronic states in the band gdboédh the energy of the system is
increased it is able to accommodate the newly meduharge within a quinoid

formation and remains lower in energy. The formatd the defects is limited and in

the case of polythiophenes is extended over twounthiophene ring82>%

A bipolaron is formed upon further oxidation wheyethe unpaired electron is
removed which is favoured by a lower energy syst€ontinued oxidation gradually
extends the bipolaron shells into overlapping baeatending the upper valence and
lower conduction limits to induce conductivity tlwgh partially filled electronic

shells providing a semi-conducting state.
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Neutral Polymer

Polaron

Bipolaron

Figure 1.4. Charge localisation through the polyiveskbone.

1.4. Polythiophenes

Thiophene belongs to a family of heterocycles tbam undergo polymerisation
through both chemical and electrochemical methBosn the brittle polypyrrole film
produced by Dall'Olio to the free standing pyrrdilen developed by Diaz in 1979
investigations into an extended range of monomeas imitiated. These included
thiophené®?°  furan, indolé’, carbazole, azulene, pyréfle benzen® and
polyaniline”*2. These aromatic compounds all polymerise to predumymers with
differing qualities; however polythiophene is ofrfpeaular interest due to its stability

exhibited in both doped and reduced forms.
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Polythiophene produced from the simple thiophenié generates a polymer that is
insoluble and difficult to process and charactelgseling to little use in any potential
application. Manipulation of the thiophene ringahgh chemical synthesis creates
derivatives that present additional qualities asded with the polymerised

compound influencing solubility, processability andctionality.

Substituted thiophenes presents a large area ¥esstigation as the change in ring
structure will influence many aspects including ypoeérisation, morphology,

conductivity, stability and the opto-electronic pesties associated with conducting
polymer materials. Adaptation of the thiophene mmap represents one feature
available for variation. Additional variables th@ve a direct effect upon the quality
of the film are the solvent and dopant inclusivdale polymerisation process and of

course the method of polymerisation itself.

1.4.1. Substituted Thiophenes

Polymerisation generally occurs through theositions on the thiophene monomer
which is also true of pyrrole. From the examinatadrthe electron density at each
carbon atom in the ring it is thepositions of the neutral monomer that retain the
highest electron density and therefore would be mostlgtiea in these locatiof$

3 By the incorporation of various substituents ia thpositions 2,4’ linkages can be
minimised providing mainly the desirable 2,5 cdogbk with possible head to tail

arrangement.

Polymerisation of -substituted thiophenes provides enhancement abresgularity

through electrochemical methods with head to teikadges being predominant.
Chemical oxidation however leads to the incorporatbf defect® and affects the
planarity of the polymer structure causing loscofductivity. Alternative methods

include organometallic chemistry.

The nature of the substituent bonded at thgosition can influence the
polymerisation process and also affect the progeréissociated with the resulting
film. Steric hindrance and inductive effects are principle factors dominating the

onset of polymerisation and the overall structur¢he resulting film. Steric factors
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remain an obstacle for polymerisation as it islérge bulky shape of the substituent

that shields the reactive sites at thearbons.

Inductive or electronic effects of the substituan¢ more subtle in effect than the
obvious obstruction anticipated with bulky groupsyertheless they exert a strong
influence upon the electronegativity of the rings A is the electron density that
determines the reactive centres, the inductivectsffef the side groups is of great
importance for initiation of chain propagation.@tgly electron donating groups and
electron withdrawing groups insert a push pull effapon the thiophene aromatic
systeni®. Electron density is either increased at theositions or minimised

advancing or impeding the polymerisation reactidh

Strongly electron withdrawing species include nitiNO, and cyanide —CN groups
with carboxylic acid —-COOH demonstrating electrothdrawing effects to a lesser
extent. These side groups are able to pull eledenmsity away from the ring structure
destabilising the thiophene monomer. The monomelergoes a one electron loss
upon reaching the oxidation potential and due ¢odéstabilised species, monomer or
radical cation polymerisation is ineffective. Asetheactivity of the radical cation
intermediate increases, the chemical selectivitydecreased and as a result
indiscriminate reactions with the solvent or otlmercleophilic species within the

vicinity of the electrode surface are produted

The prevention of the polymerisation process casoime cases be overcome by the
alteration of the electrochemical reaction condgioAs the HOMO energy of the
neutral species is lowered through the attachménthe&se electron withdrawing
groups an increase in oxidisation potential is meguto initiate polymer growth.
However the resulting polymer represents darklérititractable materials due to the
high potentials employed which is reported to idtrce over oxidation into the
electrosynthesised polymer syst8#ff Further manipulation to the reaction
conditions involves monomer concentration. A higheoncentration of the
monomeric polymerisation solution is necessary tmaim a conducting film
demonstrated with the electropolymerisation of phiene-3-acetic actéi*®

Introducing increased monomer content enhanceprtitebility of radical-monomer

10
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reactions not radical-solvent interactions andefwee reduces the dissipation of short

chain oligomers into the bulk solution.

On the contrary electron donating groups such ahyhesthyl and benzyl release
electronegativity into the ring causing an increa$eslectron density found at the
alpha positions which act to introduce stabilitythhe system. In this case the energy
associated with the HOMO is increased enabling mehysation to occur through a
lower oxidation potential as seen with methyl sitbtd thiophene.

Table 1.1. Oxidation Potentials of Thiophene Monmsife(* Experimental data)

Epa (V) vs. SCE
Compound
monomer polymer
Thiophene 2.06 0.96
2,2’-Bithiophene 1.32 1.00
3-Methylthiophene 1.86 0.72
Thiophene-3-acetic acid 1.94/1.7* 1.9*
3-Thiophenemalonic acid 2.02
3-Bromothiophene 2.10 1.06
3-Thiopheneacetonitrile 2.22 1.12
3-Thiophenecarboxylic acid 2.28
3-Cyanothiophene 2.46
3-Nitrothiophene 2.69

Steric and negative inductive factors oppress mafan of the polymer chain
reaction and therefore require more concentratedomer starting solutions and
increased oxidisation potentials to maintain thé/erisation rat&. An additional
negative effect upon polymerisation is reportedLbet al which again refers to the
substituent bound to the ritlg The nucleophilic character of certain side groups
results in the attack of the species upon radiedioe intermediates during the
electrochemical polymerisation process. The sulestis that can potentially facilitate
nucleophilic attack provide the capability of enbiaig the functional properties of the
polymer and therefore have the potential to reaisariety of applications. The range

of functional groups -NbH -OH and —-COOH can be used in the covalent

11
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immobilisation of enzymé&8*°. The carboxylic acid group commonly incorporated
for this purpos&® has the ability to immobilise biological compounasd once
adapted can be utilised within a biosensor devieetd the specificity provided to the
polymer by the biological entity. To effectivelyilige the available functionality
these monomers need to either be copolymerisedtiatborresponding unsubstituted
heterocycle or protected so polymerisation canaoditated. A simple and effective
way for functional group protection is to react theidd group with an alcohol to
produce an estet

Functionality through the extension of the alkylach at the -position has been
utilised for the modification of a range of propest Not only does the solubility of
the corresponding polymer increase but steric fadtwat affect the polymerisation of

the monomer can be resolved.

3-Methylthiophene is associated with the simplektylaspecies and generates
improved conductivity over the unsubsituted monoaret remains highly conductive
through the addition of longer alkyl groups. Methgthyl and propyl thiophene
demonstrate very compact films with extension umitee carbons increasing the
mean conjugatiol. Longer alkyl chains approaching 14 and 18 carbsimsw a
decrease in conductivity due to the presence aglaeh proportion of the insulating
hydrocarbon chain and provide a less regular ang mporous structuf® Increased
solubility is a desirable property due to the #@pilio process the materials and is
advantageous for a number of characterisation tqaba that cannot be employed for
insoluble materials. Several groups have reportetteased solubility with the
extension of the alkyl chaifi®*

Relieving the impedance of bulky side groups ioagalished through the addition of
linear alkyl chains. Roncalet al proved the necessity of inserting at least two
methylene groups to separate the branched chamtfre ring structure. The addition
of the spacer link enabled polymerisation to prdcesdere it was not possible with
the isopropyl branched group directly attachedh#o tposition and incorporating one
methylene link required overoxidation to initiatelymerisation demonstrating the
persistence of steric factors. The thickness ofpitepared films for monomers that

proved difficult to electropolymerise were thiclsrggesting the production of a more

12
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disordered film whereas neutralising the sterieea with the spacer methylene
groups provided a film of relatively comparable citriess due to the facile

arrangement generated by the longer alkyl chains.

Further adaptation of the thiophene monomer has pesduced with one monomer
in particular displaying enhanced qualities in teraf electrochemical and thermal
stability”® and exhibiting high electronic conductiity The monomer 3,4-
ethylenedioxythiophene (EDOT) is polymerisable @itydhe -positions due to fully
occupied -sites on the ring. This leads to a homogenousaplatructure with no
defects that are potentially possible with singlgubstituted thiophenes and therefore
produces higher conductivities. It is a water sldulmonomer and so biological
entities can be stabilised within the same mediominimobilisation purposes.

For polymerisation to occur under lower oxidatiorotgntials and therefore
maintaining the integrity of the film dimerisatiocand further oligomerisation of
thiophene monomers and their derivatives have lpgeduced. Terthiophene is a
common oligomer employed as a starting monomenttoduce mainly - linkages
through the film and so improve regularity and #fiere the extent of conjugation of
the backbone. This method was employed by Vigmdlial to establish high
conductivity in polymer films for photovoltaic ap@htion$®. Modification of the
terthiophenes has been encountered to introdudéaad properties or to overcome
the inflexibility and insolubility that the filmsainonstrat&. Ballarinet al constructed
a tetramer with two haxamethylenic methoxy sideirchaand was successful in
lowering the oxidation potential in comparison tther poly(3-alkylthiophene)s
bearing monothiophenic repeating uffitsimilarly tetramers of alkylthio-substituted
thiophene aid the decrease of the oxidation patBhtiBeneficial effects upon
polymer solubility were established due to the etygcontaining alkyl chains
increasing the polarity with no steric contributiand a film was grown which offered
enhanced electronic properties and facile film prapon. Terthiophenes with
carboxylic functionality have been prepatet which compensates for the difficulty
associated with the polymerisation of carboxyliddmearing monomers. However as
the functionality is entrapped within the oligomeustomisation of optimum groups

for biomolecule immobilisation cannot be realised.

13
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1.4.2. Solvent

The effect of solvent upon the resulting polyméné shows varied results. Different
solvents can be employed within the polymerisafiootess that produces differences

in film formation, material quality and resultingreductivity.

Facilitating polymerisation by stabilising the gestted radical cations is essential for
the formation of longer polymer chains. Radicalicatl couplings lead to short
oligomeric chains and typically a coloured solutisnobserved due to the high
solubility of low weight polymer material. Acetonie comprises nucleophilic
character and favours the stabilisation of the caldintermediatéd. This effect is
detrimental to monomer species that have increasgdbility such as the influence
of electronegative groups upon the destabilisatibthe radical cation causing side
reactions and inhibiting polymerisation. Many morm@wrapecies that are important to
the structure of the polymeric film require thidvemt support which general solvent

systems such as acetonitrile can provide.

Chenet al demonstrated that it is not a direct effect of soévent that causes the
properties of the polymer to alter, it is the dbibf the solvent to facilitate the onset
of polymerisation at lower potentiéfs Due to the polythiophene paradbi®>"*%in
which a higher potential is required for the polyrs&tion of the thiophene monomer
(1.6 V / Ag/AgCl) compared to the redox potentiéltlee polymer (0.8 V Ag/AgCl)
the films become overoxidised resulting in briftiéractable and insoluble films. In
order to solve the problem of high oxidation pona lewis acid, trifluroborate—
ethyl ether (BFEE), solvent system is employed &mins a complex with the
heterocyclic monomer through the lone pairs on téphur, lowering the
electrochemical polymerisation potential due to sti®ng electrophilic property of
BF;, catalysing the deprotonation of thiophene orelleetrode. This was proposed by
Dietrich et al in which oxidation potentials of 1.0 V can be eoydd and
overoxidation is not reached at 1.45-1.55 V prodgchigh quality films with
improved mechanical properties and conductivifies

1.4.3. Dopant Species

The choice of dopant ion can lead to interestingrpmological changes where

polymer colour is affected, this is known as iomochisnf®. McCullough et al

14
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demonstrated colour change with varying countergime upon regioregular
polythiophenes with differing alkyl chain length darpendant carboxylic acid
functionality. Small cations maintained the stackeature of the film appearing
purple whilst larger cations interrupted the bacldalignment producing twisted
polymer chains producing a yellow colour. This wesdent with polythiophenes
containing short alkyl chains whereas the longkylajroups could accommodate the
larger ions producing little colour variation. 3-hgthiophene is another monomer
when polymerised with a specific anion results ifiveerse morphological structdfe

A helicoidal arrangement is determined through X@&Bray diffraction) and UV-Vis
(UV-Visible spectrometry}echniques with the incorporation of the anion;SE’
The interpretation of the developed structure ti®nalised by structural parameters in
which the anion size fits perfectly between adjacd#mophene units providing
anchorage and secondly electronic effects suppertpblymer-dopant interactions
due to charge delocalisation through the polymehéoelectron withdrawing SOF;

ion.

The extent of doping within the polymer also affetihe structure shape and size.
Undoped polythiophene and its derivatives are ofeseas a “noodle™-like assembly
and when doped to 25% the fibrillar diameter insesain sizE. Higher doping levels
have been reported to increase conductivity ofpblgmer*’? however contrasting
results from Waltmaret al have also been report&dvhich could be explained by

different electrochemical parameters, electrodé@asarand the monomer purity.

1.5. Polythiophene Polymerisation

There are three general synthetic methods for piojghene formation. Catalysed
coupling of Grignard reagents or dihalothiophene naomers, electrochemical
polymerisation and oxidative polymerisatidnEach method offers different benefits

such as planar structures, efficient scale up agal @ntrolled growth.

1.5.1. Oxidative Polymerisation

Widely used chemical oxidants include ammonium yéte ((NH;).S;0Og) and iron
chloride (FeG))’*. Molybdenum chloride (MoG) can also be employed as a stronger
oxidising reagent however many other chemicals lmanutilised such as hydrogen

peroxide and transition metal salts. Oxidative pwdyisation is a process of choice

15
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where large scale production is intended and thleltieg product is usually in

powder form or a colloidal dispersion. The chensaated are relatively inexpensive
and the polymerisation is performed in a simple etep reaction generating high
molecular weight polymer. The difficulty arises wihe extraction of the oxidant and
regioregularity within the material is consideredbop The mechanism of
polymerisation can be followed from the electrocieinprocess outlined below, as it

is generally assumed to be comparable.

1.5.2. Electrochemical Polymerisation

Oxidation of the monomer solution by the applicataf a voltage yields a polymer
grown upon the surface of an electrode. Electrapelysation of heterocyclic

monomers other than thiophene follow the same géneechanism below.

Figure 1.5. Electrochemical polymerisation mechanis

16
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Upon reaching the oxidation potential of the speeifonomer an electron is lost from
the ring and a radical cation is produced. Radizdions react together to form a
dimer. Protons are lost from the structure to leaveutral dimer. The dimer is again
oxidised due to the constant potential and fornwtheer radical cation which in turn
reacts with another radical cation to eventuallpdoice an oxidised conducting

polymer.

The neutral monomer requires a higher oxidisatioteqtial than the corresponding
dimer and higher molecular weight oligomers as tagpof monomers reduces the
energy needed for oxidation. Thiophene requiresotempial of +1.6 V / SCE to

initiate polymerisation whereas only +1.1 V / SGEneeded for the oxidation of the

polymer.

The removal of electrons through the material diyeitiates anion movement into
the polymer to counteract the positive charge. Eaublecule looses 2.25-2.50
electrons creating 0.25 to 0.5 cation centres p&rbcyclic unit therefore charge is

stored over three sulphur rifgs®

1.6. Regioregular Poly(alkylthiophenes)

The band gap is the central dynamic function tkatesponsible for the levels of
conductivities achievable and the colours obtamdim the conducting polymeric
materials. The band gap can be altered by chaogd® tmonomer units such as side

chain addition or copolymerisation and the proadggsolymer doping.

To ensure the band gap remains small regioregylasitrequired. Conducting
polymers are generally adapted through the ringctire to activate necessary
functions specific to the materials purpose. Flexilsoluble and durable films are
essential for characterisation and processing fassiple applications and
consequently derivatives of these materials allouchs qualities. A typical
monosubstituted thiophene is shown in figure 1.6hwie -positions denoting the
reaction sites however polymerisation can also otlotough - and - linkages
seriously disrupting the -orital overlap between the monomer units. Further
disruption arises from steric factors due to sitlair interactionS™’. Additional
groups present on the ring cause the repulsiorh®fmionomer units forcing the

17
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conjugated backbone to twist and lead to a diseteprital arrangement. Due to the
asymmetry of the substituted thiophene the sideirngahe substituted group is
denoted as the head (H) and the opposite sideeahtinomer represents the tail (T).

Figure 1.6. Denotation of head and tail arrangerrepoly(alkylthiophene).

The head to tail (HT) conformation reduces stenxlfance between the units as the
groups are furthest apart from the neighbouringpthéne units whereas the other

three possible arrangements cause loss of condyctiv

Figure 1.7. Possible head to tail arrangement iy(glkylthiophene).

Loss of conductivity due to the polymer alignmeah de prevented through specific
polymerisation routes which can produce almostwesteely head to tail couplings
however increased cost and problematic scale-uptl@ecompromise. Improved
conductivity can be accomplished without compledgiaregularity incorporating

reduced vacuum annealing and copolymerisatith
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1.7.Electrochemistry

1.7.1.Cyclic Voltammetry

Cyclic voltammetry is one of the most common eleclremical techniques fi
acquiring qualitative information about electroctieah reaction’® and for the
determination of redox potentials, detection ofroiml reactions that precede
follow the electochemical reaction and evaluation of electron tienkinetic<®.
The techniqgue employa set potential window with data collectthrough forwarc
and reverse scansamitoring the chage in currentCyclic voltammetry can offe
many desirable advantageuch as high sensitivity with detection limits refeat
at 10° M, selectivity towards electroactive species, aewithear range, portab

and low cost instrumentaticand the use of a wide variety of electrc’®.

To initiate the experiment a potentiis employed to the syste where no
electrochemistry is detectec;. The potential is then controlled at a set radet@
a potential limit encompassing electrochemical\aigtiVV,. Upon reaching % the
potential is reversednd both redox processes arcorded.During the potentia
sweep electron transfer reactions are activatedtaldlee specific potential valus
(redox potentials) and the potentiostat measu@sr@nt signal resulting from th
procesé’. The current generated is related to the at which the electrons ha
transported across the electr-solution interface.The typical waveform fo

cyclic voltammetry is displayed as a triangulargrdtal waveformn

voltage

Vo

-
tirme

Vif----—- -

Figure 18. triangular potential waveforfth
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Figure 1.9. Typical cyclic voltammogram demonstrgta reversible single
electron transfer for the ferrocene / ferroceniut ‘Fsystem displaying
extractable analytical data.

Figure 1.9 demonstrates a simple single electr@ansfer maintained under
diffusion control in which the solution initiallyomtained the ferrocene compound
in the neutral state (Br and therefore the cathodic and anodic responses

correspond to the following reactions;

Oxidation observed as the anodic response
F& _ , Fote
Reduction observed as the cathodic response

F¢" + 6 — Ft

The current is produced from the above oxidatioosifpre current response) and
reduction (negative current response) processésecélectroactive species Fe and is
termed the Faradaic current as it obeys Faradaws Faraday’s law states that the
reaction of 1 mol of substance involves a change »f96,487 C (n corresponds to
the number of electrons involved in the reactiod 86,487 C is the Faraday constant
in coulombs). The current is also directly relatedhe concentration of the analyte

that is under the redox process and therefore grmeing the redox potential the
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concentration of the electroactive species at tliease can be established according

to the Nernst equation.

e — Eq 1.1

WhereE is the applied potential differencg; is the standard electrode potential
for the redox reaction, R is the universal gas tams(8.314JKmol™) and T is the
temperature in Kelvin. For current to be detectéelcteon transfer from the
electrode to the surface species has to occur. Feradaic current measured is
therefore dependent upon two factors: the kinagifcslectron transfer and the rate
at which the redox species diffuses to the suffacghe rate of such reactions is
determined by the slowest sfddn which simple reactions such as the single
electron transfer system of the®Faedox couple involve only the mass transport
of the species, electron transfer across the iterfand transport of the product
back to the bulk solutidd whereas more complicated systems can include
additional chemical processes such as chemicatretdgemical (CE) mechanisms
or electrochemical chemical (EC) systems dependipgn the sequence of such
steps. For a reaction in which the slowest stemlires mass transport to the
electrode surface the kinetics of the electron df@nis therefore fast and the
current is said to be mass-transfer limited. Thesetions are said to be Nernstian

or reversible, which describes the’Fsystem.

All reversible voltammograms display the same gahshape and can be both
qualitatively and quantitatively rationalised bynsidering the voltage and mass
transport effect. In the case of the P& system the ferrocene compound is
initially present in the neutral state (0) therefat t = 0 the bulk concentration
consists of only the neutral form and no concentration gradient exists. The
potential window employed (0-1-0 V) starts at a gmital where no redox
processes are initiated ensuring there is no flbwuorent, this is represented by
the initial flat portion of the trace. As positivpotentials are reached the
concentration of the neutral form Fat the electrode surface begins to decrease
due to the formation of the oxidised species.FRuring this process a high

concentration gradient is generated due to the law@centration of Fcat the
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electrode surface. This in turn produces more 8fc® to the surface creating a
higher anodic current this is therefore represemgdhe increasing positive peak

on the voltammogram as more’fs generated.

Assuming that the electron transfer rate is rapid tb Nernstian behaviour as the
potential is decreased the measurable curienwill be directly related to the

diffusion rate (the flux) of the oxidised specieste electrode surfate

Eq %2

Wheren is the number of electrong, is Faraday’s constan# is the electrode
surface area andlis the flux of the oxidised species to the surface

The peak occurs as the potential continues to sereThe concentration of Fc
depletes as the oxidised form *Fpredominates therefore as the concentration
gradient begins to diminish a growing diffusion éaybecomes more abundant

limiting the flux to the surface and therefore @m@se in current can be seen.

Once the switching potential is reached the prooessirs in the reverse direction.
The bulk of the species around the electrode is composed of Fcand when the
standard potential is applied a concentration gratdis generated in which this time

the cathodic current dominates and Bcreduced back to Bc

The cyclic voltammogram in figure 1.9 displays fooportant measurable factors
and anodic peak potential and cathodic peak potentedpectively and
and peak currents for the anodic and cathodic responSech extractable

information can be used as diagnostic tests for rheersibility of the system

known as the Nicholson and Shain criteria.

For a reversible system the peak separation betweeand  should be around

59 mV for a single electron transfer (59/n mV).
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E, is independent of scan rate which is expected iwith Nernstian system in
which the varying scan rates provide the sape@dues for both the anodic peak

current () and the cathodic peak current J. E° which is the standard potential
for the redox reaction can be determined by theamgeof both the and . E°
=( + )/2

The peak currents for both the anodic and cathoeiponses should be equal=
in which , is proportional to the square root of the scae®&f and is also

directly proportional to the concentration as segh the Randle-Sevk equation:

) )
"#$% & T ( *p - Eq 1.9°

The scan rate is the rate of change of potentitil wiine and has the units Vor
mVs™'. By increasing the scan rate the current signabtmes greater. Therefore

the scans below in figure 5 demonstrate that peatent is scan rate dependent.

currant

1%

increasing
scan rate

voltage

Figure 1.10. Influence of voltage scan rate upametu responge

The combination of two important equations can b&edu to explain the

voltammograms current reduction.

Eql.2
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/0
) —2 Eq 1%
( 7 q

Flux is related to the concentration gradient nplikid by the diffusion coefficient.

The two equations provide the general expressiocdorent response:
/0
: —2 Eq 1.5°
( m q

Where D is the diffusion coefficient (éfs), (dC /dx) is the concentration gradient
at the surface (C concentration and x correspom@sptarticular distance).

Figure 1.11. Ftconcentration profiles for varying electron trasfated®,

From the above equations a simple relationshipbmadetermined. As diffusion is
the movement across a concentration gradient ttee obdiffusion (the flux) is
directly proportional to the slope in Fick's firdlaw therefore a greater
concentration gradient will produce greater fluxtloé electroactive species to the
surface which in turn increases the current respoiifiin depletion produces a
steep concentration gradient as seen in figure aldve and is caused by a fast
rate of electron transfer k in which k > 40m/s corresponds to reversible
systems. In contrast the slower scans in figurd prbvide greater depletion at the

surface causing the gentle gradients above whictuin generate less current.
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Extremely slow electron transfer ratehat correspond to k < 5x° cm/s are
indicative of irreversible behaviol In fact irreversibility, qua-reversible
behaviour and other neideal processes such as additional chemical resctoe
usually of greatest chemical interest in which ayeloltammetry provides usefi

information.

currant

decreasing rate constant
—_——

=
>
V; / Va voltage

Figure 112. quasi-reversible reactitn

Figure 1.12demonstrates quasi reversible behaviour in whielctedbn transfer

slow compared to the rate of mass transport. The ganstants are varied in t
above diagram in which k is gradually lowered ah@ tcorresponding redc
responses shift increasing the peak separationné-reversible behaviour pe:
separation varieas a function of scan rate and peak current is inopendent o
the square root of the scan rate. For completeversbility the rate constal
reaches values as low as k < 52 cm/s in which more distortion of the respon

are seen and current becomes depl

1.7.2. Electrochromism

Electrochromism can be defined by the ability omaterial to reversibly chang

colour under the influence of an applied electtiorent or fied®>.
Many conducting polymers display chromatic changeilst undergoing

electrochemical oxidation and reduction. Electroahism is an inherent propel

shared by many conducting polymers in which theowolof the material i
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manipulated by the modification of the electroniusture. Through induced redox
processes anion insertion and exertion causes tblmer backbone to

morphologically alter. The twist and bend produgethe polymer accommodates the
counter ion presence important for neutralisingfilne Whilst doped, charge carriers
are introduced producing new electronic states he band gap therefore new
electronic transitions are produced which causectheur changing properties of the
material. The band gap can be manipulated in sewsgs as a method for colour

controf®,

Polythiophene conducting polymers generally disglagomatic changes from blue in

which the film is doped to red when the film is wedd.

The electrochemical process for polythiophene edebtomism is displayed below;

34 *5 5834 9+*5/'

Rec Deep blue

Regioregularity and the incorporation of pendanesgroups can be introduced by
synthetic procedures and are key features in theondb properties of
polythiophene¥.

Electrochromism encompasses only one avenue farcing colour change; many

conducting polymers exhibit chromism through a widdety of external effects.

Polythiophenes can exhibit an optical responsehamges in temperatifesolvent,
counter ion siZ8, pressure and light exposure due to the strucalitetation of the
film and will respond with a colour change throujle detection of chemical and

biological moieties as the film is oxidised or redd.

Considering the capabilities these materials hibldy have the propensity to operate
in many devices. Electrochromism is a responsedhiatbe measured for use within
sensor applications however amperometric detect®nthe response typically

monitored whereby electrochromic effects are theompanying feature. This is
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generally the case for conducting polymers withiosbnsor formats. However the

colour change is a nice addition to the detectimtgss and provides opportunity to

develop the sensor based on the two different @gpes.

1.8. Applications

Conducting polymers have the potential to be wlisvithin a wide variety of

applications due to their inherent properties aadeeof manipulation. With the

potential to achieve semi conducting and metatites, colour transitions, biological

compatibility, increased stability and process#apitionducting polymer materials are

frequently reported within many areas of researuh ae therefore employed within

many applicatiorfs.

Table 1.2. Applications of Conducting Polymers

Conducting Polymer Material

Application

poly (N-3-aminopropyl pyrrole-co-pyrrol€)
polypyrrole®

polyaniling®®

3-methylthiophene/thiophene-3-acetic acid copolyffi&r
poly(3,4-ethylenedioxythiopheri&)*

Biosensors

poly(3-methylthiophene) and poly(dibenzo-18-crowi6
polypyrrole*

lon-Selective Electrodes

D

polyaniline, polypyrrole, polyhexylthiophene and
poly(3,4-ethylenedioxythiopher@)polyaniline/PP¥

Gas Sensors

Polyanilineg™®
Polypyrrolé®

Electromagnetic
Shielding

Poly(vinyl pyrrolidone) (PVP}"
poly(3,4-ethylenedioxythiopher8&j

Battery Applications

poly(bis-terthiophene’
porphyrin/oligiothiophene hybrid monont&t
oligo(3-hexylthiophenes)-perylene—oligothiophtfie

Photovoltaic devices

3-methylthiophene/thiophene-3-acetic acid copolyfher

Fuel Cell

octanoic acid 2-thiophen-3-yl-ethyl esfér
poly(3,4-ethylenedioxythiopher&§

Electrochromic Devices
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1.9. History of Biosensor:

Biosensor systems were first developed analytical measurement by Clarke ¢
Lyon in 1962 which became known as the enzyme relé¢'%°. Glucose oxidaswas
incorporated witrean amperometric transduction mechanism in the fairiam oxygen
electrode. Oxygen was the monitored species ashibiéed a concentration chan
when the reaction was initialised. The consumptidnoxygen responded to t

catalytic oxidation of glucose and was proporticiahe concentration ¢he analyte.

The biosensor term wast recognised until furthedevelopments were made utilisi
biological functions and physical transduction faans. In 1977 this partnership w
eventually established through the immobilisatidnlieing microorganisms at a
electrode surface&Rechnitzet al developed a gas sengiammonia electrode for tl
selective determination of the amino acid argi**®. This device was described a

bio-selective sensor and was eventually shortened atelywegarded as a biosen:

1.10.What are Biosensors

A biosensor can be explained as the combinatidwaefcritical parts the bioselecto
receptor and the transducer. Treceptors very specific enabling only the analyte
interest to be detected and therefore producingeaction or response

acknowledgement to thanalyte. The transducer detects the physiochemical ch
produced by the bioselector and converts the bioated signal into a quantifiabl
electrical signal. The high specificity is creatsdthe biological nature of t receptor

which can include antibodies, enzymes, nucleic acid, @oiganisms or cell

Glucose + 0, 2 Glucos
Gluconic acid + H,05" G ) & or: Glucose xidase
< (s o = ilisation matrix
0, +2H" S o cting polymer mater

ucer: Electrou

| | Electrochemical signal

Figure 112. Biosensor schematic for glucose detection
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1.11. Transduction

The transduction element of the biosensor moniteesphysiochemical change that
occurs between the analyte and complementary i@cefite transducer can monitor
the physiochemical change in various ways and tihesebsor is classified
accordingly. Therefore biosensors can be definebeitsg electrochemical, optical,
thermal or piezoelectric. Piezoelectric, opticad ahermal biosensors monitor the
change in mass, light and temperature whereas measats of current, potential and
conductance relate to amperometric, potentiomeinit conductimetric transduction
systems respectively and are electrochemical imrealhe most common transducers
within this field are electrochemical where curremtd potential are the measured
parameters’. Amperometric transducers or biosensors were itise df their type
developed by Clarke and Lyon and are still a digtished method of choice today.

1.11.1. Amperometric Biosensors

Amperometry employs the oxidation and reduction atélgies of chemical or
biological species. Detection is achieved at théasa of a metal electrode where the
redox reactions take place. The exchange of elextgenerates an electric current
which can be measured. Accessing the redox readiiectly from the receptor is
difficult therefore the amperometric response igally produced by an electroactive
species generated from the reaction. Hydrogen piros an electroactive species
that is commonly formed through the oxidation ofremlox enzyme and can be
detected at the electrode surface provided thabxidation potential is reached. The
current signal produced is proportional to the emt@tion of analyte present
therefore enabling quantitative determination tigtoindirect measurement.

1.12. Electron Transfer Mechanisms

There are two main categories of electron transfieect and non-direct. Whichever
the method of choice, the objective is simple; ébver facile, rapid communication
between the biological entity and the electrodefasa: Immobilisation media
represents a common intervention of this essept@ess and therefore an obvious
approach would be to immobilise the enzyme/protiziectly upon the bare electrode
surface. The possibility of enhanced electron feanselating to this theory is
however unsuccessful as demonstrated by ‘&teal'2 The biological molecule is

incompatible with the inorganic surface and themfattachment of a biocatalyst
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upon an unsustainable environment causes denatumattithe biological recognition
element and consequently, the bioactivity of theyere/protein is lost. However, as
this method constitutes what is referred to asir@ tpeneration biosensor, research
into the novel enzyme electrode structures havéiraoed and advances in this area
have been positive. A third generation biosensdises electron transfer directly
from the source of the redox biomolecule, typicaly enzyme belonging to the
oxidoreductase family providing high sensitivity tbe system and eliminating
complicated diffusion effects as a result of imniishtion media. Wangt al utilised
highly oriented pyrolytic graphite as an electrolat supported the biological nature
of glucose oxidasé®. The enzyme was electrostatically adsorbed orgstinface and
the signals observed could be associated with tAB/FFADH, redox couple.
Furthermore Luet al describes a polypyrrole conducting polymer witbcélostatic
hemoglobin (Hb) adsorption where direct electransfer is established through the

Fe?* | FE* redox couple associated with the heme prbtéin

Indirect electron transfer is commonly the methathpied as the materials and
techniques employed within the biosensor formatehbgen studied in depth over
time providing the knowledge and understanding iregufor biosensor advancement.
Such research has determined the advantages otroalgt/e compounds
incorporated within immobilisation matricies. Thegsgticular compounds are known
as mediators and operate to shuttle electrons sdtos immobilisation matrix
electrode interface. Ferrocene gntlenzoquinone are common examples of electron
mediatord® 4> 115 10wing facile electron transfer by acceptingcéiens from
the biological entity and becoming oxidised at treode. As well as facilitating
electron transfer the incorporation of electroactoompounds lower the potential
normally required to oxidise hydrogen peroxide getieg the amperometric
response. The exact potential can be varied bytitutiin of the ferrocene to fine
tune the sensor response. By decreasing the appbishtial common interferents
that generally contribute to the electrochemicghal at potentials matching hydrogen
peroxide oxidation are eliminated. Interferentshsas uric acid and ascorbic acid are
commonly found in blood which demonstrates a tylpealogical sample utilised for

the analysis of many analytes including glucose.
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Indirect electron transfer introduces a more compsystem although this is
compensated by prolonged biosensor life. Strongaleow linkage to the matrix
increases the stability of the biological molecutddivering enhanced resistance
against dynamic environments as well as providirgdgetion against inhibitors. The
enzyme is less susceptible to interfering spechesugh the existence of the
immobilisation matrix'’ due to its physical protection and/or the potértbacarry
charge in order to repel known interferéhtsThese media are typically polymeric
and are favoured for their biological support doetlieir chemical and physical
properties and ease of fabricatith However slow diffusion through the matrix can
limit the electron transfer mechanism as reporteith wihe use of dialysis
membranes® However, manipulation of the matrix thickness ahdice of mediator
are just a few techniques utilised to overcome mg@keslow electron transfer. In fact
the incorporation of unique immobilisation platf@nthat encourage electron
transport and provide the potential to covalenilydbbiological species with facile
electrochemical generation, biocompatibility ane lost are promising materials and
are commonly referred to as intrinsically condugtoolymers.

Mediators can be easily incorporated into a condggbolymer matrix by utilising

their ability to carry current. As the polymer igrgrated using electrochemical
methods, mediators bearing negatively charged groap be introduced into the film
structure through charge compensation adopted byethctrolyte. Therefore the
mediator simulates the roll of the anion providingutrality to the film and also

assisting electron transport. Ferrocene carboxytaten example used by Iwakuea
al*®

1.13. Biological Elements

The biological element is the key to providing séigty to the device and enables its
use as a sensor for a specific analyte. The bicdbgpecies is capable of recognising
the presence, activity or concentration of a paldicanalyte in solution and will react
to it in a certain manner. There are many bioldgergities that can be employed
within a biosensor format. Enzymes are commonlggrdated into the device although
living cells® antibodie$'®**® and DNA fragment$®*?® have been investigated.

Enzymes are involved in a biocatalytic reaction wha the presence of their

31



Chapter 1 Introduction

biological counterpart, whereas antibodies, DNAnsegts and cell receptors undergo

a binding process regarded as affinity ligand-bdsesensors.

The glucose sensor is a well-known and comprehelysstudied biosensor format
through its introduction in 1962 by Clarke and Lydalucose oxidase is widely
accepted as an analytical reagent in which thdysata products are utilised within
the food and cleaning industries in addition tanickl application¥**%> Glucose
oxidase is therefore a heavily studied catalytithoe representing a very stable and
well-documented enzyme system. Due to its familjagost, stability and high level
of activity glucose oxidase is commonly used as aeh for the development of

biosensors.

1.13.1. Glucose Oxidase

Glucose oxidase (GOx;-D-glucose:oxygen oxidoreductase) frakspergillus niger
is a flavoenzyme and belongs to a family of enzykresvn as oxidoreductases. This
group of enzymes can be exploited for their redelaviour within a sensor format.
The sensor response is generated through a redehamem catalysed by the enzyme
in which thedepletion of oxygen or the increase of hydrogeroxide concentration
can be monitored to assess the amount of glucesemr through electrochemical

methods.

BC1
; ( <:>?@: 5 A[P ( <=>? >G>H | A5A

Glucose oxidase catalyses the oxidation -@f-glucose in the presence of molecular
oxygen to -gluconolactone which represents the reaction nm¢eliate and therefore
undergoes rapid hydrolysis to the reaction prodgtteonic acid and hydrogen
peroxidé?®. Its structural conformation represents a homodimigh a molecular
mass of 160 kD'&>. The surface of glucose oxidase is covered wiitiegn lysine
residue¥’’ with an isoelectric point of 4.0-58 and as a result has a net positive
charge below the isoelectric point. Glucose oxidaggortantly contains one tightly,
noncovalent bound flavin adenine dinucleotide (FAdfactor per monomer. The
FAD is the reaction centre of the enzyme and is 9pecies that is oxidised and
reduced therefore generating the FAD/FADiddox couple. The enzyme activity is
determined through the FAD cofactor.
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Enzyme activity can be affected due to the inflgen€ extreme conditions such as
temperature, pH, and nature of the solution. Adddi factors such as measurement
environment can also have an impact upon the d¢atalgtivity of the enzyme due to
the inhibiting species present within biologicaésimens such as blood.

Immobilisation of the enzyme is a recognised mettihad minimises or removes the
difficulties and problems associated with free eney An inert matrix is used to

retain the enzyme, providing a barrier to obstinterfering analytes and preserve
catalytic activity upon the influence of extremenfgerature and pH generating longer

sensor lifetime and enabling repetitive analysis.

1.14. Immobilisation of the Biological Component

Immobilisation offers many advantages to the enzysystem, with various
immobilisation techniques to choose from. Howevermbobilisation can also
introduce changes involving the enzyme environmeossible conformation changes
and diffusion effects which all contribute to thpparent activity of the biological
element. Recognising the optimum method and carditis therefore important to

avoid denaturation and retain activity as theypa@mount to the sensor response.

It is important to maintain two essential factonsotigh the immobilisation of the

enzyme, enzyme stability and its biological acyivit

1.14.1. Enzyme activity

Enzyme concentration has to be treated differdntgommon laboratory reagents and
materials as the weight of the enzyme does nottitotesthe quantity involved in the
reaction. Therefore only a smaimount of the weighed enzyme maybe active and as
it is the activity of the enzyme that is essent@l the conversion of substrate to

product it is important that a different term igmdified.

The definition of enzyme activity is associatedhatite reaction rate and is expressed
in enzyme activity units (U). This is the intermatal unit (IU) whichsignifies that
one unit (U) of any enzyme is defined as that arhouhich will catalyse the
transformation of 1 micromole of substrate per retfil Therefore the activity of

glucose oxidase can be expressed as the numbena$ of -D-glucose oxidised to
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D-gluconic acid and hydrogen peroxide per minutbe Tspecific activity of an

enzyme is expressed as units of enzyme per mitigrbprotein (U/mg protein)

1.14.2. Enzyme Kinetics

First order kinetics can be determined by the direlationship between the increase
of substrate concentration and the reaction rata fongle component reaction. When
substrate concentration is increased an enzymeratdbgomplex is formed. This is

the basic model developed by Michaelis and Mefiten

E+Se___* ES__TE+P

The model above illustrates the breakdown of thepmex generating the products
and liberating the enzyme demonstrating a firseordaction.

1.14.3. Michaelis-Menten Equation

Michaelis and Menten developed the enzyme subgiEg® concept and derived the
following equation important to enzyme studies.

L # P
Ik MNO # Po E6

Rv 9 Po

The equation is important for obtaining,Khich is the Michaelis constant relating to
a particular enzyme involved in the reaction ana seasure of the enzyme’s activity.
The term \hax is the maximum velocity of the reaction obtaineg & substrate
concentration [§ where the measured velocity, no longer increases. A large,K
describes a less active enzyme as its dissociithom the enzyme substrate complex

is not as effective as enzymes that are associthdh small Michaelis constant.

Several methods can be employed to obtain thealKd Vhax values; these are

demonstrated in figure 1.14 and are based upoNlitigaelis-Menten equation.
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enzyme catalysed reaction, from the Michaelis-Menten equation.
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Figure 1.14. Maipulation of the Michael-Mentenequation to obtain linear plo

In order to determine the Michaelis constant oEamyme the enzyme quantity is ki
constant and the reaction velocity is monitorechwitreased substrate concentrat
A plot of velocity against substrate concenon is generated producing the typi

hyperbolic curveseen in plot ..

Using the plot to obtain the value for half the mmum velocity the subrate
concentration can be determined following the retesthip of the curve. Thi
concentration is the val corresponding to the Michaelis constant. Althoubls
experimental method produces th,, value it is not the most accurate determinat
Due to the hyperbolic nature of the plotyax is a value approaching a point of

curvature and therefore is rdefinitive. By manipulating the data to producerer
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relationshipshown in figure 1.4 plots B-D, K, and \ihax are more accuratel

obtained.

There arehowever significant erro associated with the linear models such he
LineweaverBurk plot as th reciprocal conversion of théata generates the grea
experimental error ran**~. Furthermore deviation from lindégr is not clearly
apparent compared to tlfEadie-Hofstee and Hanes plotghich is important if ¢
reaction mechanism is under investion'*

The direct linear plot is a more reliable met where a statistic approach is
required.

Vmax

V, values

2,

[S,] values K

>

Figure 1.15Manipulation of enzyme kinetics data forming theedt linear plc.

The directlinear approach involves the velocity and substcatecentration pairs t
be plotted upon each axis with the joining of the tpoints. The lines are th
extrapolated to intersect in thenax Km region obtaining the values. Wt the data
fits the Michaelis-Meten equation perfectly all the extrapolated plotsemat the
same point providing the b-fit values for \hax and Ky, As experimental dat
contain measuring errosgvere intersections may result in this cabe median valu
is calculated and usédr the besfit data.

There are various methods based upon the Mic-Menten equation for tk
determination of enzyme kinetics. However when mereng the rate of enzyn
catalytic activity as a function of substrate carication the importantactors to

determine are Max and K,,. The K, value determines the concentratior substrate
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needed to achieve a given rate therefore a diffeeemyme with a lower K value

provides a higher rate of reaction when subjectati¢ same substrate concentration.

1.14.4. Immobilised Enzyme Kinetics

The kinetic information previously discussed coneserfree enzyme systems.
Analytical use of enzymes requires high stabilityd aherefore immobilisation is
paramount. Whilst immobilisation is essential thmeyene kinetics are likely to be

affected and it is important to maintain the catalgctivity of the enzyme

Although physiological factors remain important thare somewhat alleviated by
introducing immobilisation, which increases the dainsor effectiveness over wider
pH ranges and at increased temperatures. Infllegffieacts upon enzyme kinetics
through immobilisation are thought to result frolmanges to enzyme conformation
and stability, the enzyme microenvironment, andudibn limitations through the

surrounding solution to the film and internal dd€fon through the matrix. These

factors may provide both beneficial and problemetiects to the system.

1.14.5. Conformational Changes

In order for an enzyme to be effective towardsdaelysis of a specific substrate the
structure of the enzyme must remain in its natacgformation but must also have
the freedom to adjust its spatial arrangement fl@ceve interaction. The Koshland
‘induced fit hypothesi§* describes this morphological alteration generating
complete matching of structures. However there magt a level of strain acting
upon the enzyme resulting from the high numberindibng sites. This will affect the
enzymes ability to align the substrate to the actoentre demonstrating non-
productive binding. Additionally immobilisation iwhich the enzyme position is
affected can cause blockage of the active siteetimyme orientation is therefore
unfavourable for receiving the substrate. To avibielse adverse effects a suitable
immobilisation matrix is required. An environmenthich allows the enzyme to take
up its natural conformation, is essential with @tirmum level of anchorage points to

provide sufficient enzyme loading with minimal sttwral constraint.
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1.14.6. Partitioning Effects

Two regions are classified within an immobilisedzgnatic system, the micro
environment which is the thin solution layer sunding the enzyme and the macro
environment representing the bulk of the solutidine micro environment is
influenced by the surface properties of the enzwhieh include temperature, pH and
ionic character; these may be altered by the imhsation procedure. If there is a
significant influence upon these properties througimobilisation two different
environments will result causing partitioning. Nobhly do partitioning effects
originate from the enzyme properties but also themobilisation matrix can
contribute to the surrounding changes. lonic charagetween the support and the
solute can cause substrate accumulation or redomecentration depending if the

charged matrix acts to attract or repel additigneliarged substrate material.

1.14.7. Diffusion Limitations

Diffusion of the substrate through the bulk solntim the immobilised enzyme is
regarded as the external diffusion barrier and peodliffusion through the support
material toward the electrode exists as the intefiffasion barriet**

The rate of mass transfer is different in the twei®nments with transport across the
liquid solid interface decreasing and thereforeatingg an accumulation of solute at
the boundary. The solute has to cross this bawieeach the immobilised enzyme
and can be influenced by mechanical agitation efgblution. By stirring the bulk
solution the rate of external diffusion is incredspenetrating the barrier into the
matrix where internal diffusion now exists as thmiting factor. Internal diffusion is
affected by the porosity of the support material &as an effect upon the substrate
diffusion. If the catalytic action upon the substrgs faster than its diffusion to the
enzyme, substrate depletion will occur within th@nity of the enzyme and reaction
velocity will decrease. Subsequently product fornval generate a concentration

gradient leading to enhanced linear responseslandted apparent Kvalues.

1.15. Immobilisation Matrices

Biosensor construction offers diverse possibilitieg to the several matrix platforms
available for the integration of the biological miy. With the various matrices there

are important considerations to be made. Relevantteeir use in industrial processes
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and cost especially if the sensor is only desigioedingle use. Issues regarding the
nature of the support are pertinent for realisatdrbiological properties such as
activity and reaction kinetics and most importaritlg biocompatibility between the
biological component and the material of choicealty the matrix should be cheap,
inert, physically strong and provide efficient amstable immobilisation of the
biological species easily accessible to the sutelfra Sepharose, cellulose,
glutaraldehyde, hexamethyl diisocyanate and glabstsates can be used to support
the choice of biomolecule following chemical mod#iion and enables covalent and
cross linking attachment. Acrylamide gels and de#le acetate fibres can provide
supports for cross-linking and entrapment and mam#brconfinement introduces a
different concept of securing the analyte and algw access through a

semipermeable seal.

Conducting polymers are associated with a numbanpbrtant advantages regarding
their use in biomedical applications. Biocompaiipjlthe ability to immobilise the
recognition element through a number of methodkighieg entrapment, adsorption,
covalent linkage and affinity binding, efficienteetron transfer from the biochemical
reaction to the electrode and the adaptable natiitbe polymer material through
copolymerisation or facile chemical modification gpecifically tailor the electrical
and physical properties of the support. The amainimaterial produced can be
controlled by simply disconnecting the power suggblio the system and the area of
conducting polymer produced is dictated by the siz¢he electrode surface. Such
methods provide invaluable advantages where mimsattion is an essential aspect of
the final product and where specific control of el deployment is fundamental.
Biosensor devices have the ability to take advantdguch techniques and therefore

bimolecular immobilisation employing conducting yolers is of great interest

1.16. Enzyme Immobilisation Techniques

Enzyme immobilisation is a critical part of the §8msor construction; it is the key to
enzyme stability, which is not only necessary fag tunction of the device but also to
maintain enzyme activity and to achieve increaséetirhe. The attachment of
biological species onto the polymer substrate aaurothrough various methods of

which there are two main categories covalent oracavalent immobilisation.
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1.16.1. Physical Adsorption

The incorporation of the enzyme into the polymertriraproceeds through
electrostatic forces. The static interactions afisen the positive charge negotiated
within the polymer film due to its electrochemiaadidation and the overall negative
charge upon the enzyme produced through the solytid#>"%® The positive and

negative effect causes the attraction of the spewte the polymer material.

The solution pH needs to be carefully maintaineddioieve adsorption of the enzyme
however molecular interactions are considerablykwesusing major disadvantages
associated with this simple method. The non-covad¢tachment of the biological
species renders the recognition element unstaldéimmolecule loss (desorption) is
inevitable over tim&*'® Adsorption only produces a single monolayer atgblymer
surfacé® further increasing the potential of the specieteh out into the sample
solution during measurements and therefore cauesgyof longevity of the enzyme
electrode and poor sensitivity. In addition coringl the concentration of the
immobilised compound is difficult and random bioemile orientations further

increase the problematic nature of this technique.

Glutaraldehyde can be used to crosslink the enzgntige polymer reducing leaching
and supporting a more direct electron transferh ¢lectrode aiding the sensing
performance. Increased response times are gendrnatasthbility is compromised due

to denaturisation of the enzymhie

1.16.2. Physical Entrapment

Physical entrapment is a quick and simple way tonafilise biological species
throughout the structure of the film. This therefmvercomes the monolayer limits
seen by physical adsorption and so a larger coratemt of the recognition element
can be incorporated. The enzyme is entrapped duhegpolymerisation of the
conducting material due to the enzymes partial tgacharge and the positive
polymer generated through oxidation. It is possthi the enzyme takes the role of
the anion balancing the charge created during pedgation. This method
incorporates the two processes in one simple fonctvoiding time implications
associated with the other methods such as adsor@fbnity binding and covalent

immobilisation.
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The limitations of this method include the mild ddions required to sustain the
enzyme whilst it is entrapped this therefore lintits choice of starting monomer as it
needs to be water soluble and easily oxidised. prbduced polymer is likely to be
hydrophobic which will affect the structure of th@otein possibly leading to
decreased biological activity. Hydrophilic propegtican be imparted to the material
through a synthetic approach, however this woulentimplement a more time
consuming technique and remove the simplicity single-pot procedure. Additional
problems involve high enzyme concentration, incedasost and potential difficulty
surrounding substrate-enzyme accessiBflityhich is essential to processes such as
affinity complex formation (antibody-antigen andolniglization of nucleotides) and so

other methods of immobilisation may be more bermsdfic

1.16.3. Affinity Binding

This technique concentrates upon the attachmethieafensing element to the surface
of the conducting polymer. It involves strong navalent interactions to secure the
compound, which can provide minimal loss of bioncale activity. Complexes that
demonstrate this high obtainable affinity include tavidin-biotin interaction and
DNA single strand pairing through a intercalatori@sale'*®. The method offers good
control over the molecule “orientation” importamtr fthe facilitation of the analyte

“interaction” and therefore high accessibility beetbound substrate.

1.16.4. Covalent Immobilisation

The immobilisation technique that far surpasses ntethods mentioned so far in
terms of binding strength is covalent attachmenindionality imparted to the
polymer backbone provides the covalent bond producstrong and efficient
immobilisation generating a very robust and staystem under adverse conditions

and subsequently improves the biosensor liféfime
The disadvantages surrounding this method are; itlceeased complexity in
comparison to the other techniques and the undeitaaction conditions that are

unfavourable to biological species.

In most cases commercially available functionalisexhomers are utilised and if they
cannot be obtained synthetic routes provide anooptiFunctionalised polymer
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materials with aldehydand carboxylic acid group®>°®"*3"14%1%have been used
for covalent immobilisation following different stiegies. The use of carboxylic acid
groups for covalent linkage is popular as therecaramercially available monomers
of this type and generation of the peptide linkageurs through a well established
reaction method. The difficulty associated in gatiag polymers with this particular
species is due to the electron withdrawing effecauses upon the starting monomer,
therefore polymerisation can be problematic. Thetqmtion of these groups through

esterification has been exploréd®’ 4414/

and eliminates polymerisation difficulties
due to inductive effects although steric hindramedikely to then constitute the
limiting factor®. Activated esters assist the generation of covgleptide linkage

between the monomer and the biomolecule bearinghergroups. Such activated
esters includ@-nitrophenol, pentafluorophenol, 1-hydroxy benzxdle, 3-hydroxy-

4-o0x0 benzotriazine and N-hydroxysuccinimide wheoenmonly a carboxylic acid
group has been protected and functionalised td ve#it the amine groups under mild

conditiong®8-13°

1.16.5. Carbodiimide coupling

Carbodiimides are extensively used in the formabbpeptide amide bonds from
carboxylic acids and aming8 The condensation reaction has been employedhéor t
modification of conducting polymer substrdfeg >>67140-14L151-152 /arigys

carbodiimide coupling reagents exist and can belamented within aqueous or

organic reaction environments.

The carboxylic acid groups are esterified by theébadiimide producing the very
reactive intermediate O-acyl isout&a Amine species located in protein molecules
can then attach through the carbonyl carbon foreilegtron rearrangement and the
subsequence elimination of the carbodiimide reag&htoxygen attachment.

A second approach is to activate the carboxylid danction on the monomer
unit®*3"1*%>4therefore ensuring all modified monomers have thtential to initiate
biological binding followed by polymerisation inem activated matrix. This reaction
can be performed within organic media as the pnatenot introduced at this stage.
This method generates a more complex web of sidetioms through influential

parameters such as the incorporation of basesabeaphiles, reagent ratig, solvent
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polarity and pH®* The instability of theeaction intermediate O-acyl isourea causes
the isolation of this compound to be extremely peptatic. Therefore isolated O-acyl
iIsourea compounds are uncommon and are mainly sgékas intermediates as their
instability forces racemisation to occur generatthg more stable N-acyl isourea

conformation which does not facilitate biologicakiage™>.

The way to resolve this difficulty is to introduee additive into the reaction solution
that has the direct purpose of “trapping” and disihg the reactivantermediate. By

stabilising the species required for the amide togppeptide bonding can proceed
through the formation of an activated ester. Thenncaupling catalysts used for this

purpose are N-hydroxysuccinimide (HOSu) and N-hydbenzotriazole (HOBY).

1.17. Factors Influencing Sensor Response

Sensor response encompasses several areas thatidetine overall effectiveness of
an enzyme electrode. Optimising the response cfyabnd maintaining signal
reproducibility are important when developing thensor. Equally rapid response
times influence efficiency and enable glucose deitgation for practical analysis.

1.17.1. Optimising the Sensor Response

A major influence on sensor response is enzymevigctiThe choice of enzyme

determines the maximum rate of conversion for thiesgate so a higher enzyme
activity is favourable. To achieve optimum activipH and temperature can be
altered. Enzymes typically have a pH range ovecklithey are operational however
an optimum pH will exist where activity will be thgst. Immobilised enzymes are
likely to exhibit a pH range shift compared to $&ienzyme due to the different
environment introduced, however activity is likely be lost at pH values <3 and
>9'% Increasing the temperature generally sees a highaetion rate as a 10 degree
rise will approximately double the rate of reactidmmobilisation benefits the

enzyme when increased temperature is unavoidableesased stability is imparted
to the biological element. Room temperature is desdgly employed, which is

accepted as 25 degrees; however many countriesnvaitmer climates employ higher
limits as clinical measurements are performed is ¢énvironment. Enzyme loading is
a commonly explored variable, as the amount oflgiataeagent deployed will affect

the amount of product generated. The optimum quyamsi dependent upon the
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enzyme electrode structure including immobilisatianatrix thickness and
composition. Too much enzyme may decrease the »naiorosity obstructing

diffusion channels and too little may lead to snsajhals.

1.17.2. Signal Reproducibility

Generating the optimum response is important biitddnnot be maintained then the
sensor has little value for repeated analysis hacefore must conform to a single use
disposable biosensor system. Stability of the nespocan be increased primarily
through the immobilisation technique used to suppiee enzyme. Through the three
commonly practised methods covalent attachmenvelslithe greatest stability to the
system concerning enzyme leaching. The strong arsgle linkages improve the
sensor’s long term stability and provide increassatoducibility where non covalent
methods suffer from loss of enzyme. It is generabbgerved that biosensor longevity
Is associated with immobilisation efficiency andlldars the order chemical
attachment > physically bound > solubili¥d The prepared enzyme electrodes
should be stored in buffer solution when not in asd although room temperature is
generally accepted, lower temperatures of 4 degredsherefore refrigerator storage
is recommended. Integrating a dialysis membraneetbophane film aids stability of
the system especially where chemical immobilisaisonot practiced. The membrane
permeability restricts passage of the enzyme buhipe diffusion of the analyte into
the film for detection. The dialysis membrane apgevents bacteria entering the

polymer/enzyme matrix during storage.

1.17.3. Sensor Response Time

A wide range of factors that include diffusion effg substrate and enzyme
concentration, pH and temperature of the system,ntkmbrane thickness and the
potential to include additional membranes in theiceaffect sensor response time. It
is important to generate a relatively quick resgoms biosensors are generally
marketed on their “real time use” within environrtednand clinical applications.

Therefore all the variables must be considered iamdstigated to determine an

effective response time.
1.17.3.1. Diffusion Effects

Sensors developed for analytical use are devouifffsion effects through a liquid

surround as they are reagentless systems. In sorExperimental set ups employ
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mechanical stirring and therefore mass transporstnde considered. The rate of
substrate movement is dependent upon the stirabtg of the solution therefore a
faster stirring setting will afford a quicker respse. Therefore it is important to fix the
stirring setting at a constant rate to ensure respdmes are influenced through other
factors. The analyte of interest is therefore diyem contact with the supporting

enzyme matrix; therefore internal diffusion is timeiting diffusion factor.
1.17.3.2. Substrate and Enzyme Concentration

In general the higher the concentration of the satesthe greater the rate of reaction
and therefore the faster the response time as eragme activity will increase the
rate of conversion from start reagents to prodHciwever there exists an enzyme
loading limit as increasing the available actiwatigo increases the supporting matrix
thicknes$®’. Increasing the thickness introduces an extenifbsion barrier and it is
reported that when the limit is approached respdimees dramatically increase.
Therefore depending upon the material used an epemzyme load versus thickness
exists and must be investigated. It is recommentat a thin support material be
employed with the highest enzyme activity incorpedainto the matrix for obtaining

rapid enzyme kinetics and hence rapid responses.
1.17.3.3. Effect of pH and Temperature

Achieving maximum enzyme activity requires optimpH and temperature
conditions; however the different environment praetl through immobilisation
causes a shift from their reported optimum val@&sicose oxidase has an optimum
pH value of 5.5 within a solution environment whaeseonce immobilised shifts to
encompass a possible range of pH 5.8%8.0Therefore to achieve the fastest
responses the optimum pH should be utilised. Howthe sensor electrode may not
demonstrate the same optimal behaviour as the inlisetb enzyme and a
compromise is therefore required. Extreme tempegattifferences can either
denature the enzyme or significantly reduce theti@a rate and therefore room
temperature is employed as the biosensor deviddeavilsed within this environment.

1.17.3.4. Matrix Thickness and Dialysis Membrane Eécts

Stable measurements are governed by the diffusittnaf the substrate through the

film to the enzyme and the diffusion of the catatygroducts through the matrix to
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the electrode surface. Matrix composition suchhaskhess and porosity contribute to

the diffusion rat&® which affects the reaction rate to generate eqnati7.

R So

TRm Eq

Membrane thickness d, diffusion coefficient D, tMéhaelis constant K and the
maximum velocity of the enzyme reactiop,) are related to provide V in which an
increasing value indicates a higher rate of enzgatalysis compared to the diffusion
of the species. Where the rate of the enzyme wmract faster than the rate of
diffusion the process is referred to as diffusiontcolled. In the opposite case where
the enzyme reaction is the rate limiting step thmecess is reaction controlled.
Diffusion controlled reactions provide advantageshe system where sensitivity is
independent of enzyme activity and concentratiorgluding inhibitors and pH
variation. Temperature effects are minimal as difin is less affected than the
enzyme reaction. Extended linear range and gréatetional stability are also gained
through diffusion limited biosensors however thejonalisadvantage corresponds
inevitably to slower response times due to larger thickness.

Incorporating a membrane secures the enzyme witlenmatrix and discourages
microorganism growth however the speed of resp@asebe affected with thicker
membranes although this can be avoided if smalkksnambranes are employed.

1.18. Polythiophenes for Biosensor Applications

Many materials within the conducting polymer famhgve been investigated for
potential use within a biosensor format howeverdhgtill remains opportunity to
potentially improve areas of the biosensor design.

Polythiophene is a conducting polymer that hasrgels untapped potential use in
biosensor systems. With the exception of poly(3MAdenedioxythiophene)
(PEDOT), polythiophenes have not been exploitebi@sensors as they lack agqueous
solubility. However post polymerisation treatmeanallow enzyme immobilisation
through a carbodiimide coupling reaction. Therefeagious materials and analytes

that require very diverse environments can fundtoone biosensor device.
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The aim of this project is to produce a biosenswable of facile analyte detection
based upon the well documented glucose oxidasemsy®y tailoring the thiophene
monomer to incorporate the functionality for covdlenzyme immobilisation the
overall process for the biosensor construction bansimplified without loss of

sensitivity.

Recent polythiophene biosensor research has seensth of a range of polymer
structures. A water soluble thiophene has been @agl to produce poly(3,4-
ethylenedioxythiophene), PEDOT (compound®®} This material entraps the
enzyme within the polymer matrix during the polymation stage and this can lead

to some variability in the final sensor response ttuenzyme leakage.

Compound 1 Poly(3,4-ethylenedioxy
thiophene) (PEDOT)

Korean researchers in 2005 produced poly(terthiopt8s-carboxylic acid¥®
compound 2. Whilst this material seems to be vepyaducible in a biosensor format
it does provide a fixed ratio of binding sites ae polymer layer which may, or may

not be the optimum required.
Compound 2 Poly(terthiophene-3'-

carboxylic acid)
(PTTCA)

Additional thiophene analogues demonstrated beltwws extended monomer

systems for the incorporation of enzyme moieties.

47



Chapter 1 Introduction

Compound 3 poly(thiophene-2-
aminophenol-
thiophene-3-acetic
acid) (PTAPTAA)

Compound 4 n-(4-(3-thienyl
methylene)-

oxycarbonylphenyl)

maleimide (MBThi)

The development of poly(thiophene-2-aminophenadthiene-3-acetic acitf} by
Kim et al maintains the use of the carboxylic acid functlogup for successful
immobilisation, However such a diverse and compdidasystem offers no additional
advantages over simplified thiophene films anddfaee attracts little attention for
future research towards biosensor applicationsil&iwy the Middle East Technical
University in Turkey prepared an extensive thioghenonomer n-(4-(3-thienyl
methylene)-oxycarbonylphenyl) maleimide (MBTHffor the copolymerisation with
pyrrole and styrert&”'®® The copolymer was designed for the entrapment of
enzymes, incorporating various organic units fagirthrigidity within the polymer
backbone providing the polymer with superior medat@nand thermal stability.
Although the stability of the polymer material important it is the stability of the
biological compound that offers long term use @& bosensor. Immobilisation of the
biological species through entrapment is knownfterdimited stability and therefore

is not ideal for a multiuse biosensor device.
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Compound 5 thiophene-3-
acetic acid, thiophene and
dicyclopentadienyl iron-
1,4-dienylmethyl-
2-(thiophen-3-yl)acetate
copolymer
(T3AA-T-TFc)

Compound 6 Thiophene-3-acetic
acid/3-methylthiophene
copolymer
(T3AA-MT)

Compound 5 demonstrates a polymer matrix with alemtly bound mediator this is
an advantage as the mediator would normally bedoited separately. The data for
reproducibility and biosensor stability is not rejed for this biosensor format which
is important for such devices and therefore it§querance is uncle&¥. A common
polythiophene format for biosensor applicationst tie prepared under organic
conditions is displayed as compound 6 and is algop of thiophene-3-acetic acid
and 3-methylthiophene. It is a simple and well doeated functional copolymer
capable of covalent attachment through the carlioeagid substituent. The optimum
composition has been determined requiring only ID8AA groups for potential
enzyme attachment. Generation of the film upon aimim electrode employing
electrochemical techniques is typical using acétibmi and dopants such as
tetrabutylammonium tetrafloroborate and tetraetmytonium perchlorate (TEAP
Differences are observed for the film thicknessn@/cnf -800 mC/c influencing
enzyme loadind®* Enzyme attachment generally proceeds through @ step

process with activation of the carboxylic acid grewsing a carbodiimide reagent in
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which a stabilising agent can be used. Enzyme inilieation then follows in a

buffered solution, with varied reaction times (1t#4) at each staffe

Compound 7 N-succinimido
thiophene-3-
acetate/3-
methylthiophene
copolymer
(STA-MT)

Compound 8 N-succinimido trans-
3-(3-thienyl) acetate/
3-methylthiophene
copolymer
(STTA-MT)

The proposed biosensor system that will be invastfor its amperometric response
to glucose will incorporate an activated estergh&ne monomer. The two activated
monomers will be investigated and synthesised fitbeir corresponding starting
compounds of thiophene-3-acetic acid and transtBi€hyl) acrylic acid which are
inexpensive and commercially available. To enalokevation of the carboxylic acid
functional group N-hydroxysuccinimide will be usdad combination with a
condensation reagent of the carbodiimide faffifiyj>>¢"240-141151-153t is envisaged
that the prepared monomer will represent the primgecies generated within the
preparation of the simple T3AA-MT copolymer filmeeating a thiophene monomer
ready for enzyme immobilisation. By introducing taetivated species directly into
the copolymer film enzyme immobilisation should ged readily under controlled
conditions through the use of a single bufferedyer& solution eliminating further
preparation and simplifying the immobilisation pess. Generating the film

electrochemically with the incorporation of 3-mdthiophene will allow a range of
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copolymers to be produced with the direct intentionquantify the content of the
activated monomer specifically to optimise enzyweading. Through the introduction
of a spatially diverse monomer and a complete @aigd system seen in compound
8, changes to the film structure will be expected subsequently the films may
acquire modified properties. The characteristicshaf films will be probed using
cyclic voltammetry with FTIR and elemental analytisdetermine the copolymer
ratio. Further characterisation will include morjdgical studies upon the copolymers
to generate information regarding porosity and fdtructure. Analysis of the dopant
content for a range of copolymer compositions viié undertaken to gain an
understanding of the film deposition processconjunction with the analysis of the
activated copolymer systems the thiophene-3-acatic/3-methylthiophene and
trans-3-(3-thienyl) acrylic acid/3-methylthiophec@polymers will be investigated for

comparative studies.

This project is directed towards the successfulettggment of a novel copolymer
capable of covalently binding biological species &pecific recognition of its

complementary counterpart. Preliminary studies ig@vthe foundation of this

investigation exploring the electrochemistry of igas polythiophene monomers to
gain an understanding of the redox properties ef\warious polymer systems. By
probing a range of thiophene monomers conclusiars lie drawn regarding the
changes to the monomer structure that can helpdeligcpotential problems and gain
an insight into the properties required for suck#spolymerisation. It is also

important to maintain the functionality needed tgport the biological compound
and consider the effects of electron transportugiihomanipulation of the thiophene

ring and copolymer ratio.
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Table 2.1. Reagents and Purity

Reagent name Purity Company
Thiophene Monomers
2,2’-Bithiophene 97% Aldrich
Tert-butyl thiophene-3-carboxylate Synthesised
3-Dodecylthiophene Synthesiséd
3-Methylthiophene 98% Aldrich
Methyl thiophene-3-carboxylate Synthesised
N-succinimido thiophene-3-acetate Synthesised
N-succinimido trans-3-(3-thienyl) acetate Syntkedi
3-Octadecylthiopene Synthesised
3-Octylthiophene Synthesiséd
Thiophene-3-acetic acid 98% Aldrich
3-Thiophenecarboxylic acid 99% Acros Organics
3-Thiophenemalonic acid 97% Aldrich
Trans-3-(3-thienyl) acrylic acid 97 % Sigma-Aldrich
Electrolytes
Lithium perchlorate 99.99% Aldrich
Tetrabutylammonium perchlorate 99% Acros Organics
Tetrabutylammonium tetrafluoroborate 99% Aldrich
Tetraethylammoniurp-toluene sulfonate Aldrich
Electrodes

Glassy carbon 3 mm diameter Bioanalytical Systkmas
Gold electrode 1.6 mm diameter Bioanalytical Systénc
Indium tin oxide glass slides Aldrich
Platinum electrode 1.6 mm diameter Bioanalytioat&ms Inc
Platinum wire 5 cm, 0.5 mm diameter 99.9% Fisheergdic
Saturated calomel electrode Sentek
Silver-Silver Chloride Bioanalytical Systems Inc

Materials for Maintaining Electrodes and System
Aluminium oxide 99.98% Alfa Aesar
Ferrocene (dicyclopenladienyl iron) Sigma
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Felt (for polishing)

Bioanalytical Systems In

()

Reagents for Synthesis Procedures

Tert-Butanol (anhydrous) 99.5% Sigma-Aldrich
1,3-Dicyclohexylcarbodiimide 99% Aldrich
N,N’-Diisopropylcarbodiimide 99% Sigma-Aldrich
N-Hydroxysuccinimide 98% Aldrich

Iron (111) chloride anhydrous Lancaster Synthesis
Methanol (anhydrous) 99.8% Sigma-Aldrich
Molybdenum(V) chloride 95% Aldrich

Silica TLC cards Fluka

Thionyl chloride 99.0% Fluka

Reagents for Biosensor Investigation

Glucose Sigma-Aldrich
Glucose Oxidase ( EC 1.1.3.4, type X-S Sigma-Aldrich
155 U/mg fromAspergillus nigey
Potassium dihydrogenphosphate 99% Aldrich
Potassium chloride 99.5% AnalaR BDH
Sodium chloride 99.0% Sigma-Aldrich
Solvents
Acetonitrile HPLC grade Fisher Scientific
Dicholormethane laboratory reagent grade Fishem8tic
Deuterated chloroform 99.8% Cambridge Isotope
Laboratories, Inc
Ethyl acetate laboratory reagent grade Fishem8tie
Petroleum ether laboratory reagent grade Fishentic
Propylene carbonate 99% Aldrich
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2.0. Synthetic Procedures

Several thiophene monomers were chemically syrdbdsi to investigate
electrochemical polymerisation techniques. Est@aifon employing thiophene-3-
acetic acid as the starting reagent was the famusach synthetic procedure.

2.0.1. Synthesis of Methyl thiophene-3-carboxylate

The synthesis of simple thiophene esters are destin schemes 2.1 and 2.2. The
method followed the procedure from Ruff and Abéffaand Ganapathgt al*®” with
the formation of the acid chloride from the additmf dichloromethane and thionyl

chloride.

Scheme 2.1. Synthesis of methyl thiophene-3-carbatxy

Thionyl chloride was added in excess to a solutibthiophene-3-acetic acid (0.5 g)
dichloromethane (50 ml) and toluene (20 ml). Thectien mixture was heated under
reflux for 5 hours, cooled and the solvent was reedounder reduced pressure. Dry
dichloromethane (40 ml) was added and the reactiessel was placed under
nitrogen. Anhydrous methanol (5 ml) was added umiteogen and the reaction was
left to stir for 1 hour in which the progress oétreaction was monitored using TLC.
Purification was performed upon silica gel colunimamatography using a ratio of
2:1 ethyl acetate and petroleum ether solvent syside fractions were collected and
the solvent was removed leaving an off-white saliaterial which was determined to

be the methyl thiophene-3-carboxylate with a yeié&1.5%.
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Table 2.2H nmr (500 MHz) Data in CDGI

Chemical Shift () Multiplicity No. of H Assignment
7.31-7.28 m 1 H-position 4
7.17-7.16 d,d 1 H-position 2
7.07-7.05 dd 1 H-position 5

3.73 S 3 CHCOOH;
3.69 S 2 E1,COOCH;

Table 2.31*C nmr (500 MHz) Data in CDGI

Chemical Shift () Assignment
171.57 CHCOOCH;
133.58 CHSCHCKECH;
129.07-128.26

125.78 Thiophene ring carbons
122.91-122.55

52.06 CHCOOCH;5

35.65 CH,COOCH;

IR Data

C=0 st.(ester) 1735 cin

C-O st. (ester) 1216 chand 1154 cil

C-H st. (alkene C=C-H) (Ar-H) 2904-3097 ¢m

2.0.2. Synthesis of Tert-butyl thiophene-3-carboxgke

Scheme 2.2. Synthesis of tert-butyl thiophene-B@aylate
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The same method was employed for the synthesisedtbutyl thiophene-3-

carboxylate where the methyl alcohol was substitdte the butyl alcohol reagent
(0.5 ml). The yield obtained was 54.9%.

Table 2.4MH nmr (500 MHz) Data in CDGI

Chemical Shift () Multiplicity No. of H Assignment
7.31-7.29 m 1 H-position 4
7.16-7.15 d,d 1 H-position 2
7.07-7.06 dd 1 H-position 5

3.59 S 2 Ei,COOC(CH)3
1.49 S 9 CHCOOC(M3)3
Table 2.52*C nmr (500 MHz) Data in CDGI
Chemical Shift () Assignment
170.4 CHCOOC(CH)s
134.3 CHSCHCKECH;,
128.5
125.4 Thiophene ring carbons
122.4
81 CH,COQOC(CHs)3
37.1 CH,COOC(CH)3
28.0 CHCOOCCHs3);
IR Data

C=0 st.(ester) 1733 cin

C-O st. (ester) 1141 c¢firand 1080 ci

C-H st. (alkene C=C-H) (Ar-H) 2929-3107 ¢m
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2.0.3. Synthesis of N-succinimido thiophene-3-acéta

N-succinimido thiophene-3-acetate was prepared filtiophene-3-acetic acid using
dicyclohexylcarbodiimide (DCC) as coupling reagéetailed in scheme 2.3.

Scheme 2.3. Synthesis of N-succinimido thiophere&ate

The general procedure for the synthesis is asvistiarhiophene-3-acetic acid (1.86
g), DCC (2.7 g) and N-hydroxysuccinimide (1.5 g)an equal mole ratio were
combined with 90 ml of acetonitrile. The reactioasastirred for 24 hours at room
temperature and monitored through TLC. When theti@a had reached completion
it was filtered and the solvent was reduced undesgure. The reaction mixture was
purified upon a silica column with ethyl acetatel netroleum ether at a ratio of 1:1.
The product was collected as an off white solidenat which was determined as N-
succinimido thiophene-3-acetate with a yield of06%.

Table 2.6H nmr (500 MHz) Data in CDGI

Chemical Shift () Multiplicity No. of H Assignment
7.35-7.34 m 1 H-position 4
7.32-7.29 dd 1 H-position 2
7.11-7.10 d.d 1 H-position 5

3.99 S 2 E1,COOC(CH)3
2.84 S 4 CHCOOC(M3)3
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Table 2.72*C nmr (500 MHz) Data in CDGI

Chemical Shift () Assignment
168.98 CHCOON(CO)(CHy),
166.25 CHCOON(CO)(CHy)2
130.62 CHSCHCECH;
123.26
126.25 Thiophene ring carbons
128.10
32.31 CHSCHCHCH;
25.25 CHCOON(CO}(CHy)-

IR Data

C=0 st. (ester) 1724 chn

C=0 st. (Saturated anhydride —CO-N-CO-) 1781*@nd 1823 ci)
C-O st. 1198 c and 1253 ci

C-H st. (alkene C=C-H), (Ar-H) 2849- 3095 ¢m

2.0.4. Synthesis of N-succinimido trans-3-(3-thietyacetate

Scheme 2.4. Synthesis of N-succinimido trans-3{@nlyl) acetate

Equal mole ratios of all reagents were used tohggise N-succinimido trans-3-(3-
thienyl) acetate. Trans-3-(3-thienyl) acrylic a¢®l7.1 mg) was prepared with the
same method for the synthesis of N-succinimidophéne-3-acetate in scheme 2.3.

N-succinimido trans-3-(3-thienyl) acetate was atediwith a yield of 59.8 %.
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Table 2.8'H nmr (500 MHz) Data in CDGI

Chemical Shift () Multiplicity No. of H Assignment
7.85-7.81- d 1 CHBCOON(CO}CH,),
7.57-7.56 d,d 1 H-position 5
7.33-7.31 m 1 H-position 4
7.28-7.26 d,d 1 H-position 2
6.40-5.97 d 1 EICHCOON(CO)(CHy),
2.82-2.81 s 4 CHCHCOON(CE¥TH,),

Table 2.9°C nmr (500 MHz) Data in CDGI

Chemical Shift () Assignment
169.36 CHCHCOON{O),(CHy)-
162.32 CHCHCOON(COX(CHy)2
143.21 CHCHCOON(COX}(CHy)2
136.82 CHSCHCKECHCH
127.55
125.04 Thiophene ring carbons
122.4
110.95 CHSCHCHCCEH
25.62 CHCOON(CO)(CH,).

IR Data
C=0 st. (ester) 1724 cin

C=0 st. (Saturated anhydride —CO-N-CO-) 1761*@nd 1784 ci
C-O st. 1213 cand 1194 cil

C-H st. (alkene C=C-H), (Ar-H) 2852- 3098 ¢m

2.1. Polymer Generation

2.1.1. Chemical Polymerisation

Chemical polymerisation was performed upon theetta@d substituted monomers 3-

thiophenecarboxylic acid, thiophene-3-acetic acid a-thiophenemalonic acid along
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with thiophene and bithiophene, which were knowmatymerise readily. The same
quantity of each monomer material (0.5 g) was dv&sbin 25 ml of acetonitrile and
1.0 g of anhydrous FegWas introduced to the mixture as the oxidant. osd set

of chemical polymerisation was performed for thenesamonomers with a more

powerful oxidant (MoGJ).

2.1.2. Electrochemical Polymerisation

Electrochemistry investigations were performed gsiwtolab software with a
general-purpose electrochemical system installeth wiindows version 4.9. A
conventional three-electrode set up was employ¢hl avplatinum working electrode,
platinum wire counter electrode and an Ag|AgCl/KCkference electrode. A 1 mM
ferrocene solution was used for checking the infegf the system each day and
aluminium oxide slurry provided the ideal medium é&ectrode surface regeneration

after subsequent film formation.

Development of the polymer film upon the platinuroriiing electrode surface was
typically produced with 0.1 M of monomer in a 0.1 eectrolyte solution of 10 ml
solvent. The parameters chosen depended upon theriment undertaken but
included those listed below. Initial studies of yokr growth were performed by
cyclic voltammetry and eventually potentiostatim@dibions generated thicker films

with a passed charge of 800 mC for microscopy émental characterisation.

Table 2.10. Various electrolyte and solvents usekinvthe project.

Electrolyte Solvent
Tetrabutylammonium tetrafluoroborate Acetonitrile
Lithium perchlorate Propylene carbonate
Tetrabutylammonium perchlorate Dichloromethane
Tetraethylammoniump-toluenesulfonate

2.2. Film Characterisation

The polymer films which remained attached to thecebde surface were washed

thoroughly in acetonitrile to remove excess monoamel electrolyte.
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Cyclic voltammetry was chosen for the charactaosabf the electrochemically-
generated polymer incorporating a monomer freetisolwith 0.1 M electrolyte and

10 ml of organic solvent.

2.3. Atomic Absorption Spectroscopy

Atomic absorption spectroscopy was employed forgbhantification of carboxylic

acid functional groups within various copolymeii@atby sodium exchange.

Plastic volumetric flasks and beakers were usetinvithe investigation to avoid
sodium absoption onto glass and the primary stansiadium chloride was used after
oven drying (50°C overnight) for the sodium exchange and standegggpation for

the instrument.

Homopolymers of 0.6 M thiophene-3-acetic acid (¥.2800 mC) and 0.1 M 3-

methylthiophene (1.7 V 800 mC) were first grown argd at the same weight to
determine the accuracy of the method. A five figanalytical balance was used for
accurate mass determination in which 0.45 mg filmese used and weighed to

constant mass.

The films were placed in 2 M Naolution and agitated for 10 minutes then left
overnight. An extensive wash method was employeeliminate trapped sodium
from the material which included three, 30 secoodex of the ion exchanged film in
hot ultra pure water followed by 20 minutes of derioiling in 40 ml and finally 50

ml of hot ultra pure water washed over the filmaifilter using a pipette.
After 30 minutes in the oven to dry at 1% the films were placed in epindorff tubes
with 1.2 ml of high grade (low sodium content) centated HN@ and left to

completely dissolve.

Calculation for Sodium lon Content in a 0.45 moyPihiophene-3-acetic acid) Film.

+6& 1V X
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From the calculation above a suitable dilution dobké determined for the atomic

absorption spectrometer as the highest concentratemasureable is 1 ppm.

Standards were prepared from a 10 pprmi 8lack solution covering the range 0.1-1
ppm and were run on the instrument using a sodamplset at a wavelength of 589
nm. The Standards were prepared fresh each daydprg\a straight line calibration

graph.

2.4. Scanning Electron Microscopy with Elemental Diection

Microscopy enables a pictorial representation ofe tistructure generating
morphological information. In this case scanningction microscopy (SEM) is

employed for the visual characterisation of theypar films.

Scanning electron microscopy forms the images bgdhe generation of electrons in
contrast to conventional microscopes that utiligkt! This approach allows for larger
depth of field, greater magnification and highesalation. The images obtained are
created through either secondary or backscattéeett@s which are generated when
the incident electron beam interacts with the speoi

Backscattered electrons originate from the incideesdam and have been deflected
through a circular path around the atoms nucleush &lectrons that occupy this path
have sufficient energy to exit the sample whereasel energy backscattered
electrons have generally passed through smallde aogttering events to eventually
emerge from the material. Due to the differing euakithin the various atomic
species the number of deflected electrons will \asyarger atoms will increase the
amount of backscattered electrons.

Secondary electrons can also be used for viewiagrttage. The electrons detected

are outer shell electrons released from the sampes by interaction with the
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incident beam. They are low in energy and so caynestape from a shallow depth to
be detected.

Figure 2.1 Various forms of energy release produbasligh sample irradiatidfy

2.4.1. Elemental Analysis

The scanning electron microscope is equipped wémental acquisition capabilities
in the form of an energy-dispersive x-ray detecirays are the result of the
emission of inner core electrons, leaving the atmman ionised form where
stabilisation then occurs by the transition of ateo electron to fill the vacancy with
the generation of an x-ray photon. The energy & é&mitted x-ray photon is
associated with the elements electronic configanatind is therefore unique to the

individual element.

Films were grown potentiostatically upon either filatinum working electrode or

ITO glass depending upon film thickness and amoretsired.

Due to the conducting properties of the polymeramals the samples did not require
sputter coating and were therefore peeled away fthen electrode surface and
mounted upon aluminium stubs for microscopy exationaupon the solution side of

the electro generated material.

Secondary electron detection was responsible #rirttages generated. A range of

magnifications were employed to establish detgiegmer film topography.

Backscattered electron mode enabled elemental mgpyi the samples and x-ray

generated signals were used to identify the comipasand measure the abundance of
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elements in the sample. For reliable elemental theasystem recommended a high-
energy electron beam set to 20 kV and a workingadee of 10 mm. Spot size
remained constant at 69 and dead time was reconedendbe no lower than 20%.
The parameters chosen remained unchanged whereergl@minformation was

concerned in order to compile data over severasaoé the sample for the generation

of average values.

2.5. Fourier Transform Infra Red Spectroscopy (FTIR

Both monomeric and polymeric material were charesgd by infra red spectroscopy.
Monomers obtained commercially were analysed alwity synthetically produced
monomer as a method for identification. Spectraewecorded over the range of 400
cm™ to 4000 crit and data provided in absorbance mode for compaismposes.
Copolymer composites were characterised throughRFdr assignment of the

carbonyl function group and its intensity.

2.6. Nuclear Magnetic Resonance (NMR)

Commercial and synthetic monomers were analysea 090 MHz NMR instrument
using both carbon and proton NMR operation for idieation and to assess the
purity of the synthesised material. The solventdus@as CDCJ unless otherwise

stated.

2.7. Biosensor Analysis

Optimum conditions were established for the sedswoice in which the methods for
the optimised biosensor system are reported hérether experimental conditions
are documented with the results in chapter 5.

2.7.1. Film Preparation

Copolymer films of thiophene-3-acetic acid/3-methigphene, trans-3-(3-thienyl)
acrylic acid/3-methylthiophene, N-succinimido thigme-3-acetate/3-
methylthiophene and N-succinimido trans-3-(3-thigngcetate/3-methylthiophene
were grown potentiostatically at 2.2 V until a amarof 50 mC was reached. The
electrodes were washed with acetonitrile to remex@ess monomer and electrolyte
and then left on the bench top for the solvent w@aperate prior to enzyme

immobilisation.
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2.7.2. Enzyme Immobilisation

Scheme 2.5. Immobilisation of GOx on the polymbnfi

Copolymers containing the activated ester (N-suctdo thiophene-3-acetate/ 3-
methylthiophene and N-succinimido trans-3-(3-thlergcetate/3-methylthiophene)
were placed in 0.01 M phosphate buffer solution#®l with 16 mg /5 ml (153100
Units/G) glucose oxidaséAépergillus nigey for six hours and left to stir gently at
room temperature. After six hours the enzyme eabelets were removed from the
enzyme solution and rinsed with phosphate bufféutem in which they were then
stored and kept at room temperature (unless otkerwtiated) until they were

analysed.

Copolymers with the carboxylic acid group were infmlised with glucose oxidase
(16 mg) in a 0.01 M phosphate buffer solution pblwith EDC (60 mg) for six hours

at room temperature for a direct comparison.

2.7.3. Response to Glucose

A three electrode system was prepared as stateelction 2.1.2. The analysis of the
enzyme electrodes were performed in 0.01 M phospbatfer solution with 0.01 M
sodium chloride as the electrolyte under constdimted conditions. 0.1 Mp-
benzoquinone was employed as a mediator using ahee samount stated in the

literaturé* for the generation of reproducible results.

Amperometry was used to monitor the current sigaad.1 M additions of glucose
with an applied potential of 0.45 V with the mediain solution and 0.70 V when no
mediator was used. Sufficient time was allowed upaoh glucose addition for the
signal to stabilise and an accurate reading toeberded. All data was displayed as

current density against glucose concentration.
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2.8. UV Spectroscopy

UV spectroscopy was used to establish whether lilege oxidase was active prior

to its immobilisation®.

A 16 mM glucose sample was prepared by taking 4ofré 0.2 M glucose stock
solution and diluting to 50 ml with deionised wat&rblank was used containing only

deionised water.

An enzyme working solution was also prepared cairigi7.50 mM phenol, 2.50 mM
4-aminophenazone, 0.5 IU/mL GOx, and 20 IU/mL HRR5 ml of 0.10 M pH 7.0
phosphate buffer.

2 ml of the enzyme working solution was deliveredat cuvette followed by the
addition of 0.4 ml of the 16 mM glucose solutiornelreaction mixture was shaken
and inserted into the spectrometer. The first megadvas taken immediately and a
stopwatch was started. Absorbance values were thieen every minute for 10
minutes. The same method was followed for the bkamdk the data was recorded and

displayed in table 2.11.

Table 2.11. Absorbance Readings Taken from an EeZyssay and Blank Solution

Time (minutes) Glucose Assay Blank Assay
0 0.043 0.029
1 0.083 0.026
2 0.112 0.026
3 0.149 0.027
4 0.19 0.026
S 0.228 0.026
6 0.268 0.027
7 0.309 0.027
8 0.346 0.028
9 0.386 0.028
10 0.424 0.029
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Figure 2.2. Measurement of absorbance as a funetiobme for glucose oxidase

assays with and without glucose.

The increase in absorbance where glucose was préseonstrated that the enzyme

was active and therefore was used for immobilisatipon the conducting polymer

platforms in chapter 5.
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3.0. Electrochemistry of Polythiophenes

Thiophene compounds were investigated using elgdodroical techniques to
establish criteria for polymerisation and film sty for their potential use as a
substrate to accommodate a biological species. |I8itmpophene compounds were
explored initially with the dimer 2,2’-bithiophenehosen as a substitute for the
thiophene monomer as thiophene is unsuitable falopged use due to its

odoriferous effects.

The electrochemistry of simple polythiophene matsrihas been extensively
investigated’242°34354144170 Tha repetition of this work within our own
experimental set up is important in order to unides and interpret the subsequent

behaviour of novel materials.

3.0.1. Electrochemical Polymerisation of Bithiophea

Polymer film generation is dependent upon sevetbfs such as solvent, potential,
and monomer concentration. The potential requicethitiate polymerisation is the

oxidation potential and can be determined by cygcholtammetry of a monomer /
electrolyte solution. The current increase observeticates polymerisation at the
electrode surface with an increase in current tnogubsequent scans. Cyclic
voltammetry is also used to probe the electrochieynid the resulting film. Typically

a large potential sweep is employed for the ingesiton of new compounds to ensure

all the electrochemical data is collected.

Figure 3.1 demonstrates the electrochemical oxidatif bithiophene in a 0.1 M
monomer solution using TBATFB as electrolyte. Thgnal increase at 1.16 V
indicates the oxidation of the monomer and is tgdifby the presence of a hysteresis
or nucleation loop characteristic of the polymdr@a of conducting
polymerg>%>6778 Eyrther extension of the potential towards pesitialues seen in
figure 3.1 introduces over oxidation. It is reconmued that over oxidation be
avoided due to irreparable damage to the film. dpgon caused along the polymer
chain backbone through twisting destroys the catjug effect that is responsible for

film conductivity*>™".
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Figure 3.1. A single growth cycle of bithiophenearporating TBATFB.

Potentiostatic polymerisation was used as a difte@proach to determine the
oxidisation potential of bithiophene. A series ofperiments employing fixed
potentials were performed over 60 s concluding saicessful polymerisation does
not commence until a sufficiently high potential &pplied, determined for
bithiophene as 1.2 V. Following all potentiostgtialymerisation experiments visual
examination of the electrode surface was the initiethod for identification of film
formation which was coupled by the more reliabléedaination by characterisation

through cyclic voltammetry.

Table 3.1. Potentiostatic Polymerisation of Bitliepe (SCE)

Potential Film Description
0.8V No visible film No redox signals in CV.
o9V No visible film No redox signals in CV.
1.0V No visible film No redox signals in CV.
1.1V Dark yellow film No redox signals in CV.
1.2V Black film produced Broad redox signals in.CV
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Thick films generated by potentiostatic or potdntigcling methods are difficult to
characterise. The characterisation of a thick fimduced by cyclic voltammetry can

be seen in figure 3.2.
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Figure 3.2. Characterisation of poly(bithiophent)sing a wide potential window.

Broad oxidation from +0.6 V is observed with noatlexidation peaks and reduction
represents a broad peak at around -0.25 V. Thiedefihed responses are unsuitable
in terms of characterising the effects of growthapaeter changes and therefore a
potentiodynamic method was employed which allowetialbble oxidation and
reduction information to be generated by setting tixidation potential of the
monomer as the cycle limit and controlling the amtoaf cycles passed for film

development.

Figure 3.3 displays the typical I/E curve recorakding polymer potentiodynamic
electrogeneration. The potential was cycled frota 1.2 V at a scan rate of 100 mV
s'. The initial scan shows current increase from +I.@ue to oxidation of the

monomer to which a cathodic process occurringpat 0.7 V is directly associated.

Oxidation occurs more readily over consecutive @yadompared to the first potential

scan. Monomer oxidation requires a larger poterfal radical cation formation
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compared to the longer polymer chains formed afeaferal cycles. This is evident
from the decreasing positive potentials required otadise the polymer upon

increasing scan number.

The redox responses account for the p-doping aadi¢hdoping of the bithiophene
polymer growing upon the electrode. The electrolytesent in the polymerisation
solution provides the anions that dope the devetppilm upon oxidation and de-
dope the material through reduction over incredgimggative potentials. Polymer
deposition can be indicated by the current signedease, which is observed through
consecutive cycling as the polymer layer thickefigcévely increasing the surface

area of the electrode.
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Figure 3.3. Bithiophene polymer growth.

Investigations into the cycle number for film geatésn concluded that five cycles
over the potential range 0 V-1.2 V-0 V produced emen film that covered the
electrode surface. Visible electrochromic switchaayld be detected from dark blue
when oxidised to red upon reduction of the film aletdailed redox data was provided

when characterised through cyclic voltammetry.
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3.0.2. Stability of Poly(bithiophene) during Cyclirg

Narrow potential range and low cycle numbers dernates maximum detail in the
CV of the resulting poly(bithiophene) material seerfigure 3.4 where a monomer
free CHCN/TBATFB solution was used and a potential windoem 0.0 V to +1.4
V at 100 mV & was employed. The first scan demonstrates a gleafined redox
couple occurring at +1.09 V and +0.67 V. A negasWdt directly follows upon the
anodic response of the second scan which then geeigely became more anodic
through increased cycles. Signal decrease wasrdyiaed the current fell to less than
40 % of the original anodic response although #te of decline slowed with each
cycle.

The initial large oxidation response is commonlgated with the electrogeneration
of conducting polymeré® as it is likely residual monomers or oligomers drae

trapped in the resulting polymer. The decreasingect throughout the remaining
cycles can be explained as a result of the degoedat the pi orbital overlap through
the polymer backbone described previously as owatation. This was observed

through the manifestation of a second oxidatiopsase from +1.2 Vto +1.4 V.
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Figure 3.4. Degradation of poly(bithiophene) chteased by cyclic voltammetry.
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Characterisation potentials were investigated tabdish a cycling limit that would
conserve the integrity of the film thereby genergtiedox responses that would resist

current decrease and potential shift.

Poly(bithiophene) films were grown under potentioamic conditions to +1.2 V for
five consecutive cycles using TBATFB in both theowth and characterisation
solutions. Their characterisation utilised threpeampotential limits of +1.2, +1.4 and
+1.6 V and can be seen below. The effect of higlotentials acting upon the film
was clear. A larger second oxidation wave is gaedravhen scanning out to +1.6 V
destroying the film and generating minimal reducten the reverse scan. The same
effect was seen by Kabasakalogiual with polythiophene where redox features are

lost and conductivity is destroyed at potentialswab+1.4 V2
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Figure 3.5. Characterisation of bithiophene empigwarious potentials.

Initialising characterisation at 0 V where theresw® electrochemistry and restricting
scan potentials to +1.2 V generated a clear redople with a sharp anodic peak at
+1.14 V followed by reduction at +0.72 V which, oweveral cycles maintained peak

currents indicating a reversible process with tagbility as shown in figure 3.6.
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Figure 3.6. 0.1 M Bithiophene demonstrating minicairent decrease after scan 2.

3.0.3. Electrochemical Characterisation of Bithioplkene

The shape of the poly(bithiophene) voltammogram deysendent upon the starting
potential of the cycle. Initialising polymer chat@gsation at potentials when the film
was electrochemically active induced a much broagdtammogram with two
reduction processes compared to starting the egdded V. Due to the broad response
a wider potential window was employed to captueedlectrochemical data, reducing
the film thickness by controlling the cycle numigovided additional information
upon characterisation. The film generated by alsipglymer growth cycle (0-1.2-0
V) clearly contains two redox couples in comparigmthe single redox pair observed
in the forward mode of characterisation. Oxidatisnseen at +1.0 V with an ill
defined response at +1.2 V and reduction of tha firovides two broad cathodic

responses seen at +1.0 V and +0.61 V.
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Figure 3.7. Characterisation of thin film bithiopleepolymer.

3.0.4. Influence of Solvent and Dopant upon Bithidpene Growth

There exists a range of solvents suitable for eebemical experiments the relevant
solvent properties include solvating power and treiag®*'">"* Acetonitrile,
dichloromethane and propylene carbonate were tree tholvents investigated. All
offer good solvating power important for ionic cheter with acetonitrile providing
high stability under oxidative and reductive poiaist dichloromethane
recommended for oxidative electrochemistry and yee carbonate effective for
use with lithium salts.

According to Roncall the solvent used to electrogenerate conducting npeiy

provides influential effects upon the structure gmdperties associated with the
film>". It is therefore important to employ a solventttpassess high polarity to
ensure the ionic conductivity of the system. Aldecochemical resistance of the
solvent is important to enable film generation with suffering extensive

decomposition at increased positive potentfals

The support electrolyte is an essential constituerthe electrochemical growth of
conducting polymers. The electrochemical oxidatieads to the incorporation of
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charge compensating anions into the polymer filtme &nions are referred to as the
dopant ions and provide conductivity within the jcgyated structure upon oxidation.
However the film becomes electrically insulatingemithe dopant is forced out of the
polymer through electrochemical reduction. Theratgon of specific dopant ions in
the polymer has been report&d " with suggested anion involvement occurring

mostly within the polymer growth.

The dopant species employed within this investigativere p-toluene sulphonate,
perchlorate and tetrafluroborate. Two perchlorgecies were studied with Liand

TBA™ as the associated cations.

The three electrolytic solvents have been invest@j#o monitor the electrochemical
behaviour upon the electrodeposition of the condgdilm with the intercalation of

four different dopants.

The electrochemical responses seen within diffesehtents demonstrate the facile
electropolymerisation of 2,2-bithiophene in acetidliei Oxidation at lower potentials
is achieved in acetonitrile with the most accunedatharge seen more clearly when

five growth cycles had been completed.
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Figure 3.8. The fifth 2,2-bithiophene growth cytiea range of solvents with
TBATFB.
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Table 3.2. Polymer Growth Data for Different Solivand Electrolyte systems.

Anodic Charge| Anodic Charge
Solvent Dopant (nC) (nC)
1% Scan 5" Scan
TBATFB 73.82 138.9
Acetonitrile PTS 190.4 136.4
TBACIO,4 126.5 359.6
LiClO4 151.8 503.7
TBATFB 37.85 56.58
Propylene PTS 72.9 65.3
Carbonate TBACIO, 49.7 86.2
LiClO4 94.5 146.4
TBATFB 15.22 14.30
Dichloromethane PTS 49.1 44.2
TBACIO, 28 43.2

From these results the main response observed \easlycthe higher current

produced when acetonitrile was the solvent. Theléabd data displays the charge
accumulated upon the first and fifth scans dematisty their higher values. Various
dopants were employed in the study which emphagtzedhrger currents obtained in
this solvent where figure 3.9 displays the fiftraiscof bithiophene grown in the

various electrolyte media.
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Figure 3.9. Bithiophene growth in acetonitrile ingorating different electrolytes.

It was clear that the perchlorate grown films gatent the larger currents with PTS
demonstrating limited electrochemical activity. Angle weak anodic signal is
observed for the PTS incorporated solution withuotidn remaining absent. Each
electrolyte that produced increasing current sigtiatough successive growth cycles
developed the reduced form of the poly(bithiopheie) upon the electrode surface.
The PTS electrolyte that did not generate the alpmolymer growth response
resulted in a yellow film. Therefore the PTS andwoes not support polymer growth
but passivates the electrode surface forming aowelhon conducting material

observed after five potential sweeps.

The large current responses generated by Ly@i@cetonitrile can be associated with
facile polymerisation in comparison to the othdwsnts and dopants investigated and

therefore will be incorporated in the following eflechemical studies.

3.0.5. Investigating Different Dopants within FilmGrowth and Characterisation

The electropolymerisation of bithiophene in vari@mdvent and electrolyte systems
concluded that LiClQand acetonitrile generated the largest curremadsgafter five

growth cycles with good adherent films covering électrode surface.
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The investigation of electrolyte employed for fitharacterisation is also important as
the behaviour of the polymer material during tharge-discharge process is affected
by the dopant usétf. Both the anion and cation influence the redoxcesses and
this is generally observed through the shape o€yiéic voltammogrart >

Characterisation of the electrogenerated films weneestigated through cyclic
voltammetry in which five growth cycles were usedproduce the film with the
resulting polymer characterised at 50 mV. §he slower scan rate enabled more

detail to be observed upon the redox signals.
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Figure 3.10. Poly(bithiophene) growth in LiCJ@ith characterisation in acetonitrile

incorporating different dopant species.

Table 3.3 displays the data for the anodic andocithsignals generated using three
different dopants for characterisation whilst maining LiCIO, as the growth
electrolyte. Although the general shape was siniliar main differences concerned
the peak heights and oxidation potentials. The elstrgcurrents were seen with
TBATFB however the oxidation potential was moreipes at +1.13 V. Each anodic
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peak represented a broad response with reductearlgldemonstrating two signals

when TBATFB was employed.

Comparing the films produced with LiCi@o those grown with TBATFB generated

some interesting results.
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Figure 3.11. Poly(bithiophene) growth employing TBA with characterisation in

acetonitrile incorporating different dopant species

General observations could be made which demoadtrabme similarities and
differences between the two different growth dopamed. Using TBATFB as the
electrolyte for polymer generation produced filmghwlecreased anodic peak current
response which was on average over 50% lower. @vleeaanodic peaks are sharper
and the clear reduction responses are again ewddmtTBATFB employed as the
characterisation dopant. This could be directijueficed by the TFBanion as

TBACIO, did not produce such a reduction response.
Pre-peaks are observed mainly when LI® the characterisation anion. This is

evident within the films formed through TBATFB grtw The voltammogram in

figure 3.10 generated with LiClGand characterised with the same dopant also shows
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a small pre-peak and it is possible that the LiCenerated film with TBACIQ
characterisation could present a pre-peak. Thdifamion of the pre peak is difficult
as the films generated with LiClJOChave greater currents and more polymer is
produced therefore the thicker films may conceahsietails.

The anion is generally associated with achievingrgh neutrality of the oxidised

P75 781 where different anion species have influenced¢selting polymer

polyme
characterisation demonstrated upon polypyrrolesifr/> However it is reported by
Tourillon and Garnieret al that the variation of counterion inclusion upon
polythiophene conducting polymers show no diffeeetic the cyclic voltammetry
traces’, clearly the dopant investigation in this repodes not provide the same
outcome. Interestingly the films generated usinghbdiCIO, and TBATFB
demonstrate decreasing oxidation potentials fosttmee dopant range used within the
characterisation. This can be seen in table 3.3avbelymer oxidation potentials for
the various dopants decrease steadily in the faigwrder TBATFB > TBACIQ >
LiClIO4. The cation has been reported to influence thewehbr of the polymer film
during the charge discharge process due to thke famnoval of the smaller and more
mobile Li" cation from the oxidised polymer fififf. This could partially explain the
lower oxidation potentials associated with theilith electrolyte. As evidence exists
for both doping processes it is difficult to detemen the exact charge-discharge
mechanism however it is clear to conclude that eattammogram displays unique
redox behaviour. This is also true when the groelgctrolyte is kept constant and

different dopants are used for characterisatioreiytloy the same anion or cation.
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Table 3.3Data Produced from VariousopantsEmployed for Both Growth ar

Characterisation.

Dopant Dopant , , ,
Polymer | Characterisatic V) (LA) V) (LA)
Growth
TBATFB 1.08 20.0 1.080.70| -8.01| -10.0
TBATEB | TBACIO, |0.61] 1.06| 0.49 14.3 1.020.67|-5.99| -5.84
LiClO4 0.50| 1.03] 1.03 16.4 0.940.65|-7.51| -7.73
TBATFB 1.13 33.6 0.870.59| -16.7| -19.3
LiClO4 TBACIO4 1.08 31.8 0.860.55| -19.0| -17.4
LiClO4 0.99 28.3 0.9] 0.61-13.7| -12.3

3.0.6. Effects of Scan Bte uponPoly(bithiophene)

The investigation of scan rate upon [(bithiophene)characterisatiordemonstrates
diffusion controlled oxidation, this is deducedrfrdahe linearity of the anodic pe

current () on the square root of the potential scan ra*?).

/U

25

Figure 3.12Linear relationship for current \ scan rate for Polfthiophen).
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The poly(bithiophene) films were generated overe fipotential cycles and
characterised (1.4 V-0 V-1.4 V) with the chosennscates of 10, 50, 100, 300 and
500 mV §".

Kinetically limiting factors that cause linearity tleviate can be associated with film
thickness and polymer chain relaxafibnincreasingly thick films become more
disordered with the introduction of defects affegtithe packing of the polynfér’®
17 this then decreases the conductivity of the edeetrsurface and damages the
conjugation preserved within thin films. In additiggolymer relaxation through
dopant anion expulsion can seriously be affectedsteyically hindered species
occupying the polymer material. As linearity foeth , VY2 plots are preserved for
the poly(bithiophene) polymer, film thickness andrig limitations have no bearing
upon the kinetics of the oxidation process. Typifadtors that cause a non-zero
intercept is non-faradaic current generated by lsghution resistance and large
distance between the reference and working eleetr@lch resistance can be
minimised by reducing the electrode gap and intcody a large concentration of

electrolyte.

Utilising 2,2’bithiophene for the generation of anducting polymer film provided a
thiophene polymer structure free from substitutegiioups that could be
electrochemically investigated. The simple struetenabled a series of experiments
to examine the external influence of dopant andesul without interference from

reactive groups associated with the polymer.

The bithiophene system generated an understandingthe synthesis and
electrochemistry of conducting polymer materials thas extended by incorporating
linear alkyl chains to the ring structure in order probe the electrochemical
properties of substituted thiophene compounds.

3.1. Alkyl Thiophene Analogues

Probing the electrochemistry of various substitutigidphenes generates important
information on their redox behaviour, which candirectly related to the structure of

the polymerised film. The presence of differingesgtoups bonded to the thiophene
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ring dramatically alters the electrochemistry oleedrand therefore provides valuable

insight into the properties associated with the/mar>4%>’

Alkyl substituted thiophene compounds offer manyaadageous properties useful for
a number of applications. Increased polymer salybilan be generated through the
alkyl moiety desirable for processibility and chaemisation. Polymer morphology
can be controlled to a certain extent where paorasitan important property of the
material without introducing steric factors limgirconductivity. 3-Methylthiophene

the simplest alkyl thiophene analogue has been showdemonstrate very desirable
qualities and is therefore commonly encountered tués high conductivity and

relative inexpens& 17018

3.1.1. Electrochemistry of Poly(3-methylthiophene)

Investigating the electrochemistry of 3-methyltthepe provides a good starting
point for probing the properties of hydrocarbonesgroups and demonstrates the

significant effect that a simple thiophene derwvattan produce.

The 3-methylthiophene monomer unit is substitutethva CH (methyl) group
located at the beta ring position. Although onlgnaall alkyl chain is introduced many
properties of the polymer change. The generatiom dédwer oxidisation potential
(+0.8 V) in comparison to unsubstituted thiopheng&.1 V) is observed however a
higher potential is required for polymerisation (34 V) than bithiophene (+1.2 ¥/)
Conductivity is reported to incred3é®” and the redox data provides additional
information especially through scan rate variatidan.example of 3-methylthiophene
polymer growth can be seen below. Current incretisesigh each consecutive sweep

incorporating the potential window 0 V-1.7 V-0 V.
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Figure 3.13. Growth of 3-methylthiophene over fseans.
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Figure 3.14. Characterisation of poly(3-methylthiepe) with varying thickness.
The thin films of 3-methylthiophene displayed igure 3.14 represent very similar

traces to thin film bithiophene with the broad $engxidation and the two reduction

responses. The difference between the characterisailtammograms at 50 ma/ is
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the oxidation potential where the introduction afathyl group shifts the peak 300
mV cathodically.

Examination of 3-methylthiophene with increasingwith cycles demonstrates the
signal increase as more material is deposited #sulthe extending potential gap

between the redox responses. Over three or moretlymycles the appearance of a
pre-peak is visible however upon slower scan ratiéls a film generated through a

single potential cycle the pre-peak is also evid@his suggests that at faster scan
rates of 100 mV S some of the film details are obscured until enoutgterial is

generated for the response to be seen.

The poly(3-methylthiophene) films were grown thrbu@ V-1.7 V-0 V over five
scans at 100 mV’s The effect of scan rate upon redox response @fpibly(3-
methylthiophene) films were investigated over thiege 20-200 mV's

4.00E-05+
3.00E-05
2.00E-05

1.00E-05-

/ = Scan 1
0.00E+00— —= : . : . : . . Scan 15

-0.2

Current (A)

-1.00E-05 -

-2.00E-05+

-3.00E-05-

Potential (V) Vs. AgAgCI

Figure 3.15. Characterisation of poly(3-methyltitiepe) at 20 mV'§
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Figure 3.16. Characterisation of poly(3-methyltiiiepe) at 200 mV's

The pre-peak signal is well defined through slowean rates. As faster rates are
employed the anodic and cathodic signals lose ftiistinct structure and combine

forming broad peaks in which two anodic and ongdarathodic peak remains as seen
with a 200 mV & scan rate.

Increased detail is generated when a slower swatepis used to scan the polymer.
Examination of the trace where 20 mV was used demonstrates the pre-peak
location at +0.32 V on the first sweep with the onagxidation peak at +0.63 V and a
possible anodic shoulder signal at +0.80 V. Theers scan shows two reduction
responses at +0.74 V and +0.28 V.

The pre-peak seen through the poly(3-methylthiopheroltammogram series is
reported in the literature, and has been attributedthe presence of different
conjugation lengths and to the presence of two aramérs. Additionally relaxation

effects linked to reversible polymer swelling, stsity changes and electronic
structures, relating to bipolaron, polaron plusolapon and pi-dimers have all been
postulated in the attempt to identify and expladlymer behaviouf*%2
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3.1.2. Electrochemistry of Thin Film Poly(3-octylthophene)

The extension of the hydrocarbon chain from a simgéthyl group to a hydrocarbon
chain comprising of eight carbons exerts only a Ismeffect upon monomer

polymerisation seen with a slight increase in payisation potential.
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-3.00E-04-

Potential (V) Vs. AgAgCI

Figure 3.17. Growth of 3-octylthiophene over fivass.

The increasing current through each potential cptl® V-2.0 V-0 V indicates the
deployment of polymer film on the electrode surfaseseen with 3-methylthiophene.

A single polymerisation cycle is used to proberdgwox characteristics of the film.

Characterisation of the longer alkyl chain displays significant effects. Firstly the
anodic oxidation potential of the polymer increases1.03 V compared to +0.8 V
with 3-methylthiophene and secondly the redox festushow a very different

composition demonstrating a more symmetrical aarent.
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Figure 3.18. Characterisation of poly(3-octylthiepk) at 100 mV's
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Figure 3.19. Characterisation of poly(3-octylthiepk) at 20 mV'&

Examination of the thin film produced by one growtltle (0.0-2.0-0.0 V) at 20 mV

s demonstrates the narrow oxidation at +1.03 V gmdnsetry of the redox signals
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with absence of further anodic response. The ararliccathodic peaks are separated
by a lower potential value of +0.1 V which demoatds an almost perfect reversible
system for surface immobilised species. This suggeat the space generated by the
octyl chain allows significantly greater movemehtanms through the film facilitating
the redox processes compared to bithiophene imefi§ulO with a separation of +0.4
V. It is reported by Roncdlfi that increasing the length of the alkyl chain 8 7
carbons produces the extension of the mean comugaingth and an increase of the
electrochemical reversibility which can be obserbbgdhe trace symmetry.

3.1.3. Electrochemistry of Thin Film Poly(3-dodecythiophene)

3-Dodecyl thiophene is substituted with a 12 carbleain located at the beta position
upon the ring. A higher potential of +2.5 V was e to stimulate polymerisation

owing to the increased monomer size restrictingdiffasion rate.
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Figure 3.20. Growth of 3-dodecylthiophene ovemagls scan.
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Figure 3.21. Characterisation of poly(3-dodecylpiene) at 100 mV’s

Increasing the carbon chain by four carbons praglEcsignificant effect upon the
oxidation potential of the polymer extending thealpgo more positive potentials.
Oxidation occurs at +1.38 V indicating greater @tion difficulty, with peak

separation increasing from +0.1 V for 3-octylthiepk to +0.38 V producing a more

irreversible system.

3.1.4. Electrochemistry of Thin Film Poly(3-octadegthiophene)

3-Octadecylthiophene has an extended 18 carbonn.chaue to the steric
requirements of the large alkyl chain and the dbtybof oligomeric materials
electrochemical growth only generated very thim$&lwhich did not adhere well to
the electrode surface. Characterisation generated plectrochemistry with low

current and therefore was not investigated further.

The investigation of thiophene compounds substituath linear alkyl chains
provided a good understanding of the electrochdmpicgerties associated with these
materials. Facile polymerisation was generated gomtl conducting polymer films

with low oxidation potential were obtained. To het increase the attractive qualities
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associated with these materials introduction otfiomality is essential. The polymer
films generated could be potentially employed indevice or reaction. For the
application of biosensor devices the polymer fignréquired as an immobilisation
platform providing functionality for covalent bigaal attachment. Such functional

species include: carboxylic acid groups, amine gsoaur activated ester sites.

The electrochemistry of some acid substituted them@ monomers was therefore
investigated to find a suitable monomer that canfuséher modified to facilitate
enzyme immobilisation. The proposed monomer woubdemtially allow a more
efficient immobilisation to occur due to its actied status. This would potentially
mean all binding sites would be occupied and tloeeeenhanced current responses
would result. With the monomer in this activatedniat there would be no
requirement for functional priming prior to enzynmamobilisation reducing the
uncertainty associated with the amount of sitem@d and potentially reducing the
overall process with a possible decrease in the meeded for optimum biological
attachment.

Polymerisation of this monomer will generate a mateavith different morphological
properties. It is expected that the immobilisatioatrix will provide a more porous
structure due to the large ester species allownacdef substrate and product diffusion

and generate a good sensor response.

The following section describes the electrochemeehmination of commercially
available acid substituted thiophene compounds.emenation of the reaction
conditions needed to generate polymerisation aadrbestigation of their inherent
properties are important for the development of emals with larger functional

species such as the activated ester compound.

3.2. Acid Substituted Thiophene Monomers

It is well known that the carboxylic acid group asspecies that undergoes facile
peptide linkage through the loss of water. The treaccan be implemented within
organic or aqueous environments for acid substtuteophene polymers and is
relatively simple requiring only a condensationgesat and the biological molecule
without the need of advanced conditions. Due tosthgle procedure and the varied
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approaches availahlearboxylic acid substituted monomers are readilifsed for

biological attabment within conducting polymer filr®->%67:137.140-141

3.2.1. Chemical Blymerisation

There are a numbaf commercially available carboxylic acid subseiitthiophent
monomers that have the potential to pro' covalent attachment twological speces.
Four of thesare explore through chemical and electrochemical methods mouséte
polymerisation. It is important to investigate tkase of polymerisation for tl
different monomers as the substituents are likelyexert some influence on t
process. Chemicahethodsemploying iron chloride antholybdenumchloride were
used to provide a quick indication to the polymeatiten capabilities of the thiophe
derivatives including nosubstituted thiophene and its dimer Z&hiophen. Once
polymerisation was confirm: electrochemical techniqu&gere employe to generate

the material upon the electrode surface and clersation was performe

Table 34. Carboxylic Acid Substituted Thiophenes.

Monomer 1 TCA 3-Thiophenecarboxylic ac
Monomer 2 TMA 3-Thiophenemalonic ac
Monomer 3 TAA Thiophene3-acetic acid
Monomer 4 TTA  Trans-3-(3thienyl) acrylic aci
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As expected polymerisation of thiophene and 2,&ibphene occurred readily with
both oxidant reagents however the acid substitttedomers did not generate any
polymer material with the iron chloride oxidant diés prolonged reaction times.
Molybdenum chloride which is a more powerful oxitlavas introduced to the acid
substituted monomers in which a fine precipitateboth poly(thiophene-3-acetic
acid) and poly(trans-3-(3-thienyl) acrylic acid) svgenerated after several days. 3-

thiophenecarboxylic acid and 3-thiophenemalonid &giled to polymerise.

From the information gathered employing chemicdyperisation upon the various
thiophene compounds, it is expected that the agidstguted thiophene monomers
will not polymerise readily through electrochemicalethods. However adopting
electrochemical techniques to generate conductiolyners provides a diverse
system and therefore many parameters can be igatdi for the successful growth

of a functional thiophene film.

3.2.2. Electrochemistry of 3-Thiophenecarboxylic ad

3-Thiophenecarboxylic acid is the simplest of tlerfcarboxylic acid containing
monomers, with the functional group directly attedho the thiophene ring. Although
the ring structure was associated with the smaldesistituent out of the three

investigated, electrochemical polymerisation watssoccessful.

Figure 3.22 demonstrates the falling current sigmatluced through the attempts to
generate a conducting polymer film from the 3-thiepecarboxylic acid monomer on
a glassy carbon electrode. A steady decrease @ribéic response is observed with
no hysteresis commonly encountered with the depasibf conducting polymer
films. Reduction upon the reverse scan is alsordbdespite efforts to extend, limit
and stabilise the potential employed. Platinum gold electrode surfaces were also
explored but failed to assist polymer depositiom. addition increased monomer
concentration was investigated but proved unsutiassthe generation of a polymer

film.
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Figure 3.22. Cyclic voltammogram of 3-thiopheneoasfic acid.
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Figure 3.23. Characterisation of poly(3-thiophemeoaylic acid).

To confirm that polymerisation had not taken plame the electrode surface the
electrode was cycled in monomer free solution amchpared against a blank run
where no polymer growth had been attempted. Figu28 demonstrates the absence

of redox signals normally observed with conduciagymer films.
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3.2.3. Electrochemistry of 3-Thiophenemalonic acid

3-Thiophenemalonic acid offers an additional casiiiox acid functional group
extended away from the immediate vicinity of theopimene ring by a single
methylene spacer. Similarly the voltammogram digplao hysteresis or reduction
compared to the 3-thiophenecarboxylic acid monoamer no film formation despite
the small anodic peak at +1.9 V observed upon ssoce cycles. Further
investigations monitoring electrode surface, vandential windows using cyclic
voltammetry and fixed potential through potentioneetmethods and monomer
concentration were again employed with no obserfied deposited which was
confirmed through characterisation.
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Figure 3.24. Cyclic voltammogram of 3-thiophenemaiacid.

3.2.4. Electrochemistry of Thiophene-3-acetic acid

Thiophene-3-acetic acid incorporates a methyleaeespbetween a single carboxylic
acid group and the thiophene ring. The same expaitsnwere performed in order to
generate a conducting polymer film however all gewnsuccessful except where
increased monomer concentrations were employedomMen concentrations of 0.1 M
were incorporated for the successful polymerisatib@,2’-bithiophene in the initial
studies. The same concentration was initially im@ated for the electrochemical

investigation of the acid substituted thiophene amers and then extended. The
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particular arrangement of the acetic acid substitugithin the structure allows
polymerisation to commence under increased coret@ms where the other species

are shown to inhibit polymer growth.

Figure 3.25 demonstrates the current decreaseiatsbuwith thiophene-3-acetic acid
with low monomer concentration employing a widegmial window. The absence of
an electroactive film is established upon the atteregsation voltammogram where no

redox processes are observed.
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Figure 3.25. Cyclic voltammogram of thiophene-3tacacid.

Figure 3.26 clearly demonstrates polymerisation0&@ M thiophene-3-acetic acid
with characteristic current increase through eammpieted cycle. Electrochemical
polymerisation of thiophene-3-acetic acid was add at low monomer
concentrations of 0.1 M and further investigate®.4tM increments to reach 0.6 M

where polymer growth and the corresponding filma$#pwvas detected.
Characterisation of the 0.6 M poly(thiophene-3-iacatid) demonstrates a rapidly

decreasing anodic signal at +2.0 V with a corredpan reduction response

disappearing at +0.89 V. The absence of reprodeiciaties indicates the difficulty of
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the polymer structure to accommodate the movemexdbpant during the charge-

discharge process.
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Figure 3.26. Growth of thiophene-3-acetic acid.
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Figure 3.27. Characterisation of poly(thiophenec8tig acid) grown using a high

monomer concentration of 0.6 M.
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Characterisation seen in figure 3.27 clearly digplan unstable system where
subsequent cycles fail to fully re oxidise and @the polymer leading to decreased
current redox responses. Such behaviour suppenis stffects which also influence
the onset of polymerisation seen within the inggdtons of 3-thiophenemalonic acid
and 3-thiophenecarboxylic acid. Oxidation of thesmpounds through cyclic
voltammetry resulted in the formation of yellow noanducting films which were
independent of monomer concentration. As a filmuiscessfully deposited in the case
of thiophene-3-acetic acid some characterisatiotletected however the substituent
causes a disordered monomer structure that resémeon movement within the film.
The polymer needs to be flexible to this movemarnrder to retain its arrangement
otherwise strain on the system will lead to a @& in conjugation with polymer
degradation.

3.2.5. Electrochemistry of Trans-3-(3-thienyl) acriic acid

The polymerisation of trans-3-(3-thienyl) acryliccidh remained unsuccessful.
Standard monomer concentrations of 0.1 M wereaihjtinvestigated but failed to
initiate polymer growth. Thiophene-3-acetic acidlypwerisation required high
monomer concentrations of 0.6 M and therefore dpison was explored. Increasing
the concentration introduced solubility problems #&me compound would not go into
solution despite trying a range of solvents theeefthis compound was not

investigated any further for the generation of embpolymer film.

From the examination of the four acid substitutadghene monomers it is clear that
the incorporation of a side group to the ring st influences the ability of the

compound to undergo polymerisation.

3-Thiophenecarboxylic acid demonstrated that tleseclproximity of the carboxylic
substituent to the ring inhibited the polymerisatiof the monomer. A yellow
discolouration of the electrode surface was evidestising passivation of the
electrode. The degeneration of the electrode seiiaas caused by the formation of a
non conducting film through the disturbance of domjugated system produced by
the carboxylic acid species directly attached ® rihg and is observed through the

current decrease upon subsequent cycles.
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3-Thiophenemalonic acid demonstrated the sameteaifean the electrode surface as
3-thiophenecarboxylic acid. This result was antitgal, as the structural features of
the monomer require a larger spacial distributiod ¢he electronegitivity provides
greater instability to the polymerisation of themqmund. Although the carbon linker
offers some steric relief in the system the degrfeeccupancy imposed by the side

group is significant and fails to compensate teeceffect.

Thiophene-3-acetic acid and trans-3-(3-thienylykcracid also suffered from steric
effects rendering polymerisation problematic. Thiepghene-3-acetic acid functional
group is separated by a single methylene spaceidimg some flexibility to the large
carboxylic acid group, whereas movement within $r8r(3-thienyl) acrylic acid is
disabled due to the double bond character.

The contribution of steric effects was large asreased solvation affects film
generation. Steric influence reduces the chancero$s-linking, imparting less
strength to the polymer and with the presence dipale between the substituent and
the ring within a polar environment polymer chamvation was adversely supported.
In addition it is well documented that due to tleguirement of increased positive
potentials competition is generated between graamith deactivation of the polymer
during the polymerisation process. This was imetlaby over oxidation and was
dependent upon electrochemical stability of theyper and the efficiency of the

depositioft*.

The application of large positive potentials anéd tmbalance associated with the
electronegativity of the compound are also resgadior the prevention of chain
propagation. The accompanying factors impede thdicah cation coupling
mechanism due to nucleophilic attack. Potentialsatbqpg +1.2 V or greater are
known to induce the oxidation of water. Water veiist within the reaction solution
occupying a small percentage but will generate enphiles under positive potential
influence. The nucleophiles will attack the radicahtres of the monomers causing

the inhibition of polymerisation at the reactivees/®.

The determining factors limiting the polymerisatioh thiophene-3-acetic acid and

trans-3-(3-thienyl) acrylic acid was therefore antination of effects. The steric
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requirement of the substituent to some extent philgi hinders oxidised monomer
contact, the substituent polarity increases sdtybénd the increased potentials

employed introduces adverse over oxidation andemptlilic attack.

However the successful polymerisation of thioph8reeetic acid was achieved in
which a visible polymer film was produced on theotlode surface. Polymerisation
was initiated through the application of greatersippee potentials, monomer

concentration and reduced steric restraint. Thé kmncentration employed for the
growth of thiophene-3-acetic acid is responsible tfee sustained radical cation to
radical cation interaction allowing a film to bepasited before intermediate reactions

prevent chain formation resulting in soluble oligenn

Increased monomer concentrations for trans-3-@atl) acrylic acid was not
possible because of the restricted solubility @ ¢ompound and therefore increased

radical cation formation could not be initiated.

3.3. Electrochemical Investigation of the ActivatedEster Compounds

The incorporation of substituents on the thiopheing is generally employed to
deliver functionality to the material. Any extensito the thiophene ring structure will
impose a number of effects on the resulting polyn@&nanges to the structure,
morphology chemical and physical features are yikel occur to some extent and
may be beneficial to the application of the matertdowever it is likely that

substituents will influence the generation of tlwymer and it is important that the

compound remains responsive to electrochemicahpadigation.

Small changes to the electrochemistry of alkyl stlEnts were found in the previous
section leading to the determination that the comtus addition of flexible groups up
to 12 carbons provided an increase in solubilitthvlittle polymerisation difficulties
occurring from steric factors. Steric hindrance waglent when the carbon chain was
increased to 18 and branched configurations werestigated. This resulted in poor
polymer growth with little characterisation datadasignal degradation over repeated

cycles.
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The electrochemical investigation of functionalogptiene carboxylic acid monomers
presented additional problems with inductive efdefading to destabilisation of the
radical cation sites and therefore polymerisatidhcdlties, however in some cases
where steric hindrance was not the dominating fatt® onset of polymerisation was

successful by increasing monomer concentration.

The spatial bearing of the attached substituentfaasd to be significant to the film
growth and subsequent characterisation. It wasethex expected that the bulky

nature of the activated ester groups would presiemitar difficulties.

Thiophene-3-acetic acid provided the starting cowmmglo desirable for further
modification. Several aspects were responsibletlicg choice which included the
synthetic approach through the functional COOH teat the availability of the
compound and its low cost. This compound has tlidgyato polymerise through an
applied voltage due to the presence of the metkylerk providing a degree of
flexibility and the introduction of elevated contetion.

3.3.1. Electrochemical Investigation of Tert-butythiophene-3-carboxylate

The investigation of activated ester substituentsts with simple synthesised
thiophene esters incorporating a methyl and a lartggl group to the monomer. By
investigating the parameters required to generaaitable polymer film from the

methyl and butyl esters it can be determined if pb&/merisation of the activated
ester will be successful. Furthermore the estaptishethods can be employed with

the activated ester in order to use less of théhegised material.

Polymerisation of both methyl and butyl ester sibshts were investigated initially
at a concentration of 0.1 M employing wide potdntisndows of 0.0 V-2.0 VO.6V.
Polymerisation under these conditions was not ssfaeand resembled the attempts

to polymerise 0.1 M thiophene-3-acetic acid.
Employing a higher monomer concentration of 1 M @sd to produce both the

hysteresis loop commonly generated within electipperisation of conducting

polymers and significant current increase upon eaohsequent growth scan.
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Successful polymerisation of poly(tert-butyl thi@pte-3-carboxylate) can be seen in
figure 3.28.
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Figure 3.28. Growth of tert-butyl thiophene-3-catjate.
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Figure 3.29. Characterisation of poly(tert-butybffhene-3-carboxylate).
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Implementing five growth scans utilising a 1 M mamer solution produced a thick
black film. Complete film oxidation was not reacheshd therefore reduction
remained absent. The successive scans contintwodecreasing signals due to the
steric properties of the monomer and the thickngeserated opposing the
intercalation and removal of dopant ions. A thinfien was produced by lowering
the number of growth cycles to two. Characterisatd the film seen in figure 3.30
shows both oxidation and reduction peaks genethmiyh the movement of dopant
ions. Signal depletion persists through progressyates owing to the bulky nature of
the side group restraining the flexibility of theolgpmer which is needed to

accommodate dopant migration.
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Figure 3.30. Characterisation of poly(tert-butybfthene-3-carboxylate).

Successful growth of poly(tert-butyl thiophene-3bmxylate) demonstrates a key
goal to the potential achievement of an activatsigredeployed through the same
electrochemical techniques. The characterisatiadhisfsterically hindered polymer is
an indication of the behaviour likely to be observeith the activated ester

substituent.
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3.3.2. Electrochemical Investigation of N-succiningio thiophene-3-acetate

Synthesis of the novel N-succinimido thiophene-8tate monomer was prepared
using the well established carbodiimide reagentroonly employed within peptide

synthesis details of which are described in chaptction 2.0.3.

Polymerisation was initiated using a wide potentraidow of 0.0 V-2.5 V1.0 V. A

high positive potential was required which extendedards the negative potential
region to ensure the complete reduction of the nahtdnterestingly only a slight
increase in monomer concentration was requiredigeggcommodating the large

ester substituent indicating side reactions wereimal and the oxidised monomer

was stable.
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Figure 3.31. Growth of N-succinimido thiophene-&iate.
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Figure 3.32. Characterisation of poly(N-succinimiimphene-3-acetate).

Characterisation did not produce the redox resgoaspected. Although an oxidation
peak was observed at +2.16 V the signal behaviasrumusual as the peak increased
through the characterisation cycles. Peak decilisagenerally observed for sterically
hindered materials due to the difficulty of adjagtito the intercalation of dopant.
Additionally there is complete absence of reductioerefore steric factors may well
be affecting dopant release from the polymer eweaxtending the potential window

to negative potentials reduction was not produced.

The poly(N-succinimido thiophene-3-acetate) behaviavas not typical of a
conducting polymer film. Steric factors can be bdgimfor the redox responses
observed, this however can easily be resolved ¢iratopolymerisation. A mixed
polymer system will potentially neutralise the gteeffect to generate a stable
copolymer which can be repeatedly cycled with agteshe conducting properties of
the film.
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3.4. Copolymerisation

Copolymerisation has worked successfully for a neimbf research groups with
thiophene-3-acetic acid and 3-methylthiophene (TAA) frequently reportet>®

%>, Copolymerisation with 10% acid group content desimtes enhanced responses
to glucose which has been explained by the highdectivity achieved'. Initial
studies in this section include copolymerisationtlibphene-3-acetic acid and 3-
methylthiophene (T3AA-MT) and also with tert-butiliophene-3-carboxylate (BTA-
MT) investigated with increasing total concentratio

The incorporation of the functional species intcopolymer film was investigated by
adjusting the monomer ratios to within a fixed tateonomer concentration so the
redox responses of the different compositions cbeldompared. This was successful
for the novel N-succinimido thiophene-3-acetate &nuethylthiophene (STA-MT)
copolymerisation over a range of concentrationduding the well documented
thiophene-3-acetic acid and 3-methylthiophene (TMA) copolymer analysed for

comparison purposes.

Copolymerisation of the trans-3-(3-thienyl) acrylecid and its corresponding
synthesised ester N-succinimido trans-3-(3-thiemggtate with 3-methylthiophene
(TTA-MT), (STTA-MT) was also established. Solubjliof these compounds were
problematic however the recommended 10% functiooatent was achievable with a
low monomer content and so all copolymer systenuddcoe compared seen in figure
3.37.

Figure 3.33 demonstrates the electrochemical bebawf films generated through

the increase in concentration of the thiophene&iacacid monomer in the

polymerisation solution. As the total concentratiocreases the current response
increases which would be expected as the highecerdration generates a thicker
film. Signal intensity started to decrease with Bl.4hiophene-3-acetic acid present in
the solution. This can be explained due to the ecdth content of acid groups present
in the film which affected the conjugation in theterial. As more acid groups were

incorporated into the structure the polymer chaaxibility became influenced by
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steric effects increasing the difficulty to oxidie polymer. This can be observed by

the shift of the oxidation response to more posipetentials.

Figure 3.34 displays the copolymerisation of tertyb thiophene-3-carboxylate and
3-methylthiophene. Current increase is not as ewide the total concentration rises
although copolymerisation is supported by the okeser change in the

voltammograms as redox responses are altered.nfloerice of the large butyl ester
monomer is clear as increasingly higher potentsais needed to oxidise the film

demonstrating the same anodic peak shift seenthgti 3AA-MT system.
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Figure 3.33. Copolymerisation of T3AA and MT witicreasing concentration of the

functional thiophene monomer (T3AA) characterisediGd mV §.
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Figure 3.34. Copolymerisation of BTA and MT witlcreasing concentration of the
tert-butyl thiophene-3-carboxylate monomer chariszd at 100 mV'§

The copolymerisation of T3AA-MT and BTA-MT with ineasing T3AA and BTA
concentration demonstrates a clear change in theacterisation voltammograms
compared to poly(3-methylthiophene). Although theyme of the voltammogram
indicates a change in the material generated, altieet increasing concentration it is
difficult to determine optimum monomer ratio whishimportant for future biosensor
investigations. Therefore T3AA and STA copolymeima with MT has been
performed with a total concentration which will @lassociate the redox responses

generated to the successful integration of the mamse in the resulting material.

Tables 3.5 and 3.6 list the molar ratios used | plolymerisation solution and
provides the corresponding functional monomer aunfer both T3AA and STA
calculated through elemental analysis in chapter 4.

The voltammograms covering the range of concentratinvestigated are displayed
below in figures 3.35 and 3.36 and have been lathellith their relevant T3AA and
STA content.
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Figure 3.35. Copolymerisation of T3AA and MT withicdal concentration of 0.6 M

characterised at 50 m\s

Table 3.5. T3AA-MT Molar Ratio and Percentage Fiomzl Monomer Content.

Molar Ratio Monomer T3AA Content
T3AA-MT | Percentage Ratio in Polymer

0.05-0.55 M 8.3-91.7% 10 %
0.1-0.5M 16.7-83.3% 13 %
0.2-04 M 33.3-66.7% 17 %
0.3-0.3 M 50-50% 17 %
0.4-0.2M 66.7-33.3% 28 %
0.5-0.1 M 83.3-16.7% 53 %
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Figure 3.36. Copolymerisation of STA and MT witkogal concentration of 0.3 M
characterised at 50 mV#s

Table 3.6. STA-MT Molar Ratio and Percentage Fumeti Monomer Content.

Molar Ratio Monomer STA Content
STA-MT Percentage Ratig in Polymer
0.03-0.27 M 10-90% 6 %
0.06-0.24 M 20-80% 10 %
0.12-0.18 M 40-60% 12 %
0.15-0.15 M 50-50% 16 %
0.18-0.12 M 60-40% 23 %
0.24-0.06 M 80-20% 26 %
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Table 3.7. Redox Data for 3-Methylthiophene andGbeolymer Materials.

Monomer | Monomer of  gh gF ghl OF ORI OF ORI

Growth Conc. \Y; HA \Y HA

Solution M

MT 0.1 032 063 7.6/ 29.6 0783 0.28 -28.914.2
0.05-0.55| 0.38| 0.70| 10.2 656/ 0.70 0.32 -42.330.1
0.1-0.5 | 0.39| 0.75] 10.6 38.7 0.69 0.29 -30.619.2.

T3AA-MT | 0.2-0.4 0.77 27.0 0.73 -20.3
0.3-0.3 | 0.35| 0.89] 4.9 17.1 0.75 -11.5
0.4-0.2 | 046| 097 4760 131 0.82 -8.8
0.03-0.27| 0.35| 0.72| 31.3 134.0 0.64 -96,0 0.28 -71.1
0.06-0.24 | 0.40| 0.79| 54.0 210.0 0.6/ -156.@.37 | -122.0

STAMT 0.12-0.18 0.87 141.0 0.64 -1074 03b ~-79.0
0.15-0.15 0.90 134.0 069 -96.3 039 -764
0.18-0.120.69| 0.91 | 65.5| 100.¢ 0.86 -71.5
0.24-0.06 0.95 60.2 0.91 -28.9

The voltammograms displayed for the copolymerisastudy of T3AA and STA
demonstrate a clear relationship between the amaiinfunctional monomer
incorporated into the polymer film and the redoxsp@nses obtained. Both
copolymerisation voltammograms also indicate aticalahip between the current
signal generated and the different amounts of T2#&d STA in the electrogenerated
film. Table 3.7 displays the corresponding redoxadan which the observed

relationships are confirmed.

Increasing the content of the functional monomensough copolymerisation
demonstrates an increasing oxidation potential. TB®A-MT copolymer shows the
presence of a measureable anodic pre-peak withist wfothe voltammograms in
figure 3.35 followed by a broad oxidation. The piosi of both oxidation peaks move
to more positive potentials indicating the increhsifficulty of oxidising the film
where more T3AA monomers are incorporated. Intarglst as the total concentration
remains the same an additional relationship canbserved reflecting a decrease in

current response as the percentage content of TiBéreases. This is shown very
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clearly in figure 3.35 with a broadening of the orapxidation peak as higher T3AA

content is approached.

Copolymerisation of STA-MT demonstrates the saneiosships through increasing
STA content. Broader responses are evident withencharacterisation of STA-MT
copolymer films and therefore the pre-peak is nbtags measureable in the
voltammograms produced. However it was still obedrthat both oxidation peaks
became more positive as more STA was introducexdtive polymer and the current
decreased from 10% STA through the higher STA peage content investigated.
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Figure 3.37. Comparison of the four copolymers wi@o functional content.
A STA-MT,(0.06-0.24 M) B T3AA-MT,(0.05-0.55 M) CH A-MT, (0.04-0.26 M)
and D TTA-MT (0.05-0.55 M).

Copolymerisation of trans-3-(3-thienyl) acrylic @cand N-succinimido trans-3-(3-
thienyl) acetate with 3-methylthiophene was perfedmn which 13% and 12%
(respectively) was the maximum content achievabke td the restricted solubility of
the compounds. A functional content of 10% was bdistaed for both copolymer
materials and was combined for comparison with TT8AA-MT and STA-MT

copolymers in figure 3.37.
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Copolymerisation successfully provided a methothobérporating a monomer with
polymerisation difficulties into a solid platfornkigure 3.37 displays the various
copolymer systems all containing 10% functional oraer content in which clear

differences can be seen in the voltammograms peatiuc

The major difference observed in figure 3.37 is therent signal generated for the
0.06-0.24 M STA-MT copolymer. The total concentratused is 0.3 M which is half
the total concentration of the T3AA and TTA-MT s=riat 0.6 M and still generates a
signal approximately four times the magnitude. Carim this trace to the 0.04-0.26
M STTA-MT material it is clear that even at the satotal concentration of 0.3 M the
STA-MT copolymer produces an enhanced responsesirbeture of the functional
monomer must therefore play a significant role andld potentially influence the
current through different effects. The effectivenes$ the polymerisation process is
likely to impact the current obtained as stericalindered monomers are more
difficult to polymerise. Furthermore the presenéea oigid double bond linker chain
provides increasing obstruction towards the cogpbh radical species and electron
withdrawing groups deactivate the alpha ring casboeeded for polymerisation.
Therefore increasingly problematic species may tedéss material being generated
at the electrode surface and as the concentratidiractly related to the current low
signals will correspond to the growth of thinndmf. The properties of the films
themselves maybe responsible for the difference cinrent obtained upon
characterisation. Morphology is important as acttmed polymer backbone that can
compensate the movement of anions due to flexildle shains aid production of
larger currents. Also side groups such as the &ghicocacid that possess a negative
charge could potentially repel anions or permit deping effectively neutralising the
183-184

film therefore generating the small currents seen lier T3AA and TTA

incorporated materials.

The increasing amount of functional monomer incaaped into the film generated
increasingly positive oxidation potentials this wadamonstrated clearly for both the
T3AA-MT and STA-MT copolymers in figures 3.35 and38. Higher oxidation

potentials indicate the difficulty associated watkidising the material and figure 3.37
was used to determine the major oxidation potentélthe copolymers which were
T3AA +0.70 V, STA +0.79 V, TTA +0.72 V and STTA #@ V. This demonstrated
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that the ester monomers required higher posititentials due to the steric hindrance
imparted by the substituent. Also the extendedelinthain potentially alleviated the
strain in the system indicated by the lower oxwlagpotential as the large group was
now positioned further away from the main polymeaia. The oxidation potentials
for the carboxylic acid functional monomers areiimndicating that a 10% content
does not impart large steric effects and therefmser potentials are not observed for

the TTA monomer contributing the extended linkeaioh

Overall good current response was seen with alblyoper materials especially STA-
MT providing enhanced signals. Oxidation potentiegsnained in the region of
hydrogen peroxide oxidation at 0.7 V therefore astey conductivity through the
film will aid oxidation at the polymer/solution bodary as well as at the electrode

surface generating good response to glucose.

Introducing a simple thiophene monomer such as ®Bwithiophene into the
polymerisation process generated radical catiorwispeat low oxidation potentials
which were capable of radical-monomer couplingregdihe growth of a conducting
polymer film. In addition to facile polymerisatiothe introduction of a simple
thiophene monomer imparted desirable properties the resulting film.
Copolymerisation with 3-methylthiophene effectivaljiuted the large functional
species alleviating the steric hindrance within godymer. This generated a stable
conducting polymer platform essential for the elact transfer which will be
generated to the electrode from the immobilisedxeehzyme. Optimisation of the
material through different copolymer ratios prodiice film with low oxidation
potential corresponding to the oxidation of hydmogeroxide. Copolymerisation will
therefore provide an important method to optimiseyene loading for the biosensor

system.
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Having shown in chapter 3 that combining differéniophene monomers in the
polymerisation solution produces an observed variain the electrochemistry it is
evident that copolymerisation takes place to soxtent. Investigating different ratios
of thiophene compounds for copolymerisation geeerat series of voltammograms
displaying a clear change in the redox signalsmi@ky demonstrating manipulation
of the polymer content. Analysis of the polymer tem is important and this is
especially significant where the copolymer produicedo be incorporated into a
biosensor format for the immobilisation of the ed®¢ biological recognition

element.

The number of potential binding sites for the bgaéal component is associated to the
percentage content expressed for the functionalpti@ne monomer, in this case
either the carboxylic acid species thiophene-3iacatid (T3AA) and trans-3-(3-
thienyl) acrylic acid (TTA) or the activated esferm N-succinimido thiophene-3-
acetate (STA) and N-Succinimido trans-3-(3-thieradetate (STTA). Therefore by
successful determination of the thiophene monoretent responsible for biological
covalent attachment the copolymer ratio can be fimed to provide the optimum

number of binding sites for achieving maximum semesponse.

Chapter 4 describes the different methods empldgedhe determination of the
number of potential binding sites by exploiting thactionality of the thiophene ring.
The polymer films were also characterised basedheir doping capacity as they
were electrochemically polymerised and further exach through SEM-EDX to
determine the film morphology and anion content.a@hterisation techniques
included infrared spectroscopy, atomic absorptigectoscopy, surface bound

electroactive species and SEM-EDX.

Investigation of the copolymer content was baseohughe well studied T3AA-MT
system and the activated ester monomer STA-MT. feastarch performed upon the
T3AA-MT system found that at 10% functional contém sensor achieved optimum
performanc®. Therefore the aim was to not only produce a widge of copolymer
compositions but to produce the 10% available Imgdites for both systems in order
to maximise the sensor response. The range of ymgoisation compositions for the

trans-3-(3-thienyl) acrylic acid and its activategter compound was limited. The
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solubility of both compounds was low and therefordy 10-13% functional group

content was achievable.

The copolymer monomer ratios for thiophene-3-acatid and 3-methylthiophene
were chosen based upon research by Shimoetuaband provided a good range of
concentrations to investigate. N-succinimido thiepd3-acetate and 3-
methylthiophene copolymer demonstrated lower camagans due to the synthesis
procedure of the novel copolymer covering a widecemtration range.

4.0. Techniques Investigated for Functional Monome€ontent

4.1. Infrared Spectroscopy

Infrared spectroscopy was used in order to analysecompound ratio within the
polymer film through excitation of the carbonyl sgs. The carbonyl group exists as
a strong sharp peak in the region 1820 - 1660 amd therefore should be clearly
distinguishable and easily monitored for calculgtine percentage content.

Ten individual polymer films were made startingiwthe 0.6 M thiophene-3-acetic
acid (T3AA) homopolymer where 800 mC of passed ghaat 2.2 V was used to
develop a thick film that could be easily peelecgfrom the electrode surface for IR
analysis. The spectra obtained for the homopolymere good, displaying the
carbonyl stretch at 1704 ¢has expected and reproducibility was calculatedttier
ten samples. The 0.5-0.1 M T3AA-MT copolymer wasoaanalysed in which the
carbonyl and hydroxyl groups were clearly reducemmpared to the T3AA
homopolymer. Further copolymer analysis was notassful as the lower T3AA
content failed to be detected and the carbonytcstrased for ratio calculation was
absent. Therefore only data from the T3AA homopaymand the 0.5-0.1 M T3AA-
MT copolymer was obtained from this series andegegnted in figures 4.1 and 4.2
with tabulated carbonyl absorbance at 1704 @md reproducibility in table 4.1. Also
displayed in table 4.1 is the data obtained fro&nN. STA and 0.24-0.06 M STA-
MT. The homopolymer demonstrates the carbonyl chretccurring at 1733 ¢t
which is expected for an ester compound however (l24-0.06 M STA-MT
copolymer analysis was problematic and a clearorafbabsorbance peak was not

observed however the carbonyl peak was measuradasd response between 1731
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cm® and 1715 ci seen in figure 4.2. Due to the difficulty assoethtvith measuring

the carbonyl species further copolymer ratios cowltlbe determined.

Table 4.1. Absorbance Data from the Carbonyl Sgeeresent in Ten Polymer Films.

Sample 0.5-0.1 M 0.24-0.06 M
0.6 M T3AA 0.2 M STA

Number T3AA-MT STA-MT

1 0.244 0.0657 0.237 0.0473

2 0.188 0.0244 0.248 0.0540

3 0.112 0.0486 0.0762 0.0280

4 0.132 0.0451 0.115 0.0344

5 0.0713 0.0627 0.146 0.0278

6 0.0871 0.0424 0.142 0.0351

7 0.0824 0.0877 0.369 0.0224

8 0.0736 0.0778 0.0933 0.0405

9 0.116 0.0833 0.121 0.0659

10 0.204 0.0473 0.0736 0.0374

Average 0.131 0.0585 0.162 0.0393
RSD 44 % 33% 55% 32%
% quantity 100% 45% 100% 24%

Absorbance

Wavenumbers (cm-1)

Figure 4.1. IR Spectrum of 0.6 M T3AA (blue) an8 #-0.1 M T3AA-MT

copolymer (red).

123




Chapter 4 Polymer Film Characterisation
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Figure 4.2. IR Spectrum of 0.2 M STA (blue) and40M\2-0.06 M STA-MT

copolymer (red).

The results displayed in table 4.1 demonstratel@uleded ratio for the copolymers
with a potential 45% functional content availabbe ©.5-0.1 M T3AA-MT and 24%
available 0.24-0.06 M STA-MT. However the assodatgror is very large and

unfortunately does not provide the precision regpuifor accurately determining the

polymer composition. In addition the failure to guze data for the majority of

samples possibly due to morphological changes withe film causing reduced

sensitivity leads the investigation of copolymeia@nto alternative methods.

4.2. Atomic Absorption Spectroscopy

Atomic absorption is used for elemental analysig tnerefore to use this technique

the polymer materials needed adapting. This methasl employed due to its high

sensitivity and to overcome the difficulties sumding film morphology. The

objective was to first determine the concentratadnthe thiophene-3-acetic acid

homopolymer and then use the results to calculaepercentage composition of

thiophene-3-acetic acid within a range of copolymeaterials at constant mass

generated from known concentration ratios in thgrperisation solution.

In order to detect the amount of potential bindsitgs in the polymer the carboxylic

acid groups were ion exchanged with sodium and tledowing acid exposure
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dissociation of the sodium provided the concerdratthat was related to the

thiophene-3-acetic acid content.

Although this method provided positive results frahe initial investigations the
reproducibility was poor and the technique requitedg and time consuming
manipulation to the samples under study. Due tdehgthy nature of the method it
was not applied for any further samples and a neffieient technique was sought
out. The experimental details can be found in Gérapt

From this investigation it was determined that ndew for the content of potential
binding sites to be calculated a simpler techniggas needed. This would eliminate
large sources of error and reduce the analysisreired for the investigation.

4.3. Scanning Electron Microscopy with Energy-Dispesive X-ray
Analysis (SEM-EDX)

SEM-EDX provided a successful technique that ndy dietermined the copolymer
ratio of the electrochemically grown films but geated data based upon the dopant
inclusion through the same analysis. Morphologiodbrmation was also obtained
therefore generating data for several investigatiorhis technique was also non
destructive as the polymers’ inherent conductivigquired no sputter coating
treatment. The ease of sample preparation, quietysis times and amount of

information generated provided the large majoritgata represented in chapter four.

Table 4.2 below displays the elemental data catbétom the technique with most of
the samples ranging in copolymer ratio in orderd&iermine a wide range of
functional content which can be further investigatea sensor format. Two polymers
were grown for each investigation with three saealysed per sample. The average
value of the six readings taken is displayed in tdide below with their relative
standard deviation. The analysis time was five m@isuas previous experiments
showed no change in the data obtained after extiepdeods of 30 minutes to an

hour.
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To determine the percentage of functional thiophemmstent a 0.6 M thiophene-3-
acetic acid homopolymer was grown, rinsed in adeien and then left in a

desiccator overnight to dry. It was expected tlma poly(thiophene-3-acetic acid)
would produce an oxygen to sulphur ratio of two bwer the actual value was
calculated at 2.38 in which residual oxygen caro de seen within the poly(3-
methylthiophene) at similar content. This was nmiésly due to trapped oxygen from
the solvent or evidence of over oxidation obtairkding polymerisation and so
provided a more reliable oxygen estimation and thasefore used to calculate the

percentage content of thiophene-3acteic acid withéncopolymer series.

The same process was performed for the N-succinirthtbphene-3-acetate series
where an oxygen to sulphur ratio of four was ap#ted however a value of 4.65 was

determined and used in the following calculations.

Additional thiophene derivatives have also beerestigated and were introduced
within chapter 3 for their electropolymerisatiorpaailities and redox characteristics.
Trans-3-(3-thienyl) acrylic acid and its synthedisetivated ester counterpart have
also been investigated with particular interestrughee generation of a 10% functional
content. The low percentage is reported to prowdbanced response to glucose
within a biosensor systefhand is therefore determined at a concentraticio it

0.04-0.26 M STTA-MT seen in table 4.2 however 000B4 M STTA-MT also

produces a functional content close to 10% dubeatlculated error.

The dopant ratio was also calculated for all sasyplevhich poly(bithiophene) (PBT)
and poly(3-dodecylthiophene) (PDDT) were also itigased for their dopant ratio

and have been included at the end of the tabledimparative purposes.

Percentage error is included for all dopant andctional thiophene calculations
which vary considerably this demonstrates the bdiig of the films when small
areas are investigated, however based upon thage/eneasurements a clear trend

can be seen.
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Table 4.2. Elemental Data Representing Percentégmaid Weight.

Average RSD Number of .
) . % Ratio of
Polymer Thiophene rings .
Sample FIS OS | sl ors TFB is functional
P Dopant Ratio| Ratio - monomer
distributed over
01MMT 0171 0275 36% 38% 58 0%
0.6 MT3AA | 0.0490 238 | 60% 14% 20.4 100%+7 .0
oM 0,080 1.27 | 26% 24% 112 5396+6.4
oM | 00093 | 0.678| 31% 19% 101 28%6+2.7
DosM 1 0.7 0.416 | 18% 20% 64 179%+1.7
Dol 0214 0412 | 7% 1509 ' 17%+1.3
DM 0320 0.300 | 17% 32% 31 13%2.0
S 0375 0.241 | 14% 30% 21 10%+1.5
02 MSTA 0.305 4.65 | 13% 17% 33 100%%8.5
ng_ﬁﬁ?'\" 0.167 120 | 27% 48% 6.0 26%:+6.2
Oé?ﬁi\}rer 0.361 1.07 | 27% 31% 2.8 23%+3.6
Oéi’ﬁ'l\ﬁ'\" 0.292 0.750 | 36% 26% 3.4 16%+2.1
O'Slﬁﬁ',\}fr'\" 0.294 0567 | 29% 40% 3.4 12%42.4
Oggﬁﬁ‘;'\" 0.344 0450 | 7% 15% 2.9 10%20.75
ngﬁﬂ'\" 0.440 0264 | 27% 54% 2.3 6%21.6
OfTE’A?i\‘;’.? Ml 0.401 0230 | 13% 16% 2.0 10%20.8
%‘%ﬁi\aTM 0.501 0317 | 8% 6% 2.0 13%20.39
OéOT4T-2'-i/|6TM 0.281 0472 | 21% 25% 3.6 10%21.25
OéOTGT'X'_ZI\;‘TM 0.356 0.544 | 22% 31% 2.8 129%2+1.86
0.1 M BT 0.148 149 6.8 0%
0.1 M DDT 2.22 7% 05 0%

By decreasing the concentration of the functioh@ghene monomer in the growth
solution the functional content of the copolymersvedso reduced. This was expected
and can also be seen in the work published by Kavesdt al However the work
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done by Kuwaharat al demonstrated little variation of the resultingogtiene-3-
acetic acid content to the percentage in the graselltion where in this study a

marked difference was seen.

Reducing the percentage of the thiophene-3-acelid monomer content in the
growth solution from 100% to 83% decreases theestnn the resultant copolymer
by nearly 50% indicating the difficulty surroundirthe polymerisation of this
compound. However N-succinimido thiophene-3-aced@monstrates an even larger
drop in concentration within the electropolymerisethterial as an 80% N-
succinimido thiophene-3-acetate content represemnly 26% of the functional
compound. This data supports the results genenatethapter 3 where a higher
potential cycling limit of +2.5 V was needed to guce a film of N-succinimido
thiophene-3-acetate compared to +2.0 V for the grafthiophene-3-acetic acid this
is also established by kit aland can be explained by the steric influence iteplaon

the molecule coupled with the electron withdrawéfigcts of the substituent.

In conclusion a successful variation of functiosahtent was established through
both copolymer series and can be used for evaluatiithin the biosensor
construction. The additional monomers of trans-8a{8nyl) acrylic acid and N-
succinimido trans-3-(3-thienyl) acetate were esthbld as copolymers with 10%
functional content as it was envisaged a lower entration of binding sites would
increase sensor resporfsend unfortunately solubility issues limited the geation of

a series of different compositions.

The dopant ratio was also investigated for theedaffit thiophene derivatives. It is
reported that polythiophene accommodates one chlargevery 3-4 thiophene units
which seems to be the accepted value. Interestamglgnd was observed through the
thiophene-3-acetic acid copolymer series whereeaming the acid concentration had
a direct effect upon the level of doping associatétl the material. It can be clearly
seen by reducing the thiophene-3-acetic acid contlea fractional dopant per
thiophene unit increases. From the very low valt®.049 charges per unit for a
polymer comprised completely of acid groups to B.8fF a copolymer with a 10%
thiophene-3-acetic acid fraction. Interestingly npesterification of the acid groups

the variation of doping content with copolymerisatiratio no longer applies and a
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fairly stable dopant value can be observed at atduB charges per thiophene unit.
The effect of decreasing dopant/charge associatddtiae copolymer film as more

thiophene-3-acetic acid units are introduced coelévidence of self dopifig*%*

Self doping represents a different mechanism ofeaaing charge neutrality within a
conjugated polymer as the counterion is covalentiynd to the polymer. Oxidation
causes the film to become positively charged whEhcompensated by proton
migration and balanced by the oppositely chargechsion attached to the polymer
normally established by the electroff&'® As the charge distribution over the
polymer is reduced conductivity is observed to dasé*'®® in which there are

several attributing factors. The charge carrietrifhstion over local polymer chains is
restricted due to their increased distance causgdthe bulky substituents.

Additionally the self doping species such as,Cind SQ@Q are also likely to decrease
the conjugation in the material due to polymer ting as the polymer attempts to

compensate the large side graips

The evidence suggests that it is the influenceidd group upon the thiophene ring
that controls the degree of doping in the systeowéVer it is not confirmed if these
effects are entirely due to the self doping prapsrtof the substituent or if a

combination of factors such as steric or inducéffects exists.

Waltman et al concluded similar differences in doping contenbrupthiophene
derivatives where -substitution decreased the amount of charge asocwith each
thiophene unif. It was found that poly(3-methylthiophene) had yorfl.12 of
fractional charge per thiophene with polythiophetisplaying a value of 0.22.
However electrical conductivity evaluated for thaymner materials did not support
the dopant values as poly(3-methylthiophene) detnatesl a 100-fold increased
response against polythiophene and therefore stgytesre are several parameters

that effect electrical conductivity.

In contrast to the self doping concept dopant \&afoe trans-3-(3-thienyl) acrylic acid
were high at around 0.5 but upon esterificatiorertad to the 0.3 fractional charges
per thiophene unit seen for the majority of thepihiene ester series. A rigid linker

chain is reported to provide enhanced doping duth¢oincreased porosity of the
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polymer allowing facile anion movement in and ofitlee film®. This may also be
true for the trans-3-(3-thienyl) acrylic acid monemas a double bond separates the
side group from the polymer backbone therefore ipbssncreasing the charge
calculated in the system.

Poly(bithiophene) and poly(3-methylthiophene) dagpsimilar dopant levels however
with significant hydrocarbon chain influence seeithwpoly(3-dodecylthiophene)
dopant levels dramatically increase to 2.22. Upmthér examination of the data it
can be seen that although the atomic percentagieeofiopant is uniquely high the
sulphur content of the film is significantly low.his maybe explained due to the
extended hydrocarbon chain attached to the moneffestively diluting the sulphur
content and encouraging dopant integration dukdgorous nature of the material.

Although interesting data can be observed for thgadt values it is difficult to fully
evaluate this effect when a number of influentiakgmeters maybe responsible.
Without further investigation it can only be spedsdl that the side group

demonstrates some control upon the charge capzdity material.

4.4. Surface Coverage using Electrochemistry

A further method for the calculation of surface emge was to be implemented in
which the details can be found in chapter 2, howelee to the capability of the
SEM-EDX technique this was not required and thusioved the complex
calculations associated with the method. Surfaceerage was not the only
information achievable through this procedure asifiomation of molecular
attachment can also be provided with the posgibdit determining experimental
details that can be implemented within the biosefedwrication step.

Examination of successful binding upon polymer sabss through cyclic

voltammetry has been investigat®dnd attempted within this study.

The introduction of an electroactive species withiree groups was established in
order to determine if covalent binding could beamplished. The expected response
using cyclic voltammetry would be to witness thelae properties of the chosen

electroactive compound over the electrochemisth@®fpolymer material.

130



Chapter 4 Polymer Film Characterisation

The electroactive species selected was 2,3,5@&ntethyl-1,4-phenylenediamine.
This compound contains two amine groups that carcdalently bound to the
activated ester group via a peptide bond with nditexhal reagents needed for the
reaction to occur. The compound was dissolved gtamitrile generating a 0.1 M
solution and was used under stirring to soak thmlymer materials generated from a
solution containing a large concentration of patnbinding sites and a second
solution with only a small concentration of bindisiges. The percentage of available
binding positions was calculated at 26% with aorarresponding to 0.24-0.06 M
STA-MT in the polymerisation solution and 10% asated with 0.06-0.24 M STA-

MT this was determined from the data obtained byneintal analysis in section 4.3.

Investigations start with the 0.06-0.24 M STA-MT Iyerisation solution
comprising of 10% binding sites. The material waswg potentiostatically at 2.2 V
obtaining a film after using 2.5 mC of charge. Topolymer was then exposed to the
diamine compound for 30 minutes then rinsed andedym a monomer and diamine

free solution. The results can be seen in figusebélow.

8.00E-04 -
6.00E-04 -
4.00E-04 -
==Scan 1
@ Scan 8
c .04 -
g 2.00E-04 Electroactive Compound
]
© === Copolymer with no diamine
soak
. . 0-:00E+00~ . . . .
2 15 -1 -0.5 15 2 25 3

-2.00E-04

-4.00E-04-  Potential (V) Vs AgAgCI

Figure 4.3. Comparison of redox properties estabtswithin the electroactive film

and the copolymer materials with and without diagrexposure at 30 minutes.
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Two well defined redox processes can be seen abspmately -0.0156 V and +0.45
V and +1.0 V and +0.67 V for the 3,5,6-tetramethyl-phenylenediamine which

should therefore be seen when bound to the copolfilme The initial scan 1 of the

copolymer exposed to the diamine solution showsoasiple anodic response

corresponding to the second oxidation of the di@moompound however upon

subsequent scans the redox responses revert &ettteochemistry seen for the film

with no diamine exposure seen at scan 8. As figuBeshows covalent binding did not

take place this could be due to the short 30 mirmxjgosure time and therefore

increasing the time may promote binding of the tetexctive diamine species.

After three hours of diamine exposure the copolyfierwas extracted from solution

and rinsed with acetonitrile to remove all unbospécies. The electrodes were again

cycled in a 0.1 M TBATFB acetonitrile solution freem the diamine compound and

thiophene monomer.
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-4.00E-04 -

==Scan 1
Scan 8
Electroactive Compound

== Copolymer with no diamine
soak

Potential (V) Vs AgAgCI

15 2 2.5 3

Figure 4.4. Comparison of redox properties estabtswithin the electroactive film

and the copolymer materials with and without diagreposure at three hours.
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Scan 1 demonstrates an anodic response corresgadodine entrapped diamine with

a possible shoulder oxidation also seen withindiznine scan. As the copolymer

was further cycled both anodic responses decre&@mdpared with no diamine soak

it was possible that covalent attachment had ri@ntglace as reduction responses

were absent. It was possible that the

number dfadola binding sites was too low to

be detected over the electrochemistry of the nadteri the exposure time was not

sufficient to enable efficient binding.

Infrared analysis was performed on a thicker filnthwthe same composition 0.06-

0.24 M STA-MT with 3 hours diamine exposure to ¢onfthat amine groups had not

been covalently bound.

The number of binding sites was increased to 26%4¢(0.06 M STA-MT) and an

exposure time of three hours was implemented iera@ achieve the redox responses

of the diamine.
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Current (A)
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Figure 4.5. Comparison of redox properties estabtswithin the electroactive film

and the copolymer materials with and without diagrexposure at three hours.
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Figure 4.5 demonstrates clearly the effect of cevidy bound 3,5,6-tetramethyl-1,4-
phenylenediamine. Both the oxidation and reductEsponses can be seen over the

electrochemistry of the film and continue to bedevit upon the'8scan.

Infrared analysis verified the shift of the carbbsgretch from 1731-1715 cihto
1644 cm which was consistent with the formation of an anhbnd. A primary
amine at 3405 cthwas present which corresponded to the unboundealméated on
the para position on the ring. Figure 4.6 demotedréghe appearance of these peaks
with the retained carbonyl peak at 1715cindicating that not all the ester groups
reacted and therefore 3 hours may not have beandapugh for complete amine
attachment upon thicker films of 800 mC with 26%gmdial binding sites.

4 CO st 1644 crit (-CO-NH-)
NH st. 3405 crif (-NH,-) o
A

Figure 4.6. IR spectrum of 0.24-0.06 M STA-MT af8nours of diamine exposure.

One issue regarding the results displayed foragbtymer ratios and exposure times
was the absence of the first redox couple of th&,63etramethyl-1,4-
phenylenediamine. This observation is also ackndgdd through the work of Let

al. The research of Let al followed a similar approach using the same funeion
monomer of N-succinimido thiophene-3-acetate anthiobd the same difficulty
surrounding the generation of redox responses sporeling to the electroactive
compound employed. As stated bydtial the conductivity of the film was limited to

oxidative regions where electrical transport wasoaamodated and we see redox
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processes of the copolymer material. The electraacompound used by Li was a
naphthoquinone derivative, which displayed very ati#g@ redox potentials and
subsequently was not electrochemically accessilie.electroactive compound used
in this study did posses a positive redox couple a@emonstrated this effect
successfully in figure 4.5 upon a copolymer wit®@potential binding sites although
the first redox response of the diamine was notesgfully accessed due to the redox
potentials occurring in the reduced region of treamal. However it is also possible
that as covalent binding takes place through onebath amine groups the
electrochemistry of the electroactive diamine couommb could change, thereby

producing only one redox response which can be isefegure 4.5.

Upon analysis of the diamine soaked copolymer 0.28-M with 10% binding sites
seen in figures 4.3 and 4.4 the first potentialegvef the amine exposed copolymer
showed that the first redox couple was absent whaiesponded to the reduced
region of the film however upon film oxidation tsecond oxidation response of the
diamine was clearly observed over the anodic portibthe conducting copolymer.
Upon subsequent scans the disappearance of thecasigdal was evident and
indicated absorption of the species rather thanctwalent link initially anticipated.
This could be explained by the fully occupied rgtgucture of the diamine compound
with the amine groups effectively hidden amongst thethyl substituents. The
accessibility to the activated ester groups is cedufurther due to the obstruction
generated by the short side chain to the polymekbmne and therefore covalent
immobilisation is obstructed. Also due to the loergentage of binding sites three
hours may not have been sufficient to allow covaleinding to take place and
therefore longer times may be required, alternbtiifebinding did occur it may be

possible that it was not enough to be detected tineredox chemistry of the film.

By employing more binding sites and a three hoamilne soak covalent binding was
possible; this finding can be used as a guide @ determination of enzyme
immobilisation with considerations regarding enzyexposure time to the percentage

of binding sites present.
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4.5. Film Morphology

As already mentioned SEM-EDX provided detailed issgf the polymer materials
aiding characterisation through visual represemtadf the film morphology. Each
thiophene compound where possible was studied ghrdbe high magnification
available with the microscope and clear differenaese seen between the various
homopolymers. For copolymer determination the irsaggtablished a facile method
of obtaining confirmation of structural changes ested through the influence of
compounds with different spatial characteristics.

All films generated for the scanning electron mgraphs were potentiostatically
grown at the monomers corresponding oxidation gi@tleantil 800 mC of charge was
passed. Such growth conditions were developedderdo obtain a thick enough film
which could be extracted without damaging the p@ysurface. The films were then
rinsed with acetonitrile and left to dry in a desitor overnight. The insets show the

polymer at higher magnification.

Figure 4.7. Poly(bithiophene) grown from a 0.1 Musion with TBATFB as
electrolyte at +1.2 V.
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Figure 4.8. Poly(bithiophene) grown from a 0.1 Musion with TBATFB as
electrolyte at +1.2 V.

Figure 4.9. Polygithiophene) grown from a 0.1 M solution with TBABRs
electrolyte at +2.2 V.
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Information regarding the film quality is initiallgetermined simply from the transt
of the material from the electrode surface to thiermscope. Pohbithiophene)
represented a brittle polymer that did not forntrargy film and therefore can be se
in several fragments in figure 4.7. The images sg®m higher magnification show
bead structure with the growth of the polymer beatisiniform size. nterestingly
generation of the polymer at increased potentigpldiyed in figure 4.9 produced
decrease in the bead size and a less porous mogyhwlth an observed deteriorati
in the image quality. The potential applied+2.2 V for poly(bithiophee) exceeds
the oxidation limit and introduces overoxidationve@oxidation is known to disruj
polymer growth alignment and therefore the conditgtiof the material. The poc
image quality is the result of overoxidation agsitthe conducting nature che
polymers that producegood useful images without the requirement of o
coating.With simple ring substituents the film charactecsican change significant

seen with poly(3nethylthiophene) beloy

Figure 4.10. Poly(3nethylthiophene) gron from a 0.1 M solution with TBATFB ¢
+1.7 V.
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Figure 4.11. Poly(3nethylthiophene) grown from a 0.1 M solution witBATFB at
+1.7 V.

Poly(3-methylthiophene) demonstrates very different filmality compared t
poly(bithiophene) with the successremoval of the complete polymer film from t
electrode surface seen in figure 4.10. The film wa®nger suggesting unifor
growth with a defined growth pattern observed tgfohigher magnification in figur
4.11. The material displays a polymer bearangement with densely populate-
dimensional ropdike formations extending outward from the polymmase. The
difference in film morphology is clearly influencéy the nature of the side group,
this case the methyl substituent imparted advaotagqualities to the polyme
producing a stronger intact film with potentiallyegter surface area that would

desirable within a biosensor form
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Figure 4.12. Poly(3todecylthiophene) grown from a 0.1 M solution WitBATFB at
+2.0 V.

Figure 4.13. Poly(3todecylthiophene) grown from a 0.1 M solution WitBATFB at
+2.0 V.
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Poly(3-dodecylthiophene) is a thiophene monomett thas a 12 carbon chain
substituent. By extending the alkyl chain assodiatéh the thiophene ring the film
strength was further increased which can be sediguine 4.12 due to the ease of
removal and its durability through the sample prafian. The significant changes to
the film topography is clear, a compact 2-dimerdiofim is produced without the
typical bead-like composition seen with the poliflmphene) and poly(3-
methylthiophene) materials. Closer inspection reagea smooth surface arranged in a
mesh network displaying considerable porosity, ragdiis would provide good
properties for an immobilisation matrix however dation of the polymer becomes
increasingly difficult with +1.3 V needed to oxidishe film determined in chapter 3

section 3.1.3.

Introducing bulky side groups again alters the filnorphologies seen.
Poly(thiophene-3-acetic acid) was grown using aceatration of 0.6 M the high
concentration employed was necessary for initiatiflghn growth as lower

concentrations did not produce a polymer film whveas investigated in Chapter 3

section 3.2.4.

Poly(thiophene-3-acetic acid) is particularly imjaot as it provides the necessary
functionality required for peptide linkage, andréfere a durable film is desirable.
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Figure 4.14. Poly(thiophe-3-acetic acid) grown from a 0.6 M solution w
TBATFB at +2.2 V.

Figure 4.15. Polyhiophen-3-acetic acid) grown from a 0.6 M solution w
TBATFB at +2.2 V.
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Figure 4.16. 0.4 M thiophene-3-acetic acid and\d.2-methylthiophene grown with
0.1 M TBATFB at +2.2 V.

Figure 4.17. 0.4 M thiophene-3-acetic acid and\d.2-methylthiophene grown with
0.1 M TBATFB at +2.2 V.
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Figure 4.18. 0.3 M thiophene-3-acetic acid and\d.3-methylthiophene grown with
0.1 M TBATFB at +2.2 V.

Figure 4.19. 0.3 M thiophene-3-acetic acid and\d.3-methylthiophene grown with
0.1 M TBATFB at +2.2 V.
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Figure 4.20. 0.05 M thiophene-3-acetic acid an& 0/53-methylthiophene grown
with 0.1 M TBATFB at +2.2 V.

Figure 4.21. 0.05 M thiophene-3-acetic acid an® 0/53-methylthiophene grown
with 0.1 M TBATFB at +2.2 V.

Poly(thiophene-3-acetic acid) produces a very @#kng growth pattern seen in
figure 4.14. Combinations of 2-dimensional and Bwehsional growth formations are
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observed producing what resembles a flower patfunh growth has been studied in
metal depositiolf’ where both mechanisms have been obsé®¥add the deposition
pattern controlled through electrolyte concentratand voltage obtaining either
dendric or fractal formation®. Similar studies have been extended to conducting
polymers following their discovery with mixed rewul Different thiophene
compound¥®®®including the investigated poly(thiophene-3-acetaid) have been
examined and deposition in a two-dimensional ldyetayer process has been
evidenced in contrast to the 3-dimensional modelsualeation and growth reported
in earlier research. Both models have been repatetl therefore support the 2-
dimensional and 3-dimensional growth seen in th@egraph. The clear patterns that
can be seen in figure 4.14 are characterised byoffs®, random and chain like
structures that seem to have no natural lengtresmadl can be well described as
fractals®>. Examination of the 2-dimensional arrangement treg adhered to the
electrode surface at X250 magnification represenigery compact grain structure
homogenous in nature and upon higher magnificadiaiose packed polymer bead
formation is evident. Interestingly when the copody ratio is altered a clear change
in the morphology can be observed. Even at low nfiagtion a visible difference in
the films can be seen where the polymer attachesttth on the electrode surface
demonstrates the generation of larger colonielyinper material in figure 4.16 until
it becomes securely fixed on the electrode and atabe removed in its entirety
(figures 4.18 and 4.20) . Additionally the fract@owth changes displaying more
layers with rounded ends until no fractal growthpresent with lower thiophene-3-
acetic acid concentration seen in figure 4.20. figher magnifications at X250
demonstrate a more porous morphology as less thm@pB-acetic acid is
incorporated into the film this can be observed endearly at X2000 magnification

displayed as the smaller images.

The lower concentrations of thiophene-3-acetic arid higher concentrations of 3-
methylthiophene used to produce the copolymer aszd the adherence of the film to
the electrode surface. Upon equal ratios of monaméehe polymerisation solution
the material generated was more strongly attacleedné¢ electrode surface as
extraction was more difficult and some polymer ler@way. When only 0.05 M of
thiophene-3-acetic acid was present most of thgnped remained on the electrode

leaving only the outer ring. Similar results haeeb reported by Minest af*®.
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