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Abstract

Abstract

In this thesis the electrochemiadposition of polypyrrole (PPy) into nanowire and
bulk morphologies is reported. The electrochemical properties of the different
conformations of PPy were examined in order to ascertain their conductivities and
surface areas. This could determine the ogation for further modification of the
polymer with, e.g., copper structures forming an electrochemical sensor for the
detection of the nitrate ion. PPy nanowires were electrodeposited onto gold electrodes
using slightly acidic anions (NEPQs) and noracidic anions (LiCIQ) at a fixed
potential of 0.80 Ws.SCE. The nanowires produced had an average diameatar of

89.2 nmn = 50. Bulk PPy was electrodeposited using similar conditions, but the pH
of the solution system was reduced using concentratdé@41This resulted in a bulk
polymer with a higher surface area, so a second bulk polymer, of similar surface area
to the nanowire films, was formed by reducing the electrodeposition time/charge
consumed. Both of these bulk polymers were compared witrati@wvire morphology

of PPy using the electrochemical techniques of cyclic voltammetry, (CV), and
electrochemical impedance spectroscopy, (EIS)pedance data were fitted to
equivalent circuits and the polymer resistance, the ddapér capacitance antig
polymer capacitance were determined. The resulisated that the electrochemical
properties of the polymers changed as the polymers went from an oxidised to a reduced
state, i.e., their resistances and ability to store energy, confirmingadpbi@mnum

working potential range.

The second section of this thesis seeks to devalaipiaturised analytical device that

can deliver reatime information on changes in tissue pH. Many different pH probes
exist, but they present many limitations includiragility, difficulty in miniaturising,
potential drift, and difficulties in accurately measuring pH in solutions of varying ionic
strength. There therefore remains a pressing need for more robust, pH sensors that can
accurately sense pH changes in hestiirroundings, e.g., the highly resistive tissue

found in the clinical environment.

In this study, carbon paste electrodes (CPEs) and carbon fibre electrodes (CFEs) were
modified with a quinone containing diazonium salt, FBRR, by electrochemical

deposition.In buffered media, the quinone/hydroquinone redox system involves

Xii



Abstract

changes of therptonation state of the molecule, resulting in the observation that
potentials vary with pH in a Nernstian manner. This behaviour was used as the basis
of the electrochemical pH sensMarious deposition conditions were employed to
give the optimum and ost efficient method, while organic and aqueous solvents were
employed as the supporting electrolytes. Using either solvent the electrochemical
techniques of CV, and linear sweep voltammetry, (LSV), were applied, optimising
FBRR deposition by varying paraters such as potential window, scan rate and
number of cycles/sweeps. Modified CPEs were calibrated for their pH response by
CV, showing a r esf08hnsVépH,sd28.0lee swfacesiofthlre 3 6
and derivatised CPEs were analysed by scanihgetyen microscopy, (SEM), coupled

with energy dispersive Xay, (EDX).

After in-vitro development of a working pH sensor, a full characterisation was carried
out, over the required pH range. This aimed to assess the sensor sensitivity, operational
and stoage stability, biocompatibility, and the effects that multiple interferences,
found in thein-vivo environment had on the sensor performahe®ivo voltammetry
conditions were mimicked by changing the operational temperature and using a
physiologicallysuitable reference electrode. An extensive study into the effect that the
carbon: silicone oil content of CPEs had on the electrochemical properties of the
modified electrodes was carried out using CV and corroborated by SEM and EDX
surface analyses. Theasalyses concluded that although the electrodes appeared to
perform better when exposed to proteins and lipids, the level of improvement did not

justify the additional two days required in the manufacturing process of the sensor.

Thein-vivo application éthe pH sensor was subsequently examined. The sensor was
inserted into the hind limb muscle of anaesthetised rats. A pH change was induced
locally to the limb by applying a tourniquet to restrict the blood flow and induce
ischemia. This caused an increas CQ levels thus reducing the pH. After a short
period of time, ca. 10 minutes, the tissue pH was allowed to recover. To induce an
increase in the pH, injections of NaH&E@ere administered locally showing an
immediate change in the observed potentighich recovered soon after. These
changes in potential, of which pH was a contributing factor, were successfully recorded

in reattime.

Xiii
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Introduction & Literature Review Chapter 1

1.1 Introduction

Within this thesis lies two separatemains. Chapter 3 of this thesis discusses the first

of these. It describes the electropolymerisation of pyrrole in two different
conformations, bulk and nanowire, specifically designed, (A) from the same
electrochemical deposition parameters and (B)awehsimilar electroactive surface
areas. Nanomaterials are attractive candidates for use as electrochemical sensors due
to their high sensitivity and fast redox chemistfhe use of nanostructured materials

has led to increases in efficiencies of electramsfer rates compared to the typical
Obul ko moHergih a $tudygoy their electrochemical properties is performed,
using cyclic voltammetry, (CV), and electrochemical impedance spectroscopy, (EIS).
The relationship between the charge passed during electropolymerisation and the
thickness of polymer formed is investigated, along with the effect of electrolyte on the
electrical properties of the polymers. This introduction makes reference to
nanomaterials and their properties, gives an outline of conducting polymers (CPs) and
a description of their polymerisation, in relation to polypyrrole (PPYy).

The primary aim of the remaining chapters of the thesis, (Chapt&)sistthe
development of a carbon based sensor, electrochemically modified with a diazonium
salt, capable of monitargin-vitro pH changes, within the tightly regulated biological

pH ranges, to a sensitivity of 0.01 pH unit§he aim of this work is to develop a
voltammetric pH sensor, which measures changes in the redox potential of an
electroactive surface attached pesies, 4-Benzoylamine2,5
dimethoxybenzenediazonium chloride hemi zinc chloride alsib, referred to as Fast

Blue RR, (FBRR).Increasing medical and biological interest in cheap disposable
analytical and diagnostic devices has driven research towards the development and
adaptation of lowcost electronic sensing devicégdarbonrbased sensing materials are
attractive substrates rfdhis application since they are intrinsically biocompatible,
conductive, and appropriate for surface modificafidihe reduction of diazonium

salts onto carbon surfacé$ pioneered by Savéant ancheorkerd in the early 1990s

is a wellcharacterised method for the selectivesitu attachment of organic
molecules. This mechanism involves the electrochemical generation of a solution
radical from the diazonium modifier and subsequent covalent linkage to the carbon

surface, which pgsesses excellent stability to external stirfuli.
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Chapter 7 details a targeted application of the developed pH sensor, where pH changes

were recorded in thi@-vivo environment.

1.2 Objectives and Achievements

The first objective of this work was to deposit PPy onto a galidtrate in two different
morphologies, bulk and nanowire. These were formed from the same electrochemical
parameters resulting in polymers of different surface area. A second bulk polymer was
specifically designed to have a surface area close to thia ohnowire polymer. The
electrochemical properties of the formed polymers were compared using CV and EIS.
An electrochemical comparison was carried out in order to determine which surface
morphology could be easiest modified with e.g., copper strudiurdése detection of

the nitrate ion. The effect of electrolyte solution on the electronic properties of the

polymers was also investigated. All of this work is contained in Chapter 3.

The main objective of the thesis was the development and characterishta
voltammetric pH microsensor, suitable forvivo applications. Chapter 4 investigates

the optimum electrodeposition parameters of FBRR onto carbon paste electrodes,
(CPEs), resulting in a near Nernstian response over the biologically relativengéd

of 7.20 to 7.60. Following the optimisation of the electrode design, Chapter 5 applies
a rigorous regime of test conditions to the pH sensor, to evaluate its suitability for use
in the challengingn-vivo environment. These included stability testamgd exposing

the sensor to a range of conditions to determine its biocompatibility. As well as CPEs,
carbon fibre electrodes, (CFEs), were also used as a substrate for the pH sensor design.
Chapter 6 discusses their optimisation, including their suitaiilthein-vivo setting.
Finally, the modified sensors are applieevivo,where pH changes are induced in live

tissue usingn-vivo voltammetry (IVV).

1.3 Electrochemical Techniques and Theory

A number of different electrochemical techniques were employed throughout this
thesis. In the formation and characterisation of the PPy films the electrochemical

techniques of CV, CPA and EIS were employed. For the pH sensor development, the
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techniques uskincluded, CV, LSV and CPA. These techniques are described in this
section.

1.3.1 Cyclic Voltammetry (CV)

CV was a technique used frequently throughout this thesis, for the electrochemical
characterisation of PPy films, including scan rate analyses, depositi6BRR,
determination of the pH response and interference studies. It was also usedvor
experiments, known as-vivo voltammetry (IVV). CV is one of the most useful and
widely applied techniques in electrochemistwhich reveals information about the
nature of the eldrode and the reactions taking place at the electrode/electrolyte
interface. It involves scanning the potential applied to the working electrode, between
two potential limits, and recording the current as a function of the applied potential,
see Figure 1(B).1° The applied potential is ramped at a scan @tdetween two
potential limits.The potential scan rate, usually varies from mV/s to N/Bhe initial
applied potentialE, is swept to a vertex potenti&y,, where the scan is reversed and
swept back to the final potentid, producing a triangular waveform over time, as
shown in Figure 1.1(A).
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Figure 1.1: (A) Triangular waveform formed as potential is changed over time, and (B) typical CV
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showing the current/potéal transient.

For a simple redox reaction, Equation 1.1, where only R (a reduced species) is present,
the current response of the forward scan is the linear potential sweep voltammogram
as R is oxidised to O (the corresponding oxidised species) whoduges an anodic

peak. On the reverse scan, the reduction of O to R occurs, resulting in a cathodic peak.



Introduction & Literature Review Chapter 1

1" F "m 11

The oxidation and reduction peaks in CV are formed, as potentials that differ to the
equilibrium potential, &, are applied to the electrode/solution system. Figure 1.2(A)
shows a system at equilibrium, where the highest occupied molecular orbital (HOMO)
of the solution has the same energy as the Fermi level of the metal (working electrode,
W.E.). As there is noet transfer of electrons, no current flows. Figure 1.2(B) shows
the effect of applying a potential higher than the equilibrium potential, resulting in an
oxidation reaction, of the solution species. Applyangotential, Eapp), more positive

than the eqlibrium potential (Eg), reduces the energy of the electrons in the W.E.,
reducing the energy of the Fermi level. The higher energy electrons, in the solution

HOMO, transfer to the Fermi level of the metal, resulting in an oxidation reaction.

Using the & shown in Figure 1.1(B), it can be seen at (1) there is no current flowing
as the applied potential is not far enough from equilibrium to induce electron transfer.
As the potential is swept to more oxidising values, the oxidation of R to O begins, with
acorresponding flow of current, (2). As the potential becomes even more positive, the
concentration of R, at the electrode surface drops, causing a sudden influx of the
reduced species to the electrode, and the current continues to rise, as R is canverted t
O with greater efficiency, until a peak maximum is reached. Once the applied potential
becomes more positive t han, thé ¢torcensayion bfe mo s
the reduced species tends to zero and the current then begins to dfmasstme
diffusion layer thiclens, (3). The potential then sweeps back through the equilibrium
position gradually converting the oxidised species back to the reactant, by the

corresponding reduction reaction.
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Figure 1.2: Schematic of (A) an electrode/solution in equilibrium, (B) an electrode/solution system

undergoing an oxidation reaction.
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Figure 1.3: 3 Typical CVs showing their respective peak current and peak potential responses.

As the systm is scanned over the applied potential range, the changes in the current
responses can be either faradaic, i.e., the oxidation and/or reduction of a species
present, or nofiaradaic, i.e., capacitiv€.Capacitance is defined ahe ability of a
material to store chardgé There are three main parameters of irdgrihat describe a

CV, the peak currentp,Ithe peak potential @ and the potential width at half peak



Introduction & Literature Review Chapter 1

(Er-Errp). From these, various characteristics of the electrode/solution system can be
defined, leading tdour main CV responses, shown in Figur8.1Each response is
characterised by a different shape of the corresponding CV. The dependence of each
parameter on the scan rageallows the characterisation of the electrochemical system.
Epdoes not change with for reversible systems. Thedhanges linearly withg'/? for

diffusion controlled, reversible and irreversible systems, and gvitbr reversible
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between # and g*’? for quasireversible systems depends on the scan rate and the
electrontransfer rate constant. Generally, there is no correlation betwaadd'? at

high scan rates, andrfeeactions which display slow electrtnansfer kineticsl f t h e
peak occurs at the same potential, 1.e.,
transfer ki netics are present, I Alki catin
diagnostic quations used to probe the redox characteristics have been described in

many electrochemistry textbookd®
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Figure 1.4: Diagrams depicting the growth of the diffusion layers at (A) a microelectrode, resulting in

hemispherical diffusion and (B) a macroelectrode, resulting in planar diffusion.

1.3.2 Linear Sweep Voltammetry (LSV)

LSV is considered a special case of CV, in thabtential sweep is applied to the
working electrode, but theotential is scanned only once, in one direction. It provides
useful information about the system under investigation. LSV is conducted in a
stationary solution, thereby only relying on diffusias a means of mass transgort.

In this thesis, LSV was applied in the eleetedluction of FBRR onto carbon

substrates.

1.3.3 Potentiostatic Techniques

Constant Potential Amperometry (CPA) involves the application of a constant
potential to the working electrode, while monitoring the resultant current o(fput,

with respect to timet)Y. These plots are typically called transients to emphasise their
time dependence. The potential at the working electrode is instantaneously stepped

from the resting value, where no electrolysis occurs, to a value where conversion of
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the reactants begifd.2® In this thesis, CPA was used in the formation of bulk and
nanowire morphologies of PPy. An anodic potential, of 0.8\5CE, was applied

to oxidise the monomer units, which polymerised and deposited onto theddec
surface. The resultant current was proportional to the rate of polymerisation occurring

at the electrode surfaée.

A constant potential can be applied for a fixed period of time, (chronoamperometry),
or until a desired charge is attained, (chronocoulometry). The charge passed can be
calculated from the integral of tleerrent?® The total charge passed, after an electrode
reaction, can be lated to the thickness of a polymer fifh.

CPA was also used to pteeat CFEs prior to the electdeposition of FBRR onto the
electrode surface, a practice which improves the electrode kiR&ticThis was
achieved by applying a potential of 2.0/8.SCE for 30 s followed by2.0 Vvs.SCE

for 10 s.

1.3.4 Electrochemical Impedance Spectroscopy (EIS)

EIS is a method used to examine several factors at the working electrode surface,
including, the stability, kinetics, and double layer capacitdhc®. Impedance
measurements involv@ie application of a small perturbing sinusoidal potential of 5
or 10 mV, superimposed on the fixed baseline applied potential or versus the open
circuit potential, OCP. A shift in the phase and amplitude of this sinusoidal potential
can occur, resultingh an AC current. A frequency response analyser measures the
difference in amplitude and time ladj, over a range of frequencies. Any shift in the
phase or amplitude of the potential results from variations occurring in the
electrochemical cell. An advaade to EIS is its ability to operate over a wide frequency
range, which allows processes, with different time scales, to be detected within the
same experiment. Slow processes, e.g., the diffusion of ions inside the bulk of a
conducting polymer, can be fred at low frequencies, whereas fast processes, e.g.,

the formation of a surface douHkeyer are examined at high frequency.

EIS was used in this thesis as an experimental method for characterising the
electrochemical systems of bulk and nanovadoaformations of PPyExperiments

were recorded over a frequency range from 65 kHz to 5 mHz at various applied potentials,

10
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from -0.50 to 0.50 Ws. SCE including the OCP. As impedance is only applicable to
electrochemical systems that behave linearly aredin a steady state condition, the
polymer films were conditioned for 30 minutes to ensure the system was under steady
state conditions before the measurements were performed. The perturbing sinusoidal
potential was maintained at 5 mV, which was low ajioto keep the overall state of the
system unchanged.

In an EIS experiment the input signal is an alternating potential and the output signal
is the corresponding alternating current which has the same frequency but a different
phase. The phase angleand impedance;, are computed. The impedance results are
displayed in two different graphical formats, Nyquist and Bode plots. In the Nyquist,
or complex plane plot, the real and imaginary compon&htn@Z") are plotted as x

and y axis in a Cartesiaystem. In the Bode plot the modulus and phase of the
impedance |[Z| and q) are plotted against the frequency. Typical Nyquist and Bode

plots, for a bulk PPy film, are shown in Figure 1.5.

These data are then fitted to equivalent electric circuitsrépaesent real, physical
components, of the electrical behaviour for the system under examination. Two main
elements were used when fitting the data to equivalent circuits, resistors and constant
phase elements. A resistor has no imaginary componenteneddite, its value is equal

to the impedance of the system. Resistors represent the resistive elements in the
experimental system, e.g., solution resistance and the resistance of charge transfer.
Constant phase elements, can be used to determine thaarageof the interface and

also diffusion processes in the polymer layer. Constant phase elements are often used
in fitting impedance data, instead of pure capacitors, due to surface roughness and
electrode porosity? A constant phase elementisfined by two parameters, an actual
value (T) and an exponent (P). The CPlalue gives the physical value of the
constant phase element. The GPHjives information on the physical process
occurring. When CPf = 1.0, the CPE behaves as an ideal capatlbwever, values
between 0.8 and 1.0 are values consistently obtained for a porous surface, like PPy. A
value of 0.5 is indicative of a diffusion process and coincides with a phase angle of
45°,

11
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Figure 1.5: The impedance response of a typical PPy filmN&guist plot and (B) Bode plots.

1.4 Experimental Techniques

1.4.1 Scanning Electron Microscopy (SEM)

An optical microscope has several limitations that are overcome by an SEM. Firstly,
visible light has a long wavelengtta. 550 nm, whereas with electron microscopes a
voltage (kV) is applied to an electron gun, causing electrons to eject from a tungsten
filament and accelerate down an optic column. The higher applied voltage, generates
electrons with higher energy, and shos&avelength, Equation 1.2. Also, an optical
microscope has a poor depth of field caused by a large aperture angle. The aperture
angle is defined as the angle between a line from sample to the lens centre and a line
from the sample to the edge of the e opening® An SEM has a large focal length

and a small aperture opening, giving a large depth of field.

J—— 1.2

T

There are two main components to an SEM, the electron column and the control
console. The electron column contains an electron gun and a series of lenses that direct
the electrons down to the sample. The electron source, lenses and sample must be

under \acuum as electrons cannot travel freely through air. The SEM uses a focused

12
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beam of higkenergy electrons, from the electron gun, to generate a variety of signals,
categorised by elastic or inelastic interactiéhat the surface of solid specimens, as
shown in Figure 1.6 (http//www. Jeol.co.jp). Many SEMs contain a tungsten filament
that is heated by passing a current through it. The filament emits light and an electron
cloud forms around it. Electrons erge from the electron gusind are pushed down

into the columns, by an accelerating voltage ranging from 1 to 30 kV, in a spray pattern,
and arefocussedto the sample through the series of electromagnetic lenses. The
electron beam interacts (elastic irtetion) with the sample to a depthez 1 pm,
emitting backscattered electrons from the sample surface, which generates a signal to
create an image. The inelastic scattering which results from the deep interaction of the
incident electrons with the nuland electrons of the material, generates other signals,
including secondary electrons,-rdy emissions and auger electrons. These signals
from the specimen give information about the sample including texture, chemical
composition, and crystalline struce3® SEM analysis is considered to be "non
destructive"; that is, Xays generated by electron interactions do not lead to volume

loss of the sample, so it is possibleatalysehe same materials repeatedly.
Two limitations to SEM are:
(a) Samples must be sobahd they must fit into the microscope chamber.

(b) The sample must be conducting. An electrically conductive coating must be
applied to electrically insulating samples befarealysingunless the instrument is

capable of operation in a low vacuum mode.

13
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Figure 1.6: Schematic representation of electimaterial interactions in the SEM. The volume of
interaction of the electron beam with the sample surface and corresponding areas from which different
signals originate(http//www. Jeol.co.jp).

1.4.2 Energy Dispersive X-ray (EDX)

EDX is used in conjunction with SEM, asrays are generated when the electrons
interact with the sample. When an electron beam interacts with a sample creating
secondary electrons, it leaves thousands of the sample atoms, with tiodesl@ctron

shells, where the secondary electrons used to be. If these "holes" are in inner shells,
then the atoms are not in a stable state, so electrons from the higher energy outer shells
will drop into the vacant sites. These electrons, moving fiher to lower energy
states, emit energy in the form ofrdys. Since each element has characteristi@)

energy and wavelength, the elemental composition of a sample can be identified. This
is a nondestructive technique, as is SEM. EDX can perfelemental analysis in

areas, as small as 0.5 um in size. The&ays are emitted from a depth that depends on
how deep the secondary electrons are formed. Depending on the sample density and
incident beam, this is usually from 0.5 to 2 um in dépth.

EDX analysis can also quantify the elements it detects. This is carried out by

calculating the area under the peak of each identified element of the sample.

14
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Calculations convert the area under the peak into weight or atomic percentage.
However, the qualy of this quantitative analyses depends on the surface roughness of

the samplé? so in this thesis it has been used for quantitative estimations.

1.4.3 Infra-Red Spectroscopy (FTIR)

Fourier Transform Infrared spectroscopy {l) was used for the identification of
carbonyl defects on the pyrrole polymer chain and their subsequent removal, (see
Section 3.3.2.3). FIR was carried out using a Perkin Elmer 2000-IRT
spectrometer. All samples were prepared by grinding with potassium bromide (KBr)
and pressed into discThe use of KBr limits the loss of information, as KBr does not
contain IR bands in the midR region of the electromagnetic spectréin.

FT-IR spectroscopy measures the vibrational motions of atoms, around their
connecting bonds, when they are excited by electromagnetic radiation from the IR
region of the electromagnetic spextr. IR photons do not carry enough energy to

cause electronic transitions, however, they have sufficient energy to cause groups of
atoms to vibrate, with respect to the bonds between them. Since molecules absorb IR
radiation at specific frequencies and wkangths, the resulting vibrations are
characteristic of certain energies, providing a means to identify the groups and species
present in a materidt. Every group has a characteristic frequency or band of
absorption, determined by their wavelength, or i ts reci procal Vv

cml,

The frequency of vibrains between two atoms depends on two quantities; the mass
of the atoms involved, and the rigidity of the bonds between them. Heavier atoms
vibrate slower than lighter atoms, and strong bonds, which tend to be more rigid,
require more energy to stretch &rdcompress the bonds between them. This leads to

an IR spectrum, resulting in a characteristic, unique fingerprint of a compbund.

15
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1.5 Electrochemical Properties of Polypyrrole Films

This section gives an introduction to CPs, in particular PPy. The polymerisation
mechanism for PPy is examined, along with the various factors which affect the
chemical and physical properties of the resultant polymer. A brief introduction into the

evolution of nanostructuring is given, with an emphasis on PPy nanowires.

1.5.1 Conducting Polymers (CPs)

Contrary to an article by Pople and Walmsleyin f962t at i ng t hat H#AAIl t h
possible to synthesise very |l ong polyen
polymeri sati on of acetylene had beé&fUpreport
until the 1970s lots of literature, on the subject, was published by chemists and
physicists, but it was not until 19?7when chemists and physicists began to work
together, that the first report of electrical conductivity in a conjugated polymer was
achieved, by exposing the polymer to oxidising or reducing agents, i.e., dopants, which
insert into the polymer backbone to enhance its conductivity. This breakthrough led

to extensive research in the field of CPs. In 2000, the Nobel prize in Chemistry was
awarded to MacDiarmid, Heeger, and Shirawaka, for their initial work on
polyacetylene leding to the discovery and development of polymers that are
electrically conducting® Thehigh electrical conductivity and good redox propefiies

has led to extensive studies in the field.

Insulator

Semi-conductor
Conductor
CB )
CB

CB
-
Eg>10eV §Ee=10eV o <NoEg

| VB I —

Figure 1.7: The energy differences between the valence band (VB) and conduction band (CB) for a
conductor, semiconductor and insulator.

16
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The conductingroperties of polymers can be described using the band gap theory of
solids#*? electron delocalisation and the choice of doping arftdfAA schematic of

a band gap energy diagram is shown in Figure 1.7. The highest occupied energy level
for electrons is called the valence band (VB), and the lowest unoccupied level is the
conduction band (CB). The energy requirecexaite an electron from the valence
band into the conduction band is known as the band gap engrd/the band gap
energy, between the conduction and valence bands, is large (>10 eV), electron
promotion into the conduction band is inhibited and anlatsuis formed. Similarly,

if the valence and conduction bands overlap, there is no band gap energy, and a
conductor results. If the energy gag#s 1.0 eV, then electrons can be promoted into

the conduction band and the result is a seoniductor. Irgeneral, the band gap energy

of CPs is close to 1.0 eV, so they can be considered as semiconductors.

The conductivity of CPs is not entirely explained by the band gap th&€oPg are
conjugated systems, giving a series of alternating double and borgls. Electrons

are delocalised over the conjugated system, so charge can spread over the polymer
backbon® giving electrical conductivityThe conjugated double bonds along the
backbone of CPs allow free movement of electrons within the polymer chain, making
them electronicayl conducting® However in their neutral state, conductivity levels
remain low. The increased conductivity ©Ps results from the formation of charge
carriers, when the polymer is oxidiseddpped) and reduced -(toped). Oxidation
causes the formation of polarons, which form along the entire length of the polymer
chain?* Figure 1.8 shows a schematic of the oxidation of a CP (PPy) resulting in the
formation of a polaron. Upon thess of a second electron, it is energetically more
favourable to remove this electron from the polaron, rather than from the polymer
chain. This leads to the formation of bipolarons instead of a pair of pdtasmusthe
polymer is now in its fully oxidised stat&his process forms localised electronic states
within the band gaf? Bipolarons, are capable of movement along the polymer
backbone, due to the conjugatitfrand are associated with the incorporation of a
counterion (A) to balance the charge generated. These counterions are commonly

referred to as dopants.

17
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Figure 1.8: Diagram showing the formation of a polaron, resulting from the oxidation of a CP (PPy).

1.5.2 Polypyrrole (PPy)

PPy, see Figure 1.9, is a black insoluble material, which was first electrochemically
synt hesi s e dtaMiyl1969abutint@restin tloe polymer was only developed
after Diazet al, produced a homogeneous electrically conducting material, 10 years
later® PPy is one of the most extensively studied CPs due to its easy oxidation. It is
also environmentally stadlwith good redox properties10 and is highly conduciing.

Its individual monomers consist of a 5 membered carbon ring with nitrogen replacing
the 5th carbon. The carbon and nitrogen atoms &teybpidised, with each monomer

unit containing an aromaticdelocalised system. This results from the overlapping of
2p; orbitals and extends along the polymer backbone, resulting in a CP.

ZT
-
/

\ /

Iz

Figure 1.9: Structure of polypyrrole (PPy) repeating unit.

1521 Polymerisation of Pyrrole

PPy can be formed by chemical or electrochemical polymerisaltoe.chemical
synthesis of CPs uses chemical oxidants, such as ammonium peroxydisulfate, to
oxidise the monomer, resulting in chemically active radicals of the monomer. These

radicals react #h the monomer to form an insoluble polyntérA disadvantage to

18
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this system is that most of the polymer precipgateo solution making it difficult to
deposit onto a surfad@.Generally the electrochemical method is the preferred
synthesis, as it provides more control over the resulting film thickness, by controlling
the charge passed, (see Section 3.3.3.1), morphtlagyl leads to a cleaner polymer

when compared to the corresponding chemical syntPfesis.

The electrochemical oxidatioof pyrrole leads to a variety of chemical and
electrochemical reactions which finally result in the CP being deposited onto the
electrode surface. Possible electrochemical techniques include potentiostatic (constant
potential), galvanostatic (constant @nt) and C\P! Most literature refers to the
polymerisation method described by DitzaP? although other initiation steps have
been proposetf. The characteristic properties of an electrodeposited PPy film are
highly dependent on the polymerisation conditions, therefore an understanding of the
polymerisation reaction can lead to better control over the formed polymer. The main
features of the Diaz method of electropolymerisation are described here, with a
schematic shown in Figure 1.10.

The first, initiation, step is the oxidation of the pyrrolemomer, which results from

the application of an anodic (oxidation) potential to the electrode, forming the pyrrole
cation radical. This radical could combine with another monomer to propagate chain
formation. However, the pyrrole at the electrode surfaeeainly in its radical form,

as the oxidation of pyrrole is a faster reaction than the diffusion rate of the monomer
to the electrode surface. So, at the electrode surface, two radicals couple, with the loss
of 2H", to form a radical dication. With theds of another 2 H(deprotonation) a
neutral dimer is formed. This is further oxidised to form a radical dimih, the
unpaired electron delocalised over the two ringbhis combines with a radical
monomer, at the electrode surface, and is subsequisgiptonated to form a neutral
trimer. Propagation continues as the trimer is oxidised and combines with a radical
monomer forming oligomers and polymer chains. Termination of the reaction is

brought about by reaction of the radical cation with wateotloer nucleophiles.
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Figure 1.10: Proposed mechanism for the electrochemical polymerisation of pyrrole.

The radical cation formed from the oxidation of the pyrrole monomer has several
resonance structures, showrFigure 1.11. The most stable forms are those showing

the close proximity of positive and negative charges, (1 and 4), with the negative
charges lying at positions 2 and 5 on the ring. Therefore, the preferred bond formation
along the polymer chain, ressilfrom bonding between carb@nof one ring and
carbonr5 of the adjoining ring, forming a @@l anar pol ymer .- Thi's
c o u p | -conpling, fobmed by bonding between carbon 3 and 4, can also exist, but
this interferes with the linearity of the I[gmer chain, breaking the conjugation and
therefore, decreasing the conductivitythis is more likely to occur in longer chains,

and as many as 1 in 3 units can be affetted.
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Figure 1.11:Resonance structures of the dication formed by the oxidation of pyrrole.

It is well documented that the dopant anion in polypyrrole plays a critical role in
determining the physical and chemical properties of the polymBopant ions are
generally incorporatednto the film matrix during electropolymerisation. During
doping the polymer structure distorts, due to the insertion and removal of the dopant.
As previously stated, when the PPy is oxidised the dopant ion becomes inserted into
the polymer to balance thbarge. Similarly, when a reduction potential is applied, the
dopant ion is expelled. This allows polymers to exchange dopants depending on the

electrolytes in use.

The electrochemistry of PPy has been de
c a p a ¢l as the golymer charges and discharges during the application of redox
potentials and dopant ions move in or out of the matrix, to balance this charge. The
extent of oxidation/reduction is \@n by the doping level and this is generally
expressed as the ratio of dopant aniongjrithis thesis the dopant anion was €)O
incorporated per monomer unit. For example; pek 4 monomer units gives a doping

level of 25%. The maximum doping kevachievable with polypyrrole is 33%, i.e., 1

A~ per 3 pyrrole unit$? It is important to point out that doping may not always be
uniform; regions with high doping levels surrounded by areas with much lower doping

levels are possible.

1522 Factors Affecting Polymerisation

Many factors affect the polymerisation of pyrrolelirding, the nature of the electrode,

the solvent, the concentration and nature of dopants, the pH of the electrolyte, the
potential/charge attained during the electrochemical polymerisation and the method of
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polarisation. All of these factors contributethe final morphology and conductivity

of the polymer filn®

The nature of the substrate plays an important role irfdhmation of PPy. It is
important that the working electrode is inert and does not compete with the oxidation
of the monomer. Generally, platinum, gold and glassy carbon electrodes are used,
however, a range of other metals which form oxftdeend nommetals3® have also

been used, as well as composite electrétes.

The electrochemical polymerisation of pyrrole can be carried out using several
techniques, including, normal pulse voltammetry (NPV)® CV®2%4 and
potentiometric techniques, where a constant potential is applied for a fixed period of
time, known as chronoamperometfy,or until a desired charge is attained,
chronocoulometry® PPy films formed from a constant current or potential, are found
to be more porous and irregular than those deposited by CV. The surface morphology
is better controllé when depositing the polymer by potentiostatic metfiddhe
morphology of the polymer is fluenced by the applied potential and the charge
attained during electropolymerisation. PPy prepared using lower current densities (<
1.0 mA cn®) or lower anodic potentials (< 0.80 ¥. SCE), forms more dense,
homogeneous surfaces. While polymers depdsdt higher current densities (> 5.0
mA cn?®) or higher anodic potentials (> 0.90 w. SCE), form irregular, porous
surfaceg’ The thickness of the polymer film is also proportional to the charge

passed? (see Section 3.3.3.1).

If the appled potential is higher than the oxidation potential of PPy, or if the electrode
is held at a potential for a long period of time, @wridation can occur, diminishing

the electrical properties of the polynf&Overoxidation results from the nucleophilic
attack (e.g., ED and OH) of the polymerbackbone, resulting in the formation of
carbonyl moieties on the chain which breaks the conjugation, and so is unavoidable
when polymerising from aqueous solutidR©ver-oxidation also causes the ejection

of dopant ions from the chain, forming a roonducting polymer.

Since the electrochemical and mechanical properties of electrochemically deposited

PPy are dependent on the dopants incorporated potiimer, the choice of anions in
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the supporting electrolyte is crucial. The mobility of the anions, in and out of the
polymer backbone, depend on their size, with smaller anions, €,¢5IQ4 and Br,
having the best mobility. Larger, more bulky ioagj., polystyrenesulfonate (PSS),
are unlikely to move out of the polymer, or be replatadowever, the mobility of

the anions is also affected by the applied polymerisation potéhtial.

The electrolyte pH is of critical importance to the PPy film formed from
electropolymerisatio? Alkaline solutions hinder polymerisation by deprotonating
the radical cations, forming neutral radicals, thereby interfering with the coupling
reaction described in Section 1.5.2This leads to the formation of a nreonducting
polymer. The electrolyte pH effect on the conductivity of the PPy film is dependent on
the dopant anion used, with larger anions being less affected by the alkalinity of the
solution”® PPy films have been successfully deposited from alkaline solfiassin

the case for nanowire morphologies. This is discussed in Section 3.3.2.1. The coupling
reaction between two radical cations releases two protons, which subsequently reduces
the pH near the electrode surface. Zhou and Heinze found that a neutral or weakly
acidic pH favours polymerisatioi. Solution pH can also affect the already deposited
PPy film. Alkali solutions, e.g., NaOH cause a loss of anions and, therefore,

conductivity. The CP can be paity restored by immersion in an acidic solutfén.

1.5.3 Nanostructures

Nanomaterials are of the nanometre scal€ (h). The prefix nanooriginaes in the

Greek Ananosodo meaning dwar f . Because of
properties that are different to those displayed by their bulk material countéfparts.

This is due, in part, to surface effects. Smaller particles have a larger surface to volume
ratio so most of their atoms lie along the surfa8arface atoms have fewer neighbours
resulting in lower coordination numbers and sites available for bonding; therefore they

are more reactive®’

The band gap energy, described in Section 1.5.1, governs the properties of materials,
including the conductivity. Changes in the energy gap between the valence and
conduction bands, can al ter the materi al

occurs when the size of a substance is reduced to the nanometrk bagleeen well
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established that theahd gap of a semiconductor increases as the particle size is
reducecf®3In a bulk material, the conduction and valence bands are formed by many
energy levels of the large number of atoms or molecules. As the material size decreases
towards the nano scale, <10 nm, each entity is made up of a finite number of atoms,
with less @ergy levels, therefore an increased energy band gap florasingle atom

the bandgap is the distance between its ground state and first excited state, further
decreasing the number of energy levels and increasing the band Widém an
electronisprmot ed i nto the conductiimtme viddeaced i t
band. The energy gap in a semonductor is small enough that the electron and hole
can recombine, so decreasing its reactivity. As nanomaterials have increased band gap
energy, resultig in a lower probability of charge recombination, this increases their
reactivity®* A schematic of the change in the energy band gap betweenamahlioulk

materials is shown in Figure 1.12.

Anti-Bonding
Molecular
Orbitals

ConductionBand

i iaiainiei ittt Band Gap

Bonding
Molecular
Orbitals

ValencelBand

Single Atom Nano Particles Bulk Material

Figure 1.12:Energy band gap changes for bulk, nano and single atoms.
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1.53.1 PPy Nanomaterials

Several methods for the fabrication of CPs on the nanometre scale have been
developed® 8 One of the first methods, developed by Martin &t alas based on

the use of pore walls as templates, to guide the polymer growth. Using this method, an
aluminium tempdte is soaked in the monomer solution and polymerisation is initiated
by applying a potential to the electrode. Tubules are formed as the monomer
polymerises along the walls of the template, followed by solid wires as the tubules fill
up. The template imoved by dissolution in acid, which is a harsh treatment and can
degrade the polymer. Other disadvantages of the template method are the expense
involved® and often, when the template is removed, the formed nanowires cSflapse.
PPy has been scessfully polymerised on the nanoscale, using the template method,
and has shown higher conductivity and strength than the bulk matettaGome
groups have reported that nanotubes form easier than nanowires whemtesnpdate
method* Other procedures include a stepsvislectrochemical assembly met¥éd,
dilute chemical oxidative polymerisatitnand biphasic electrochemical synthédis.
However, all these methods have proved to be very time consding.

Templatefree formation of nanowires offers many advantages including the removal
of the construction and dissolution of the template. The morphology of the nanowires
formed is controlled by the electrodeposition parameters. Massafera et al deposited
PPy nanowires directly onto a gold substrate using NPV and potentidth@&trgy

found that nanowires deposited from NPV were more conducting as they were shorter.
Many other groups have developed simple temglats environmentally friendly
methods for electrodepositing PPy nanowife¥: %
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1.6 Voltammetric pH Sensor Development

The work undertaken in this section involves the modification and derivatisation of
carbon substrates, namely CPEs and CFEs, with a quinone containing moiety, FBRR.
The principle aim is to develop a miniaturised pH sensor, capaldetetting pH
changes, with a sensitivity of 0.01 pH units, within biological pH ranges. This high
level of sensitivity was suggested in consultation with a clinician as an extreme limit,
although a sensitivity of 0.05 pH units would most likely sufficeenek, this
introduction refers to pH and its tight biological control; existing pH sensors, carbon
electrodes, quinones as pH responsive moieties and FBRR, including the mechanism

for its electrereduction and its redox capabilities.

1.6.1 pH

pH is a measure dhe concentration of hydrogen ions in a medium. The concept of
pH was first mentioned, in 1909, by the Danish scientist Soréhaed was defined

as the negative logarithm of the concentration of hydrogen ions in an aqueous solution
(Equation 1.3). This definition was based on the assumption that hydrogen ions were
the only ims present. Therefore, in 1924, the definition was redefined in terms of the

activity of hydrogen ions (Equation 1.4).

pH = - log[H*] 1.3
pH = - log [an™] 1.4

Here, [H] is the hydrogen ion concentration, and*Jas the hydrogen ion activity,
i.e., it quantifies the hydrogen ion activity or concentration of an acid or base. The
logarithmic relationship between pH and the hydrogen ion concentragans that a

change of 1 unit of pH equals a tenfold change in the hydrogen ion concentration.

The pH quantity, as described in Equation 1.4, is not directly available, and requires
determination by referencing it to other ion activities. Measuremeneby@themical

methods has been the method of choice as electrochemical potentials are referenced to

26



Introduction & Literature Review Chapter 1

standardised electrodes with great accurddye negative sign ensures that the pH of

most solutions, except extremely acidic ones, is always positive.

1.6.1.1 pH and the Nernstian Equation
The definition of pH in Equation 1.4 was adopted because ion selective electrodes,
which are used to measure pH, respond to activity. In an ideal situation the electrode

potential, E, follows Nernstian valt#svhich can be written as:
E = E°+ (RT/F) In [an?] 15
= E°T (2.303RThHF) pH 1.6

where E is the measured potential, i€ the standard electrode potential, R is the

universal gas constant, T is the temperature in kelvin, F is the Faraday constant and
is the number of electrons transferred. Therefore, potential is proportional to pH.
Manipulation of the Nernst equation demonstrates that the observed potential for a

redox system witlm H* ions ancdh electrons transferred, will change by:
-m/n (59 mV) per pH unit at 2%

The FBRR redox system, used throughout this thesis, involveside?2 H, (see
Section 1.6.5.1), therefore an ideally Nernstian pH response, for FBRR modified
electrodes, is59 mV/pH at 25°C.

1.6.1.2 Temperatire and pH

Accurate measurement of pH is effected by temperature. An increase in the solution
temperature results in a decrease in its viscosity and hence, an increase in the mobility
of its ions in solutior¥® An increase in temperature can also lead to an increase in the
number of ions in sation due to the dissociation of molecut€$As pH is a measure

of the hydrogen ion concentration, a change in the temperature of a solution will be
reflected by a subsequent change in thé $Hhe Rosenthal correction factor, which

is recommended for clinical use, compensates for the change in pH due to the solution
temperature, indicating aahge of 0.015 pH units per

By placing values in Equation 1.6, the following is obtained:
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FOF | - L7

From thisequation, it can be seen that slope of an electrode is linearly dependent on
the temperature. Because of this linear dependence the behaviour is fully predictable
and can be compensated for by a pH meter and electrode with integrated temperature

Sensor.

1.6.1.3 Physiological pH

Realtime monitoring of physiological pH levels is important for many reasons.
Physiological pH cannot fluctuate far from normal levels without possibly causing
serious consequences. Normal human arterial blood has a pH of 7.40.aAB7est,
venous blood is slightly more acidic, 7.38, than arterial blood, because of the uptake
of CO; by the blood, as it perfuses the tisstfés.Disturbance of the pH of blood is
termed as acidosis or alkalosis. Acidosis occurs when the pH shifts to the acidic side
of a normal pH value, " 7.36. There are
cause, either metabolic or respiratory. etl®bolic acidosis occurs when the
concentration of blood bicarbonate, [HEQIs too low. There are many causes for
metabolic acidosis, including chronic diarrhd&Respiratory acidosis is caused by

an increase in the GQevels. Alkalosis occurs when blood pH is greater than 7.44,
respiratoryalkalosis being caused by a decrease in l@2ls and metabolic alkalosis

caused by an increase in HE@vels.

Abnormal tissue pH, also referred to as interstitial fluidpte,g., myocytes in muscle
tissue, is an indicator of altered cellular metabolism in desancluding strok& and
cancert® Tissue ischemic injury, i.e., reduced blood flow, is one of the most common
types of injury in clinical medicine. Ischemic tissue is generally caused by obstruction
of an artery. The affected tissue often becomes acidic due to Sadremaerobic
respiration leading to irreversible cellular damage. Hypoxia, on the other hand, is
reduced availability of oxygen, generally caused by lower saturation or decreased
amounts of haemoglobin. During hypoxia, energy generation by anaerobitygigco

can continue, although not as efficiently as by oxidative pathways. Whereas during an
ischemic episode, anaerobic energy generation ceases, as glycolysis is inhibited by the

accumulation of various metabolites that would have been removed by ndowdl b
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flow. Therefore, ischemia causes tissue damage faster than h{Fox@aolonged
ischemia causes irreversible damagel necrosisto cell membranes, causing cell
death. This can be caused by a large influx &f @as into the cellcausing damage

to cell membranes and DNA, resulting in cell death, mainly by necrosis, but also
apoptosis. If cells are reversibly damagee, tbstoration of blood flow can result in
cell recovery. However, under certain circumstances, the restoration of blood flow to

ischemic tissue can result in further damage. This is called iscliepggusion injury.

The first investigations into the relationship between pH levels and ischem@awas
3540 years ago, showing that tissue pH falls during an ischemic ¥¥&ht.
Researchers agreed that tissue pH fell as the decrease in blood flow to the tissue
resulted in anaerobic metabolism, which consequently produced lactate. The presence
of lactate contributes to an increase i ibin activity, which is proportional to a
decrease in pH. Thus, pH can be used as an indication of a reduction of tissue
perfusion®® Wolpertet al compared serum pH measurements to that of tissdé&’pH.
They found that tissue pH, when compared to serum pH, had the advantages of reacting
earlier to changes in tissue perfusion and it could be measured with minimal
invasiveness. These stadiinvolved miniaturised glass pH sensomghose major
disadvantages lie in the difficulty of miniaturisatitifi, due to possible drift over

time 115117 fragility!® and electrode foulingt® resulting in inaccurate measurements.
Because of the expense of glass electrodes, they are not considered disposable. Glass
pH sensors can only be disinfected, not heat or gasseritherefore the risk of cross
contamination with infectious diseases cannot be elimirtddthis maks the glass

pH sensor undesirable for use in thevzivo environmentAn important study, carried

out by Ye, investigated the relationship betweengredt tissue pH and subsequent
success of the tissue gr&dt.lt was found that the sgess rate increased if the pre

graft tissue pH was 7.4. This study was important as an accurate indication of whether
surgery could be performed successfully, possibly avoiding many postoperative

complications.

Patient monitoring, both during and aftezatment is required in a clinical settirg:
Vivo sensors can provide an instant evaluation of a biological parameter, e.g., pH,

leading to quicker diagnosis and reducing hospitaitived.*?? For this purpose small
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devices with low drift, easy calibration, immunity to electrode fouling and long life

time are required.

1.6.2 Existing pH Sensors

pH is a measurable parameter thatamiliar to all in the scientific, industrial and
medical fields'?® pH can be measured using many techniques, from litmus paper, with
low precision, to highly efficient potentiometric, e.g., glass electrode, pH meters. This
section describes some of the existing pH sensors, their primary operating mechanism
along with theiradvantages and disadvantages.

1.6.2.1 Glass pH Electrodes

The most commonly used pH sensor is the glass electrode. Modern glass pH meters
combine a high impedance pH meter, along with a pH electrode and reference
electrode, see Figure 1.13. The high impedamcglifier is required to measure the
small voltage output?* The pH electrode corsts of two electrodes, a hydrogen ion
sensitive glass electrode and a reference electrode. The pH is observed by measuring
the potential difference between the two electrd@emaking this a potentiometric
sensor.The potential difference relevant to pH measurement builds up across the
outside glass/solution interface. The glass membrane, is manufactured by blowing
molten glass into a thiwalled bulb with a wallca. 0.1 mmthick. The pH sensing

ability of the glass electrode stems from the ion exchange property of its glass
membrane. Glass is mostly amorphous silicon dioxide, with embedded oxides of alkali
metals. The surface of the glass is protonated by both the intechek&ernal solution

until an equilibrium is achieved. Both sides of the glass are charged by the adsorbed
protons, this charge is responsible for the potential differefioe.glass electrode,
develops a potential directly related to theddncentration of the solution. A second,
standard potential, is provided by the reference electrode, which provides a stable
potential against which the recording electrode can be compared. The reference
electrode is generally contained in a 3 M KCI solutwhich completes the electric
circuit. The potential difference between the recording and the reference electrode is
converted to a pH value by wusing the el

electrodes must be calibrated in two or more dxgfin order to convert the voltage
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reading into a true pH value. By convention, the design of glass pH sensors is adapted
such that the electrode potential reads O mV at pH 7 and 25°C. Commercially available
micro glass pH sensors are available from WorPrecision Instruments
(http://www.wpiinc.com) and Presens (http://www.presens.de Their main
disadvantages are fragility and difficulties in sterilisation, as explained in Section
1.6.1.3, making them an expensiveatrode, suitable for single use only, so they are

not suitable for use in a physiological environment.

wires to pH meter

| filling hole

Ag/AgCl
" reference electrode

reference electrode
~ internal solution

|~ junction

% AgCl covered
silver wire

. glass electrode
internal solution

Figure 1.13:Schematic of a glass pH electrode, (http://wwwnpdter.info/).

1.6.2.2 Metal Oxide pH Sensors

In order to overcome the fragility of glagbl sensors, metal oxide sensors have been
used for pH determination in physiological environments. The mechanically ¥Sbust
electrodes can easily be miniaturised using modern technologies. Although many
metal oxides have been examdnéncluding, Ru@?’ Ta0:'?® and PbQ'*® IrOx is
probably the most promising, due to its stabittyfast response and broad pH
recording rangé!* Thepotentiometric response of l¥@ pH is due to the fluctuation
between the two oxidation states Ir(lll) oxide and Ir(IV) oxide. Depending on the
method of electrode preparation, two variations on the IrOx pH sensor can be
produced, hydrous and anhydrous. Anhydrous iridium oxides arevad by thermal
oxidation or sputtering methods which showed pH responsglainVV/pH, whereas

31


http://www.presens.de/

Introduction & Literature Review Chapter 1

iridium oxides fabricated electrochemically are mainly hydrated iridium oxides, which
result in a supeNernstian respons®0 mV/pH unit?3°

IrOx, and other, pH micro sensors require refereneetreldes, hence, problems
associated with inserting two electrodes into the same positioiyo, exist'3! As

they are based on potentiometric measurements they still suffer from substantial drift
over timé3?and are susceptible to electric noi&&They are more suitable for-vitro
measurements and are prone to interference from redox species, e.g., AA and DOPAC,

making them unsuitable fam-vivo applications'*?

1.6.2.3 lon Selective Field Effect Transistors (ISFET)

ISFETs were introduced as pH sensors by Bergt&lah 1970.Their operation is
based on the surface adsorption of charges from the solution being'testedn
ISFET, the metal gate is replaced by an-sensitive membrane, the solutitm be
measured and a reference electrode. Therefore, an ISFET combines, the sensing
surface and a signal amplifier which produces a high current, low impedance output
and allows the use of connecting cables without excessive shiéfliigis pH
sensitive gate electrode, which is situated between twesamlucting electrodes (the
drain and the sink), controls the current flowing between the two electrodes, by
keeping drain current constant at a predefined value. If there is a pHechizerg is

a corresponding change in the gate potential. Although they can be miniaturised
readily}3¢ they are not suitable for clinical applications due to the brittle semi
conductor layer, often silicol¥® 13 For practical measurements in liquids, the
electrical circuit must be closed with a reference electrode. Other disadvantages in
using ISFET pH sensors are their substantial drift, due to the inherent contact of the
gate with the liquid3’ often slow responsg&® 38 hysteresis effect, temperature
dependencé expens&® and difficulties with encapsulatioid? ISFET pH sensors also
have concerns relating to their poweonsumption, due to the FET operation
requirements when used fiorvivo applications'?® Despite these limitations, ISFETS

are commercially available from several companies e.g., Orion, Orion Research,
Boston, MA; Corning, New York, M; Sentron Integrated Sensor Technology, The
Netherlands, (http://www.sentron.nl/). The Sentron sensor is the only one that is FDA

and CE approved, however its uses are limited due to its 5 mm diameter.
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Figure 1.14: Schematic of an ISFET pH electrode, showing its major compotnts.

1.6.2.4 Optical pH Sensors

Optical pH sensors use pH indicator dyesh distinct spectral properties. Their
response ibased on reversible changes of several parameters, mainly absorbance and
reflectance, but sometimes fluorescence and refractive index (RI), due to changing pH
of the solution‘** Measurements based on absorption are not very sensitiveguire

the application of a thick sensing layer or a high concentration of pH indicatét’dye.
Several ¢chniques have been reported for the immobilisation of indicator dyes, such
as entrapment in sgleFbased materials or polymers, with sensor size8.60 mnt*3

144 and wearable technology sendtts*® or dyes covalently bound to polymer
matrices'*” 148 Covalently bound dyes, however, are prone to poor fluorescence
properties and loss of dye sensitivity, whereascmralently (entrapped) dyes are not
suitable forin-vivo use due to leeching problerts.

The optical sensors have several advantages over glass electrodes including the
possibility of miniaturisation and they are not affected by electrical interfetéhce.
However, they require large sized analytical equipment, confining their use to static
situationst® Other limitations include a restricted long term stability and they are
particularly affected by large changes in ionic stredgithwhich is of particular
importance when monitoring pH dugrblood dialysis®® They are also limited to a
narrow pH range, usuallga. 2-3 pH unitst®® However, most biological systems
operate over restricted pH ranges, so for the purpose of the sensor designed in this
thesis, this is not necessarily a disadvantage. Dedbpitedisadvantages, researchers
continue to examine their possible use as pH sensors. &irgdeveloped a sensor

by coating the core of an optical fibre with three consecutive layers of silver, silicon,

and a pHsensitive hydrogel. The pH change irethuid causes the swelling or
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shrinkage of the hydrogel layer, which changes it$°RThis sensor is capable of
measuring pH values between 3 and 10, a substantial improvement in the operating

range.

A commercially produced fibre optic sensor, the Paraftéhdoasted the ability to
simultaneously measure RACO, pH and temperature. It consisted of three optical
fibres, ca. 0.175 mm diameter each, with an outer membrane of a gas permeable
polyethylene, which has a heparin compound covalently bound.ugthihve diameter

of the sensor bundle was 0.5 mm, the four sensing components were located at intervals
along the 25 mm length? (see Figure 1.15), and so was not designed to be inserted
through a catheter. The covalent bonding eliminated any leeching problems and the
heparin compound inhibited interference from proteins, although Hewtatf® and
Jeevarajaret af** reported the formation of biofilms on the sensors, restricting gas
permeation through the membrane. Each individual seva® specifically modified

for its purpose, e.g., the pH sensor had an-bage indicator immobilised onto it. A
problem associated with the sensor was the-dbwh of all recordings once one of

the sensors failet?® Also, significant differences, between actual and recorded values,
were observed for pH and PgQvith P = 0.001 and 0.0003 respectivé}. This

sensor has now been discontinued due to these reasons as well as sterilisation and cost
factors. Other commercially available fibre optic pH sensors are available from World
Precision Instruments, Presens and Oceanoptics (http:/feeanoptics.com), but all

are specifically designed to cater for the-pliaical market.

Microporous Heparin
pO; sensor polyethylene tube pCO; sensor coating

)

0.5mm

|

Thermocoupie Polyacrylamide gel pH sensor
containing phenol red

25mm

Figure 1.15: Schematic of the Paratrenl §ensor>3
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1.6.2.5 Voltammetric pH Sensors

Electrochemical sensors have distinct advantages over optical pH sensors, including
low cost, high stability and sensitivity® It hasbeen mentioned previously in this
introduction, that electrochemical pH sensors, based on potentiometric measurements,
suffer from excessive drite’ This potential drift is due to a reduced sensitivity towards

H* activity as the glass membrane becomes dehydfztedbltammetric pH sensors,

like the one used in this thesis, measure the redox potential of a pH dependent moiety,
e.g., the quinone/hydroquinone redox couple of FBRR. Many other pH dependent
redox systems have been investigated including nitrosophenypozordst!’ The
voltammetric response of the pH sensitive layer can be described by the Nernst

equation, (see Equation 1.6).

1.6.3 Designing a Voltammetric pH Sensor

The design of pH sensors dependstlogir individual applications and as such is
varied. In order to develop a novel miniaturised, voltammetric pH sensor, capable of
continuousin-vivo measurements, certain criteria should be maintained. Firstly, the
sensor should be easily miniaturiseaider to inflict minimal trauma to the insertion

site, thereby reducing the risk of infection to the subject. Biocompatible materials are
required. If designing a clinical sensor it is imperative to avoid cross infection of, e.g.,
hepatitis B, hepatitis @nd HIV, and as such, clinical pH sensors should ideally be
single use and consequently the cost of production is of great importance. For
physiological monitoring of tissue pH, the sensor response should be linear over the
physiologically relevant rang&nd sensitive to at least 0.1, but preferably 0.01 pH
units. It should also remain stable, with minimal drift, over a constant recording time
of between 12 and 24 hours. The voltammetric response of the sensor should not be
compromised by the presenceadéctrochemically active moieties such as ascorbic
acid, (AA), uric acid, (UA) and dopamine, (DA) as well as pharmacological
interferences, e.g., acetaminophen, (ACOP), and acetylsalicylic acid, (ASA). Excess,
physiologically relevant, metal ions canalse detrimental to the voltammetric signal,
e.g., C&" and Md*. Hence, a thorough examination into the effect of possible

interferences should be undertaken. The effect of temperature should also be
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ascertained, along with its ability to function eféintly in solutions of varying ionic

strength.
1.6.4 Carbon Electrodes

Carbon based materials and sensors have been widely used in the field of
electrochemistry, because of their good electrical conductifiggse of modification,

low expense and relatively wide operating potential range. Oxygen readily adsorbs
onto carbon surfaces to form carbaxygen complexes such as phenols, ordnad

para quinones, carbonyls, lactones and carboxylic acids, especially on edge plane
sites!®0 All of these groups are susceptible to redox reactions with other molecules in
solution, including, proton$? and as such, are capable of electron transfer
processe$?! The type and quantity, of oxygen containing groups, is determined by the

type of @rbon and this can be altered by applyingtpeatments to the electrod.

Carbon materials can be functionalised in many different ways in order to achieve a
pH sensing electrode. These include, the covalent attachment of the pH sensitive
moiety1%3 either by chemical or electrochemical processes; chemical or physical
adsorption of the pH sensing compound onto the surface; deposition of oxygen
containing groups ontdé electrode, or incorporation of the pH responsive substance
into a composite electrode, e.g., CPRdany different carbon surfaces have been
electochemically modified with pH sensing elements, most notably, glassy céfbon,
carbon fibre¥*®and to a lesser extent, CPESs.

1.6.4.1 Carbon Paste Electrodes (CPESs)

CPEs are specialised heterogeneous carbon electrodes, containing a mixture of carbon
powder and a binding fluid. One of the most quoted disadvantageBEx is that

their operational success depends on the practical experience of tHeé® &Esah
prepared electrode is individual, due to the uneven distributioarbbn and binding

liquid and the irregular surface formed. However, they are widely available, of low
cost, and their ease of modification, giving them-giegermined properties, makes

them useful as highly selective senséfsThe choice of carbon material and binding

fluid also contribute to the flexibility whepreparing carbon pastes with specific
properties. Chemical or electrochemical modification, by introducing functional
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groups onto the electrode surface, increases the number of chemical applications for
CPEs. These attached groups can undergo chemictbreawith the analyte as well
as electron transfer reactiot?8. Modification occurs through adsorption or covalent
bonding of reagats or coverage with membranes or polymers. Modification of carbon
paste electrodes can be achieved by the following methods,
f Modification in-situ.!®® The hydrophobic surface of the electrode can enhance
the entrapment of some lipophilic modifiers.
Mixing solid modifier into the bulk carbon past@.
Impregration of the graphite powder by soaking it in a solution of the
modifier!’* After evaporation of the solvent the modified graphite is mixed
with the binder, to form the paste.
Many CPEs have been used for-vivo monitoring of brain tissu&?'’* an
environment they are particubarsuited to, as the interaction between the pasting
liquid and brain lipids reduces the electrode fouling caused by préféifsthe best
of my knowledge, CPEs have not previously been adopteid-fovo monitoring of

muscle tissue pH.

1.6.4.2 Carbon Fibre Electrodes (CFES)

CFEs were first described in 1979, by Ponchon et al, when they were designed for the
electrochemical detection of catecholamit@s.Today, their most common
applicationsare still as sensors designed flmonitoring neurotransmitters. They are
considered as extremely suitable electrochemical sensors due to their inherent
biocompatibility, relatively high mechanical strenffrand their adaptability due to
possible surface modificatidd’ They can also be miniaturised to naiimensions

and can therefore be utilised in low volume samples and in other more challenging
environments, like those found in clinical situations, where they have been used for
neurochemical monitoring of e.g., nitric oxid&l0),}’® and dopamine, (DAY° The
miniaturised electrodes have many advantages for biological applications, including,
good electrochemical properti€$and reduced tissue damage on implantation due to
their small sizé® often less than 10 pm. Because of these many advantagessthere
still a growing interest in the modification of the microelectrodes with various organic

and inorganic materials including diazonium s#lts83
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When compared to metal electrodes, the electron transfer rates at carbon electrodes are
relatively sluggistt® The electrochemical prieeatment of carbon ettrodes was first
reported in the 19508} and has been shown to enhance the electrochemical
responsé®® Improvements to CFEs have been achieved bytrpeding theslectrodes

prior to the attachment of quinonts.

1.6.5 Quinones and Aryl Diazonium Salts

A quinone, shown in Figure 1.16, is an aromatic derivative of, e.g., benzene, with an
even number of & bonds replaced by C=0, resulting in a conjugated cyclic dione.
Quinones have shown strong adsorption onto various surfaces including pl&finum,
gold !’ graphité!® 188 and glassy carbdf? 1°*°as well as carbon nanotub€st®? and

are one of the most studied examples of an organic redox c8tipleey are attached

via diazonium attachment chemistry onto the requstethce Para-quinones undergo

a reversible two electron reduction in aqueous buffered solutions, with alkaline, acidic
and neutral pH value$? These reduction potentials are pH dependent, varying in a
Nernstian mannéf> 1°¢ However the number of protons transferred varies vttinp
unbuffered media, therefore, the use of quinones for pH studies is suitable in buffered
systems only®” Although many quinone modified electrodes respond to pH, few have
been developed on biocompatible materials, that exhibitigcin a physiologically

relevant pH rang&’

o)

Figure 1.16: Structure of a parguinone, 1, 4 benzoquinone.

The first reported reduction of an aryl diazonium salt onto carbon was in 1992 by
Saveant et dl.The electrochemical reduction of diazonium salts leads to a solid
covalent attachment of aryl groups onto the substrate surfelee.electrochemical
reduction of diazonium salts is widely used for the modification of variousretkc

substrates. However, when reducing the salt onto metal surfaces, the surfaces should
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be free of oxide groups to allow formation of the metabon bond®® The diazonium

salts are most stable in acidic and aprotic solutions, with the stability decreasing as the
pH increases above 3 in aqueous soluti§hs.The first step, of the proposed
mechanism, involves the electrocheat reduction of the aryl diazonium cation ¢Ar

N2*) to form the corresponding aryl radical (rwith the loss of W as shown in

Equation 1.8This is a concerted reaction, therefore there are no intermediates formed
between the cation and the radicafnhation, so the radical forms directly on the
electrode surface. The electrochemical reduction that leads to the formation of the
radical is relatively easy because of the electron withdrawing power of the diazonium
group. The second step occurs when tthdical reacts with the electrode surface, e.g.,
carbon, and a strong covaleriGCbond is formed. This is shown in Equation 1.
general, the electrreduction of the diazonium salt onto a substrate results in a broad
irreversible wave which disappsan the second sweep. This is due to the formation
of the organic layer blocking the access of the electroactive moiety to the electrode
surfacelt is possible that the radical becomes further reduced to the anipasAn
Equation 1.10, this leads tmfavourable conditions for the electrodeposition. In order

to prevent further reduction of the radical to the anion the potential should not be

brought to a too negative potential.

=pd go=54d 1.8
{orB+w {0 rB+Tar 1.9

1.6.5.1 FBRR

4-Benzoylamine2, 5-dimethoxybenzenediazonium chloride hemi zinc chloride salt
also known as Fast Blue RR, (FBRR), is a quinone containingl@gbnium salt, as
shown in Figure 1.17. Literature reports its main uses as a dye, with little reference to

its electrochemicalnpperties.
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N CI e 1/2 ZnCl,

Iz

CHj;

Figure 1.17:Chemical structure of FBRR.

The covalent bond formation of FBRR onto a carbon substrate follows the proposed
mechanism described in Section 1.6.5, a schematic for which is depicted in Figure
1.18, forming a strong covalent-€ bond. This is a 1 girreversible, reduction
reaction, as shown by the cleavage afThe reduction of FBRR can be carried out in

an aprotic or a protic solvenysing the same reduction mechanism.

o CH, +Ny ()
. c)/ .
N// ﬁ /
i _ pd N; C
N -0.80 V vs. SCE
H
Ny 0.1 M TEABF,/ACN or 0.1 M H,S0, o

CHs
Figure 1.18: Schematic of the electrochemical reduction of FBRR onto an electrode surface, forming a

strong covalent bond.

The electrochemical reduction of diazonium salts generally results in a layered
deposition of the product onto teebstrate, as opposed to monolayéts hese layers

can vary in thickness from a few nm to several um. The layers are formed when the
radical attaches to therdi layer of deposited FBRR. This happens when the radical
attacks theortho- position of an already surface bound aryl group, leading to the
formation of multilayer$. The multilayer formation is detrimental to the electron

transfer rate, slowing it down. Bonding to the surface can also occur without the loss
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of the diazonium group which results in a hydrazineH attachment to the
surface?®® As a result of the side reactions forming midifers and the hydrazine
moiety, the surface genated from the electrochemical reduction of a diazonium salt

is nonhomogeneou&® However, these modified electrodes are reported to be
remarkably stable. They have been reported to withstand sonication, are stable up to
temperatures of at least 200and can be stored for up to six months without losing

their redox propertie¥?

The mechanism for the oxidation/reduction reaction of FBRR, in buffered solutions,
involves a 2eoxidation that converts the methoxy to the equivalent sqnénfollowed

by a 2e/2H" exchange to form the hydroxquinone. This is shown in Figure 1.19.

CH,
o/ o Q o)
N NH
o

O——CHs

2¢,2H"

30

Figure 1.19: The redox reaction of FBRR electrodeposited on carbon substrates.

The potentials at which the redox reactidake place are pH dependent, as the
oxidation induces a loss of protons. This deprotonation occurs more readily at higher
pH values, resulting in, thermodynamically, more viable electron transfer, at more

negative potential®?
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1.7 Summary

From the literature review it is clear that much research has been carried out into the
electrochemical properties of PPy. The task here, was to prepare bulk and nanowire
morphologies of PPy, (A) using the same electrocbainparameters and (B) with
similar electroactive surface areas.

The development of a miniaturised pH sensor, capable of monitorirgmeathanges

in tissue pH, within the tightly regulated biological limits was challenging. Although
many literature sarces refer to miniaturised pH sensors, few have been developed that
have received clinical approval. The advantages and disadvantages of various pH
sensors have been discussed, and there appears to be opportunity to develop a
voltammetric sensor based thre redox couple of quinones; one that is small enough

to cause minimal patient discomfort, while eliminating as many disadvantages of other

designed sensors, e.g., drift, ionic strength stability and expense.
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2.1 Introduction

The first results chapter of this thesis was concerned with the electrochemical
deposition of different conformations of polypyrrole (PPy) onto gold electrodes.
Nanowire,andthappr opri ately named fdAcaulifl ower o
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) to
determine the electronic properties of the modified electrodes. Surface analyses of the
various morphologies of PRyere performed using scanning electron microscopy
(SEM).

The main objective of Chapters 4 to 7 was the development, characterisation and
optimisation of a diazonium modified carbon substrate, which was suitable far the

vitro and in-vivo monitoring of pHchanges within acceptable biological ranges.
Various electrochemical techniques were employed for the deposition of the
diazonium salt onto various substrates, including CV, linear sweep voltammetry (LSV)
and constant potential amperometry (CPA). Thesates modified during this study
included carbon paste and carbon fibre electrodes. Surface analyses were carried out
using SEM coupled with energy dispersive-ray (EDX). Details of the
electrodeposition and extensive characterisation and optimisasievell as am-vivo

application are thoroughly explained in the respective chapters.

In this chapter, the electrochemical and analytical techniques used in the course of this
study are described in detail. The electrochemical setup is outlinedwsitmthe
experimental procedures used to modify the various substrates. The surgical protocol

utilised is extensively described.

2.2 Experimental Procedures

2.2.1 Chemicals and Electrode Materials

The chemicals used throughout this thesis were mainly purchased from/Alidyica,
and were of analytical grade. A list of all the chemicals and materials used throughout
this research project is provided, alongside the relevant suppliers. For clarity the

chemicals and materials are divided into sections depending on their use.
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221.1
Polypyrrole (PPy)

Chemicals:

Ammonium Phosphate Monobasic
Lithium Perchlorate

Perchloric Acid

Potassium Bromide FT R Gr ad e
Potassium Chloride

Potassium Chloride Supraf§u(99.999%)
Potassium Ferricyanide

Pyrrole

Sodium Perchlorate

Sodium Phosphate Dibasic

Sodium Phosphate Monobasic
Electrode Materials:

Gold Working Electrode (99.99%)

Platinum Wire

Saturated Calomel Reference Electrode

(O 99 %)

Chapter 2

Chemicals and Materials for the Electrochemical Analysis of

SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
Merck

SigmaAldrich
Sigma-Aldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich

GoodFellow

Fisher Scientific

Thermo Scientific

2.2.1.2 Chemicals and Materials for the Development of a pH Sensor

Chemicals:

4-Benzoylamine2, 5-dimethoxybenzenediazonium chloride

hemi (zinc chloride)
Acetonitrile

Nitrogen Gas

Potassium Chloride
Sodium Chloride

Sodium Hydroxide

Sodium Phosphate Dibasic
Sulfuric Acid 97%
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BOC Gases
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
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Tetraethyl Ammonium Tetrafluoborate
Zinc Chloride

Biocompatibility and Interference Studies:

3, 4Dihydroxyphenylacetic acid
5-Hydroxy-Indole Acetic Acid
Acetaminophen
Acetylsalicylic Acid

Ascorbic Acid

Bovine Serum Albumen
Calcium Chloride

Dopamine

Homovanillic Acid
L-Cysteine

L-Glutathione

L-Tyrosine

Magnesium Chloride
Phosphatidylethanolamine
Serotonin

Triton® X

Uric Acid

In-vivo Chemicals:
Isoflurane

Sodium Bicarbonate

Electrode Materials:

Carbon Fibres

Graphite Powder

Hydrochloric Acid

Platinum Wire

Saturated Calomel Reference Electrode
Silicone QOil
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SigmaAldrich
SigmaAldrich

SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich

Abbott Laboratories

SigmaAldrich

Kation Scientific

SigmaAldrich
VWR

Fisher Scientific

Thermo Scientific

SigmaAldrich
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Silver Wire Advent Materials

Styrene SigmaAldrich

2.2.2 Solutions

All aqueous solutions were prepared usitigtilled milli-Q water, assigned as8
throughout this thesis. The solutions used have been separated into sections, depending

on their use.

2.2.2.1 Solutions for the Electrochemical Analysis of PPy

Preparation of Bulk and Nanowire PPy

Pyrrole monomer was distilled under vacuum and storedl&8C under N, prior to

use. To obtain a nanowire morphology, the monomer (0.15 M or 75 mM), was added
to aqueous solutions containing the dopant salts, typically 2 mM Li@i®aClQ,

and 0.2 MNH4H2PQy, NaHPO4 or NaHPQu. The pH of the solution was adjusted to

ca.5.5, with concentrated HCKOto achieve the bulk polymer.

Electrochemical Analyses of Ppy Films

CV studies were carried out in either 0.2 M KCI or 1 mM KFe((@N)M KCI
solutions.

EIS studies were performed in 0.2 M solutions of KCI, Ligl&hd NaHPQs. The pH

values of selected KCI and LiCl@Golutions were increased using 1.0 M NaOH.

2.2.2.2 Solutions for the Development of a pH Sensor
All solutions in this section wereJ$aturatd prior to their use, unless otherwise stated.

3, 4Dihydroxyphenylacetic acid (DOPAC)

A 100 pM solution of DOPAC was prepared by dissolving 1.7 mg in 100 ml PBS (pH
7.4).

5-Hydroxy-Indole Acetic Acid (5HIAA)

A 100 pM solution of 5SHIAA was prepared loyssolving 1.9 mg in 100 ml PBS (pH
7.4).
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Acetaminophen (ACOP)
A 0.50 mM solution of ACOP was prepared by dissolving 7.6 mg in 100 ml PBS (pH
7.4).

Acetylsalicylic Acid (ASA)
A 0.50 mM solution of ASA was prepared by dissolving 9.0 mg in 100 ml PBS (pH
7.4).

Ascorbic Acid (AA)
500 pM and 1.0 mM solutions of AA were prepared by dissolving 8.8 mg and 17.6
mg, respectively, in 100 ml PBS (pH 7.4).

Bovine Serum Albumen (BSA)
A 1% (w/v) solution of BSA was prepared by dissolving 50 mg in 5 sal.H

Calcium Chloride (CaCb)
A 1.6 mM solution of CaGlwas prepared by dissolving 1.8 mg in 10 ml PBS (pH 7.2,
7.4 and 7.6).

Dopamine (DA)
A 0.1 mM solution of DA was prepared by dissolving 1.9 mg in 100 ml PBS (pH 7.4),
1 ml of this solution was then diluted inifté of PBS, giving a 0.1 uM solution.

FBRR/H2SOQy
0.544 ml HSOy (98%) was added to 100 mk@, forming a 0.1 M solution. 2 mM
FBRR (7.7 mg) was added to 10 ml of the prepared 0.18CH before being

sonicated forca. 20 s.The solution was stored 4tC when not in use.

FBRR/TEABF4/ACN
TEABF4/ACN was prepared by dissolving 0.1 M TEABR.171 g) in ACN (100 ml).
FBRR, 2 mM (7.7 mg), was added to 10 ml of the prepared solution and was sonicated

for ca.20 s. The solution was stored at 4°C when not in use.
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Homovanillic Acid (HVA)
A 50 uM solution of HVA was prepared by dissolving 0.9 mg in 100 ml PBS (pH 7.4).

L-Cysteine
A 100 pM solution ofL-Cysteine was prepared by dissolving 1.2 mg in 100 ml PBS
(pH 7.4).

L-Glutathione

A 100 pM solution oL -Glutathione was prepared by dissolving 6.0 mg in 100 ml PBS
(pH 7.4).

L-Tyrosine
A 200 pM solution ofL-Tyrosine was prepared by dissolving 3.6 mg in 100 ml PBS
(pH 7.4).

Magnesium Chloride (MgG))
A 21 mM solution of MgC} was prepared by dissolving 20 mg in 10 ml PBS (pH 7.2,
7.4 and 7.6).

Phosphate Buffered Saline (PBS)

PBS was prepared by dissolving 8.9 g NaCl (0.15 M), 1.76 g NaOH (44 mM) and 6.86
g NakbPQu.2H0 (44 mM) in 1 litre of HO. The pH wasdjusted to 7.2, 7.4 or 7.6,
using NaOH or NabPQu.

PBS: Varied lonic Strength (1)

| = 0.23 M:PBS was prepared by dissolving 4.38 g NaCl (75 mM), 0.88 g NaOH (22
mM) and 3.43 g NakPQs.2H.0 (22 mM) in 1 litre of HO. The pH was adjusted to
7.2, 7.4 or B, using NaOH or NaiPQu.
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| =0.92 M:PBS was prepared by dissolving 17.52 g NaCl (0.30 M), 3.52 g NaOH (88
mM) and 13.72 g NaiPQs.2H20 (88 mM) in 1 litre of HO. The pH was adjusted to
7.2, 7.4 or 7.6, using NaOH or NgfDs.

Phosphatidylethanolamin¢PEA)
A 1% (w/v) solution of PEA was prepared by dissolving 50 mg in 5 #@l.H

Serotonin (5HT)
Solutions containing 1.0 and 10.0 uMH were prepared by dissolving 0.2 mg in 1
litre, and 0.2 mg in 100 ml, PBS (pH 7.4), respectively.

Sodium Bicarbonat§NaHCOs)
A 45 mM solution was prepared by adding 0.378 g NakitoQ00 ml HO.

TritonX®
A 1% (w/v) solution of Triton® was prepared by dissolving 50 mg in 5 mCH

Uric Acid (UA)
100 uM and 5.0 mM solutions of UA were prepared by dissolving 1.9 m@=anuy,
respectively, in 100 ml PBS (pH 7.4).

Zinc Chloride (ZnCh)
0.5, 1.0, 2.0 and 5.0 mM solutions of ZpGflere prepared in 0.1 M TEABHACN.

2.2.3 Instrumentation and Software

Electrochemical experiments for potentiometry and CV, relating to PPy, were
performed on a Solartron Sl 1287 potentiostat. The Solartron potentiostat used
Scribner Associates Corrwé&réor Windows Version 2.1 and the resulting data were
analysed using Sdmer Associates CorrViéW version 3.0. Electrochemical
impedance spectroscopy (EIS) was undertaken on a Solartron SI 1287 potentiostat,
coupled with a Solartron frequency response analyser model Sl 1255B. Scribner
Associates ZPIStversion 2.1 was the sefeire used for the impedance experiments

and all resulting data was analysed using Z\iéwl..
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For the pH sensor development, the potentiostat used was a 4 Channel Biostat from
ACM instruments. This was used in conjunction with an 8 Channel Powk8/SP,

which allowed digitalanalogue and analoguiggital conversion between the computer

and the potentiostaConstant potential amperometry (CPA) was carried out using
Chart 4 and LabChart 6 (AD Instruments, Oxford, UK). CV and LSV experiments
were carried ouusing EChem 2 Application for Windows. All results were analysed
using GraphPad Prish%.01.

A list of all other equipment used throughout this thesis is provided along with the

relevant model numbers.

pH Meter
The pH meter used for all PPy experiments was a Jenway 370 Enterprise.
A pH/lon 510 (Eutech Instruments) was used for the development of the pH sensor.

Electronic Balance
The balance used for all PPy experiments was a Sartorius, Model TE 2145.
A Sartorius, ModeBP 310Pwas used for the development of the pH sensor.

Sonicator
The sonicator used for all PPy experiments was a Branson 1510.
A Fisherbrand FB 11002 was used for the development of the pH sensor.

FT-IR
The IR equipment used was arkin Elmer 2000.

Sputter Coater

The sputter coater used throughout this thesis was an Emitech K550 (Agar Scientific).
SEM

The SEM used was a Hitachi3200N.

EDX
The EDX coupled to the SEM was an INCAagt (Oxford Instruments).
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Microscope
The microsope used in the preparation of all mia@lectrodes was an Olympus stereo

microscope SZ51 (Olympus America).

Constant Flow Micro Pump
A Univentor 801 syringe pump was used to change solution pH for thémesh-vitro

studies.

Vortex

The vortex usedp ensure homogeneous solutions, was Reax control from Heidolph.

Temperature Probe
A Yellowline TC1 temperature probe was used, in conjunction with a YelloMBi€
basic C hotplate, to monitor and maintain the solution temperature at 37°C, when

required.

2.3 Electrochemical Cell SetUp

All surfaces in this thesis were electrochemically synthesised, on substrates with
different surface areas. A standard three edéet cell was employed for all CV, EIS,

LSV and CPA experiments, consisting of a working electrode, reference electrode and
an auxiliary electrode. For the electrochemical analysis of PPy, the three electrodes
included, a gold disc working electrode, didere @ = 3 mm, a saturated calomel
reference electrode (SCE) and a large surface area platinum auxiliary electrode.
Current is passed through the auxiliary electrode during a redox reaction. If the surface
area of the auxiliary electrode is smaller thaat tbf the working electrode, it can
impede the reaction taking place at the working electtotieerefore, an auxiliary
electrode with a higher surface area than the working electrode is generally used for
electrochemical experiments. For the development of the pH sensor, the working

electrodes were either, carbon paste electrodes (CPEs) or ca@rbmreléctrodes
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(CFEs) with @ = 0.27 mm and 7 pum, respectively. A platinum auxiliary wire was used

for all in-vitro experiments, with a silver auxiliary wire used iimvivo experiments.

Generally, a SCE was the reference electrode of choige¥Wiro experiments, except

those designed to mimim-vivo conditions, where a pseudo Ag/AgCl reference
electrode was used. The pseudo Ag/AgCl reference was employed forvalb
experimentsThe electrochemical cell was a glass cylinder, which includedlarifef

lid with openings for each of the electrodes. The three electrodes were immersed in the
electrolyte solution with added analytes. A schematic of a typical three electrode cell
is shown in Figure 2.4 When not in use, the SCE was stored in a saturated solution
of potassium chloride (KCI), to prevent the porous frit at the tip of the electrode from
drying out. The electrode was rinsed with distilled water betweeniegrs to avoid
contamination of other electrolyte solut
solution was refreshed on a weekly basis. The platinum counter electrodes were
cleaned regularly with silicon carbide based abrasive paper (Buehler PZ589).

were then sonicated in distilled mil) water and ethanol for 300 s, respectively.

-

Figure 2.1: Schematic of a three electrode céelhowing the working (W)reference (R) and

auxiliary/counter (C) electrodes, with an inlet to enabls&uration of the electrolyte solution.

2.3.1 Preparation of Working Electrodes

The preparation and maintenance of the working electrodes used throughout this

thesis are described this section.
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Gold Electrodes

A gold (99.95%) rod@ = 3 mm) was cut into lengths c&.2 cm.An electrical
contact between the metal and the external circuit was achieved by attaching a copper
wire to the gold surface, with a conducting epoxy redihe electrical contact was
verified using a multimeter, with a resistanOel q required.The wire was then
threaded through the Teflmolder leaving the metal exposed at one end. The end of
the electrode, with the copper wire, was sealed with silicome the end of the
electrode, with the metal exposed, was sealed using-aammhucting epoxy resin, see
Figure 2.2.Prior to useall electrodes were carefully polished to eliminate surface
irregularities and scratcheéghey were manually polished usiaguccession of smaller
diamond grade polisheBpuehler MetaDi Monocrystalline Diamond Suspension, from
30 um to 1 um, and a Buehler polishing micro cloth. Finally the electrodes were
polished using an ADs paste, 0.5 um. The electrodes were sonicatedhanol and
H2>O between each grade of polish. This protocol was also used to remove polymers,
exposing a clean reusable, electrode surface.

Teflon®
Copper'Wire
Gold
T < Non-Conducting
Epoxy Resin

Figure 2.2: Schematic of a gold disc electrode.

Carbon Paste Electrodes (CPESs)

CPEs were prepared by thoroughly mixing graphite powder (0.71 g), with silicone oil
(250 pl) using a pestle and mortar for up to three hours. Every 10 minutes, the sides of
the containewere scraped with a scalpel blade, collecting the paste together. A5 cm
length of Teflon insulated silver wire was cut. Approximately 1 mm of the Teflon

insulation was removed from one end, exposing the bare silver wire. Using a tweezers,
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the Teflor® wasgently moved along the length of the wire, exposing a 1 mm cavity at
the other end of the electrode. The exposed silver wire was then soldered into a gold
clip, which served as the electrical connection. The cavity was subsequently packed
by tapping it inthe prepared carbon paste. A bare silver wire, with the same diameter,
was used as a plunger, to ensure good electrical contact and that the paste was
compactly packed. The packing procedure was repeated three times until the cavity
was full. The surfacevas levelled by gently rubbing it on a clean, flat surface. A
schematic of a CPE is shown in Figure 2.3.

After each use, the top 1 mm section, containing the carbon paste, was cut off. The
gold clip was removed and the Teffowas moved along the electroeposing a new
cavity. The gold clip was rsoldered into position, and the cavity was repacked as

previously described.

Gold Clip S5 cm
| <

1
5

Solder Silver wire Teflon® Insulation Carbon Paste

Figure 2.3: Schematic of a typical CPE.

Carbon Fibre Electrodes (CFESs)

CARBOSTAR1 (E1011) standard CFEs were purchased from Kation Scientific,
Kation Europa Bt.,, Hungartifrhe CFEs wused in this thesis
single carbon fibre, which was held in a 1.5 mm diameter borosilicate glass capillary
tubing. Thecarbon tip was conically shaped and protruded from the glass insulation

by 20 em N 5 em, leaving a cylindrical s

Before each use, the CFEs were-preated by applying a constant potential of 2.0 V

vs SCE for 30 s followed by2.0 Vvs SCE for 10s in PBS, 0.1 M NaOH or 0.1 M
H.SQs. This enhanced their electrochemical performaricby either etching the
surface thereby increasing the surface area, or forming surface oxides that could

facilitate electron transférAs the CFEs were covalently modified with FBRR, they
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could not be raised, so new CFEs were used in each experiment. Figure 2.4 shows an

image of a CFE, the 7 um carbon tip is not visible protruding from the glass capillary.

Figure 2.4:Image of a carbon fibre electrode as supplied by Kation Scientific.

2.3.2 Electrode Modification

Electropolymerisation of Pyrrole: Bulk and Nanowire Polymers

Nanowire PPy was obtained using 0.15 M/75 mM monomer in an agueous solution
containing 0.2 M NgHPQs and 2 mM LIiCIQ, at a constant potential of 0.80Vg.

SCE for 300 s. The bulk polymer was achieved by changing the solutioncal-bt6

and applying a constant potential of 0.893/SCE for 300 s. A second, thinner, bulk
polymer was deposited by applying the same potential until a charge of 0.01 C was
attained.The electropolymerisation solution was formed by dissolving the Li&hd
NaHPQ; in 10 ml BO. While stirring, the pyrr@ was added, and stirring was

continued for a few minutes.

Electrodeposition of FBRR onto CPEs

The FBRR modified CPE was obtained using a solution of 2 mM FBRR in 0.1 M
H.SQw, which was N saturated for 20 minutes, before being electrochemically
deposited by LSV, 5 sweeps, from 0.40 V-@080 Vvs.SCE. The first 4 modified
electrodes, from each freshly made solution, were not used for analyses (see Section
4.2.3.17). When not in use, thR8RR solution was stored at 4°C.
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Electrodeposition of FBRR onto CFEs

CFEs were pré¢reated in 0.1 M EBOy by applying constant potentials of 2.0v€.
SCE for 30 s, followed by2.0 Vvs.SCE for 10 s. FBRR was then electrochemically
reduced, onto the piteeated CFEs, from aJdsaturated solution of 2 mM FBRR in 0.1
M TEABF4#ACN by LSV, 5 sweepsrom 0.40 V t0-0.80 Vvs.SCE. When not in

use, the FBRR solution was stored at 4°C.

Styrene Modified CPEs (SMCPES)

CPEs were prepared as described in Section 2.3.1. They were then stored overnight, in
styrene, at 4°C, causing the carbon paste to contract within the Teféity.
Quantities ranging from 125 pl of styrene were added @025 g carbon paste, and
repacked into the electrode cavit¥he surface was levelled off by gentle rubbing on

a clean, flat surface. SMCPEs were modified with FBRR as previously described.

2.3.3 Preparation of Electrodes for Surface Analysis

All SEM and EDX analyses were carried out using a Hitae32 @3N, with atungsten
filament electron gun. This has a maximum magnification of 200,000x and resolution
of 3.5 nm. This microscope was equipped with an Oxford Instrument IN&& EDX

system with silicon drift detector.

Preparation of PPy Samples

Once the polymergere prepared, the electrodes were rinsed wit td remove any
excess electrolyte from the modified surface. The electrodes were dried with a low
pressure Bflow, before insertion into the sputter coater. A vacuum was applied for
ca. 30 minutes to ensure no solvent remained within the polymer matrix. Sputter
coating was performed, under argon, with an Au/Pd target, until a thickness of 20 nm
was obtained. Copper tape was used to connect the surface of the modified electrode
to the speially adapted aluminium holder, to reduce the bujdof incident electrons

on the sample that can cause sparking within the SEM chamber.
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Preparation of CPE Samples

After the FBRR was electreeduced onto the surface, the electrodes were rinsed with
H20, to remove any excess electrolyte. Once dried, a 5 mm long section was cut from
the working end of the electrode. The Teflon was carefully removed from the bottom
2 mm, and the exposed silver wire was angled to 90° and placed onto 12 mm carbon
adhesive dbs (Agar Scientific), mounted on 15 mm x 6 mm specimen stubs (Agar
Scientific), so that the modified surface was90° to the mount, see Figure 2.5. The
stubs were placed in the sputter coater and a vacuum was applied for 30 minutes.
Sputter coating wagerformed, under argon, with an Au/Pd target, until a thickness of

5 nm was obtained.

Figure 2.5: Modified CPEs mounted on a specimen stub for imaging.

2.4 In-Vivo Experiments

This section describes, in detail, the materials and methods usae/ieo testing of

the pH sensor. All animal experiments were conducted under licence B100/2205, in
accordance with the European Communities Regulations 2002 (Irish Statutory
Instrument 566/2002 and U.K. Animals (Scientific procedures) Act 1986). Every

effort was made to minimise any suffering caused to the animals used.

2.4.1 Electrodes

In-vivo experiments were performed using CPEs and CFEs. The auxiliary electrode

used was a 5 mm long, 0.2 mm diameter silver wire. The SCE reference electrode was
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used for the majority ofn-vitro experiments, but because of the toxic mercury
contained withirf, and difficulties in miniaturising, it was not suitable farvivo
experiments. A pseudo Ag/AgCI reference electrode, manufactured on site, replaced
the SCE for alln-vivo experiments.

To prepare the pseudo Ag/AgCl refereetectrode, a 5 cm length of Ag wire was cut.
The Teflon insulation was removed from 2 mm at one end and this was soldered into
a gold clip, which served as an electrical contact and support for the electrode. A5 mm
section of Teflon was removed from thiaer end, exposing the bare silver wire. The
wire was connected to the negative terminal of a 9 V battery (anode) and a Pt or Ag
wire was connected to the positive terminal (cathode). The electrodes were immersed
in 1.0 M HCl for 30 s, resulting in elecplating a layer of AgCl on the silver electrode

surface, according to Equations 2.1 and 2.2.

re!1 ¢ K 2.1

I C #4011 C#1 2.2

2.4.2 Subjects

Male Wistar rats, (rattus norvegicus), were used foinalivo experiments (Charles

River UK Ltd., Manston Rd., Margate, Kent CT9 4LT UK). The animals, weighing
between 300 and 550 g were group housed, maximum of 3 animals per cage, in a
strictly contrdled environment. The temperature was maintained between 17 and
23°C, with humidity of 55 £ 10 %. A 12 hour light/dark regime was enforced. All
animals had access to water and food ad libitum.

2.4.3 Surgical Protocol

Prior to any surgeries, all instrumentsdasupplies to be used were sterilised by
autoclaving at 126°C for 20 minutesll other equipment to be used in the surgical
procedures, e.g., microscope, operating lights and heating pad were cleaned with
Virkon (5%) and allowed to dryThe recording egpment required for the procedure

was subject to the same cleaning procedure.
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Anaesthesia was induced in the gas chamber with dloairof 600-700 ml/minute

and Isoflurane at 4%, fara.5 minutes. The animal was removed from the chamber,
weighed and thepper hind limbs were shaved. The animal was then replaced in the
induction chamber for a further 5 minutesThe subject was then placed, in the
supine position, on a heating pad, in the fuisee seup, where the aiflow was set

at 408500 ml/minute ad isoflurane at 2:2 . 5 %, depending on the
level. The rectal probe was positioned, ensuring a body temperature of 37°C. The
shaved area of the hind limb was sterilised with an iodine solution to prevent the

subject from getting any inf@on following introduction of the device into the muscle.

2.4.3.1 Induction of Ischemia

For experiments involving the CPEs, an 18 gauge needle, (inner @ = 0.84mm),
containing the working, reference and auxiliary electrodes, was inserted through the

skin of the exposed area and deep enough to reach muscle (minimum 1 cm). The needle

tip was tha retracted from the muscle and the pH sensor wasisitiu. CV recording

was commenced. Once sufficient background cycling had occeaeth minutes, a

sterilised tourniquet was applied to the lower limb and was tightened to induce
ischemia.The ishiemic insult was continued over a 10 minute period, a duration
sufficient to inflict ischemia without causing irreversible damage. After this time
period the tourniquet was cut from the su
tissue. This repewkion period was recorded for a 45 minute period, allowing

comparison of preand postischemia potential recordings.

For experiments involving the CFEs, a 14 gauge needle, (inner @ = 1.60 mm) was used
to insert the working electrode through the exposed akd an 18 gauge needle,
containing the reference and auxiliary electrodes, was inserted close in proximity to
the working electrode. The needle tips were withdrawn, leaving the elecitnesitts

The procedure then continued as described above.

2.4.3.2 Injection of Sodium Bicarbonate
The surgical protocol was carried out according to that described in Section 2.4.3. The
working (CPE), reference and auxiliary el

leg muscle using an 18 gauge needle, which wamswitadrawn, leaving the recording
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electrodesin-situ. CV recording commenced and background cycling lasted 45

minutes. Injections (0.1 ml) of sodium bicarbonate (45 mM) were administered
directly into the tissue under investigation, close to the elexiomation, after 50, 55

and 60 minutes. The limb was allowed to recover for a further 45 minutes. Recording

continued throughout the experiment, lasitiagl00 minutes in total.

2.4.3.3 Termination
Euthanasia was facilitated by administration of 1.0 mlpehtobarbitol sodium

(euthatal) into the lower left or right quadrant of the abdomen of the animal.

2.5 Data Acquisition and Statistical Analysis

The data acquired from the experimental techniques used in Chapter 3 were translated
into excel files (.xIs) fomathematical and statistical analysis. The standard error bars
are expressed in absolute units of measurement, represented by the standard error of
the meanY'Q/[i.e., standard deviation)(divided by the square root of the sample

size €), asshown in Equation 2.3.
3% R 2.3

All pH experiments were analysed using linear regressions. All regression models fall
between the two extrem®f zero correlation and a perfect correlation, i.©, 6R 1 .

In order to test whether two sets of results were statistically différersts were used.

A t-test is a statistical examination of two population means, resulting#aadue.

TheP value is a probability, which helps to determine the significance of the results,
where 0OP O1. The standard 95% confidence interval was used for these tests, so a
P-value less than 0.05 indicated a significant difference between the two data sets,
whereasaP-value higher than 0.05 indicated no significant differéiitieese analyses

were performed using GraphPad Pfswersion 5.01.
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Chapter 3

Electrochemical Properties of Bulk
and Nanowire Morphologies of
Polypyrrole
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3.1 Introduction

Polypyrrole (PPy) is one of the most extensively stud@mtblucting polymers, due to

its ease of preparation and its attractive range of properties, including high
conductivity, redox activity? and ion exchange capabiliti#sAn additional feature of

PPy is that it forms a blogically compatible polymer matrfx® Therefore, it has been

used in a wide range of biomedical fields including the development of biosérisors,
tissue engineerifg and implantable bio devicésElectrochemical polymerisation of
pyrrole allows control over the fil thickness and morphology, as well as permeation
and charge transport by adjusting the electrochemical parartefeusthermore,
electropolymerised PPy films have a strong adherence to the electrode Sutface.
The properties of PPy depend on its morphologies which are in turn determined by the
synthesis condition®, including, monomer concentratioh, applied potetial,*®
solvent and supporting electrolyfedopant ion§ and pH® The morphology of bulk

PPy formed at electrode surffaces is genei

Because of their size, nanomaterials display several properties that are different to
those displayed by their bulk material counterpetrfS. The electrochemical, template

free, formation of PPy nanowires was developed and characterised about 10 years
agol® and was adapted in this thedis.general nanowires possess a higher surface
area and shorter diffusion lengths than their analogous bulk materials, providing the
wires with more attractive electrochemical propertieBhe aim of this chapter is to
compare the noperties of bulk and nanowire conformations of PPy using similar
electropolymerisation conditions, and also bulk and nanowire conformations adapted
to have similar electroactive surface areas. The polymers were designed with these
specific objectives in md, and do not represent the optimum conditions for polymer
growth. Assuming the nanowire morphology afforded greater surface area and
electrochemical properties than the bulk conformation, this would enhance their
modification as they would possess aagee number of electrochemically active sites

for the attachment of e.g. copper structures for the detection of nitrate ions. All
polymer films formed were subsequently analysed for their electrochemical properties
using cyclic voltammetry (CV)and electiochemical impedance spectroscofs).

The influence of different electrolytes on the impedance was also examined.
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In this section the electropolymerisation of pyrrole onto bare gold electrodes was
investigated. A nanowire morphology was obtained by adigat method developed

by DebiemmeChouvy!® The conditions for the nanowire growth were then adapted

to assess the effect of the perchlorate catiofi,add Li", on the nanowire diameter.
Further amendments were carried out in order to reduce the length of the nanowires,
as those formed from aqueous solutions
inclusion of carbonyl groups into the polymer backbone, leadinglecreased

conductivity.

Once these growth conditions were confirmed, a simple change in the solution pH
resulted in the corresponding bulk polymer, albeit of a substantially larger surface area.
The electrochemical properties of both polymer filmgk and nanowire, grown using

the same conditions were analysed by CV and EIS. The bulk polymer growth
conditions were then adapted to give a bulk polymer with a similar surface area to the
nanowire films. The electrochemical properties of these twonpeis were
subsequently investigated by CV and EIS. Impedance experiments were also carried
out in 0.2 M KCI, NaHPQy and LiCIOs to examine the influence of the different

electrolytes on the electrochemical properties of the polymers formed.

3.2 Results andDiscussion

3.2.1 PPy Morphologies

The electrochemical polymerisation of pyrrole is affected by a wide range of
parameters, among them the supporting electrolyte and its effect on the solutfon pH.
Varying these conditions can lead to polymers of different physical morphologies, and

therefore, electrocimeical properties.

Electrochemical polymerisation of pyrrole was carried out in solutions of various pH,
in order to observe the resulting morphology. This was achieved by changing the
phosphate component of the electrolyte solution. It should be emphaisetethe
solution pH and the pH at the working electrode were not the same. Protons were

released during polymerisation, two per monomer, which can cause the solution pH to
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fall over time, at the electrode surfde'® (see Section 1.5.2.1). The pH of the
electrolyte solutions, measured just before polymerisation, is therefore, for comparison
purposes onlyTwo contrasting morphologies of PPy, a bulk polymer, which has a
di sti nct f carantejof narmwireswere rmed. Table 3.1 lists the effect
of varying phosphate in the electrolyte solution, giving the solution pH and the PPy
morphology obtained. All solutions contained 0.15 M pyrrole, 2 mMs0kns and

0.2 M of the relevant phosphate, in an agueous solution.

Table 3.1: Variation of PPy morphology obtained by changing the phosphate component, and hence

pH, of the electrolyte solution.

Phosphate (0.2 M) pH Morphology
NH4H2PO4 45 Bulk
Na2HPOa4 9.2 Nanowire
NaH2PO4 45 Bulk
NazHPO4/ NaH2PO4 7.7 Nanowire

3.2.2 PPy Morphologies Deposited from Similar Electrochemical Conditions

In order to compare the electrochemical properties of bulk and nanowire
conformations of PPy, the polymers were formed using the same pyrrole
concentration, in the same electrolyte solution, but different pH values. The
electrochemical polymerisation waarded out using the same conditions, 0.80sV

SCE for 300 s. CVs of both polymer morphologies were examined.

3.2.2.1 PPy in Nanowire Morphology

It was found, in Section 3.2.1, that in order to obtain a nanowire morphology of PPy,
the solution pH should bakaline before the onset of polymerisation. On release of
H* ions during electropolymerisation, the pH at the electrode surface falls to a
neutral/slightly acidic pH required for the successful formation of PPy nano\fes.

An agueous solution containing 0.15 Mrmle, 0.2 M NaHPQw and 2 mM LiCIQ

was employed to deposit pyrrole onto the gold substrate, potentiostatically, at 0.80 V
vs.SCE for 300 s. An advantage to using a constant potential method of deposition is
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that no surface prgeatment or template required, as the method of nanowire growth
relies only on the reactants and the potential applied to the working ele€tiéidere

3.1 shows the curretime plot obtained using the aforementioned conditions,
alongside a SEM micrograph of the nanowires formdd. any polymerisation
experiment, the application of the potential to the electrode leads to an initial charging
current which arises from the charging of the double I&yéFhis charging cuent
decays rapidly, depending on the conductivity of the solution, caused by the depletion
of the monomer concentration at the electrode suffatrethis system the current
continued to decay to a low value, indicating a slow rate of electropolymerisation at
the electrode surface. The current output then stabilised indicating a steady rate of
polymer growth.

These slow rates of electropolymerisatcan be explained by the solution pH, which
was recorded as 9.2. This corresponds to a relatively high concentrationioh®
solution, which are known to terminate the propagation of pyrrole chains, leading to
the formation of an oveoxidised pdymer in unbuffered solutiord. However, a
phosphate solution was used here, which was used as a buffer, to control the pH of the
solution and subsequently the morphology of PPy nanowfirslso, the release of H

ions on polymerisation neutralises the ‘Obhs leading to a relatively neutral pH at

the electrode surface, for the optim polymerisation conditions, hence the initial
decrease was stabilised and uniform growth ensued. Although neutral to slightly acidic
conditions are more favourable for PPy formation, solutions of high acidity can cause
a reduction in the polymer condudty, due to the acid catalysed formation of non

conjugated trimer&
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Figure 3.1: Currenttime plot for the electropolymerisation of pyrrole and SEM micrograph of the

resulting PPy nanowires, from a solution containing 0.15 M pyrrole, 0.2 MMa, and 2 mM LICIQ,
for 300 s at 0.80Ws.SCE.

3.2.2.2 Effect of Perchlorate Dopant lons

Electrochemical polymerisation of pyrrole results in the polymer being in an oxidised
state, with a positive charge on the cifdiwhich is balanced by doping anions. This
was explainedn more detail in Section 1.5.1. Typical anionic dopants are chlorides,
bromides, iodides, perchlorates, nitrates, sulfates, phosphates antblyema
sulfonateg® The chemical nature of the dopant affects the electroactivity, as well as
surface and bulk sictural properties, of the polym&r3®3l A perchlorate anion was

the anion of choicen this chapter. Although the ClOwas present at very low
concentrations, 2 mM, it was essential to the formation of the nanowires. In the absence
of, or in higher concentrations of perchlorate, e.g., 0.1 M, PPy wires will not form.
Since CIQ is inseted into the polymer backbone as a dopant, it has a large impact on
the growth rate achieved. Higher concentrations result in a higher growth rate leading
to the formation of a bulk polymét.

In order to examine the effect of the cation bound to the perchlorate, on the deposited
nanowires, electropolymerisation of pyrrole wasriear out using Li and Nd
perchlorate salts. SEM micrographs were obtained and the diameters of a random
selection of the formed nanowires were measured. The results are displayed in Table
3.2 and show that the smaller cation’, ltesulted in significatly thinner nanowires,
(P=0.0016).
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Table 3.2: Comparison of the diameters of nanowires obtained usirigahtd Li" perchlorate dopant

ions.

Cation Mean @ (nm) SEM n P-value
Na* 115.20 2.72 50
Li* 103.40 2.42 50 0.0016

3.2.2.3 PPy Chain Defects

Literaturehas shown that increasing the polymerisation time results in wires of longer
length® 2 with no change in their diamet&r. Contrary to some findings that the
longer wires possess higher conductivity, due to the increased amount of conjugation,
longer PPy nanowires formed from aqueous solutions have been found to have inferior
conductivities?®** The relatively high polymerisation potential, required when using
agueous solutions, causes the oxidation of water, fgrr@H radicals, which react

with the polymer backbone by replacing the dopant anions. The resultant formation of
carbonyl g r-aanbgn ©f the pyrrdlehriag btéaks the conjugation of the
polymeric chain, leading to decreased electrochemical prepeftthe polymet®

In order to reduce thength of the nanowires formed, thereby reducing the number of
carbonyl defects on the polymer backbone, the electropolymerisation time was reduced
from 300 s to 100 s. The resulting curréinte plot is shown in Figure 3.2, alongside

the corresponding S micrograph. The current shows an initial decay to a very low
value, indicative of a slow deposition rate at the electrode suGacdrary to Section
3.2.2.1, where the current decay stabilised to give good nanowire formation, here the
current continuedo decay. Indeed, the curretine plot in Figure 3.2 would suggest

the formation of an insulating polymer. However, on examination of the accompanying
SEM micrograph in Figure 3.2, it was clear that 100 s was not a sufficient time span
to allow the form#on of the wires. Indeed for shorter times, < 300 s, the charge
consumed is mainly used to coat the gold surface with a PPy sublayer from which the
PPy nanowires start to grof¥There was evidence of the onset of sporadic nanowire
formation. Further examination of the SEM micrograph gave evidence of a film
formation that acts as a base from where the nanowire growth has initiated. Fhis two

step nanowire formation has previousleen suggestéd® and involves an
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instantaneous nucleation process resultir@3dimensional growth pattern, followed
by the tdimensional growth of the nanowires from this film supp®rf.
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Figure 3.2: Currenttime plot for the electropolymerisation of pyrrole and SEM micrograph of the
resulting PPy nanowires, froansolution containing 0.15 M pyrrole, 0.2 M &P Qs and 2 mM LiCIQ,
for 100 s at 0.80Ws.SCE.

Several reports refer to the use of lower monomer concentrations resulting in shorter
nanowire lengtf® 4° A monomer concentration of 75 mM was, therefore,
electrodeposited onto gold electrodes for 30t §.80 Vvs. SCE from a solution
containing 0.2 M NgHPQs and 2 mM LiCIQ. The currentime plot, in Figure 3.3., is
almost identical to that described in Section 3.2.2.1, which resulted in a uniform
coverage of the electrode surface with PPy nanowires. The SEM micrographs, in
Figure 3.4, show various magnifications of the naines formed, with the electrode

surface covered with a consistent mesh of fine wires.
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Figure 3.3: Currenttime plot for nanowires formed from 75 mM pyrrole at 0.803/SCE for 300 s.

Figure 3.4: SEM micrographs of nanowires formed from 75 mM pyrrole at 0.88.%CE for 300 s.

FT-IR analyses of PPy nanowires gmowom 0.15 M and 75 mM solutions of pyrrole,
provided direct evidence for the development of carbonyl defects. Figure 3.5(A) shows
the characteristic C=0O band @a. 1750 cm' for nanowires generated from 0.15 M
pyrrole. Figure 3.5(B), however, shows thhis band was substantially reduced,
although not totally eliminated, when a solution containing 75 mM pyrrole was
employed. This confirmed that using a lower monomer concentration reduced the
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amount of carbonyl defects along the PPy backbone, whichdshesult in a polymer

of higher conductivity.
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Figure 3.5: FT-IR spectra of PPy nanowires electrodeposited from aqueous solutions containing (A)
0.15 M and (B) 75 mM pyrrole.

3.2.2.4 PPy in Bulk Morphology

Sections 3.2.2:B developed conditions for tledectrochemical polymerisation of PPy
nanowires onto a gold substrate. In order to compare their electrochemical properties
with those of a bulk polymer grown using the same parameters, the solution pH was
changed to a slightly acidic value, as directgd able 3.1, using concentrated HGIO

The optimum growth conditions for a bulk polymer are at a neutral or slightly acidic
pH .34 For bulk PPy a solution that is too acidic or basic will interféith conjugation,
resulting in a polymer of lower conductivit§ Figure 3.6 shows the current time plot

for the bulk polymer grown to the same conditions as the nanowires in Section 3.2.2.3.

The corresponding plot for nanowires is also shown, for ease of comparison.

When compared to the curramhe plot for nanowires, the region where the
electrochemical current recovers and increases sharply is indicative of a rapid increase
in the electrode surface ar¥aas the PPy quickly nucleates and depositto the
electrode surface, finally reaching a steady state, indicating efficient formation of the
polymer. The mechanism behind the polymerisation of pyrrole at a constant potential

has been well documenté&ti*!
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Figure 3.6: (A) Currenttime plots for the electropolymerisation of bulk and nanowire morphologies of

PPy grown at 0.80 Vs.SCE for 300 s, from a solution containing 75 mM pyrrole, 0.2 YH®& and
2 mM LiClOs. (B) SEM micrograph oftheresultanb ul k fic aul formmddower 6 PPy

The currentime plots obtained during the polymerisation of pyrrole occur in three
stages. The first stage, is the current spike whose decay is dependent on potential and
is said to represent the electrode surface coverage with a monolaydyroépfilm.

The second stage, refers to the rise in current lasting for a number of seconds,
indicating the rapid polymerisation at the electrode surface, and the third stage is
represented by the continued steady state current flow for the remaindee of t
electrochemical deposition. These three stages were observed during the potentiostatic
deposition of the bulk PPy film in Figure 3.6.

It is clear from a comparison of the two curréinte transients, in Figure 3.6, that the
bulk polymer was depositedahigh rate, and the nanowire film was formed at a much
slower rate. It is this slow growth that leads to the formation of nanowires and not bulk
PPy.

The surface morphology of the bulk polymer was examined by SEM. The micrograph,
in Figure 3.6, shows theesulting polymer produced from the electrochemical
polymerisation of pyrrole, from a solution containing 75 mM pyrrole, 0.2 MHR&x

and 2 mM LiCIQ (pH = 5.5), potentiostatically at 0.80 . SCE for 300 s. It can

clearly be seen that the polymer display

PPy films#2
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3.2.2.5 Electrochemical Properties

The redox activity of the nanowire and bulk modified electrodes, as specified in
Sections 3.2.2.3 and 3.2.2.4, respectively, was examined by CV in 0.2 M KCI, see
Figure 3.7. It can be observed from the CVs, that the bulk gegBymer had an
increased electrochemical response compared to the nanowire polymer. This higher
capacitance was attributed to the larger surface area of the bulk polymer, when
compared to that of the nanowiréapacitive effects may originate from the higher
surfacearea of the bulk polymer being able to store more charge. This in turn would
require the formation of a larger double layer in solution, to counter balance this
charge?® Further investigation into the polymer surface area will be carried out in
Section 3.2.2.6.

Inspection of the CVs generated by the nanowires revealed a simgtlic peak:r,

at ca. 0.15 V vs. SCE which was due to the oxidation of the polymer, the
corresponding, poorer defined, cathodic peakvas located ata.-0.08 Vvs.SCE.

The peak separation of 0.23 V was indicative of a guearsible process, which is
typical of PPy*> %4 Both peaks were relatively broad, indicating slow kinetics of the
two redox processes. Howevéine reduction peak was less well defined than the
oxidation peak. During oxidation of the polymer, the layer next to the electrode surface
is oxidised first, giving a conducting layer, which facilitates oxidation of the adjacent
layers. Conversely, on rechion of the polymer, the layer adjacent to the electrode is
reduced first, giving an insulating layer, making the overall reduction process more
difficult.*°
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Figure 3.7: CVs of bulk and nanowire conformations of PPy electrodeposited at /8BZE for 300
s from solutions containing 75 mM pyrrole, 0.2 M,N&,and 2 mM LiCIQ. The inset shows the
magnified CV for the PPy nanowires.

3.2.2.6  Surface Area of Nanowe and Bulk PPy

It was clear from the CVs obtained in Figure 3.7, that the electroactive surface area of
the bulk polymer formed was far greater than that of the nanowire PPy. The
electroactive surface area is defined as the area that effectively tsahsfeharge of

the species in solutidfi. In this section, experiments were carried out to estimate the

surface areas of both polymers.

The PPy, nanowire and bulk, films were cycled in 0.2 M KCI at various scan rates.
Diagnostic plots of the anodic and cathodic peak current against the-sopaoéthe

scan rate, from 0.50 V t®.50 Vvs.SCE, for the nanowire morphology of PPy, was
linear across the whole range of scan rates test&fQ(5nV/s), as shown in Figure

3.8, indicating a diffusion controlled processes. Correlation coefficients of 0.9704 and
0.9955 were obtained for the oxidation and reduction peaks for the nanowire film,
regectively. However, because of the high capacitance of the bulk polymer, no redox

peaks were visible in the CVs
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Figure 3.8: Plot of peak current densiis. (scan raté)? for nanowire morphology of PPy. The anodic
peak is represented by the blue lke— and the cathodic peak by the red-re.

A linear relationship between the current and the square root of the scan rate was
observed, this indicated that the oxidat and reduction processes were under
diffusion control, and therefore, conform to the Randescik relationship, described

by Equation 3.1.

Ip=(2.69 x 16) n32A D 12 12C 3.1

wherelp is the peak currentyis the number of electrons transferred; the scan rate,
D is the diffusion coefficientA is the surface area of the electrode &hds the

concentration of the redox specfés.

Firstly, the diffusion coefficient of the FéFe?* redox cople was calculated at a bare

gold electrode, using a 1.0 mM potassium ferrocyanide solution in a 0.10 M KCI
solution. This was achieved by varying the scan rate as the electrode was cycled. The
peak currents were measured at each scan rate, and the pligure 3.9 was
constructed. The slope of the plot was used, (Equation 3.2), to calculate the diffusion
coefficient of ferrocyanide, D = 9.87 x ®@nv s?, which is close to the literature
value?® 49 Equation 3.2 was then used to estimate the surface area of the nanowire film
as 0.14 crh

Slope = (2.69 x 1) n¥?A D 12C 3.2
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Figure 3.9: Plot of peak current densitys. square root scan rate for a bare gold electrode in 1.0 mM
Fe(CN)/0.1 M KCI.

In order to estimate the surface area of the bulk PPy film, a calibration plot was
prepared relating the polymer surface area, estimated using Equation 3.1, with the
charge consmed during electropolymerisation. Bulk polymers were grown for various
times, less than 300 s, and the charge consumed during the electropolymerisation was
recorded, see Figure 3.18urface area estimations were made, using Equation 3.2. A
plot of the tvarge density against the surface area, (data shown in Table 3.3), resulted
in a straight line graph as shown in Figure 3.1% {R.9969), and the equation of the
linear plot is given in Equation 3.3. This equation was subsequently used to estimate
the surface area for the polymer grown for 300 s, which was calculated as ¢273 cm

(the charge density for a polymer grown for 300 s was 1.83€.cm

y = 0.3505x + 0.0946 3.3
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Table 3.3:Data from bulk PPy polymerisation experiments and surface area estimations using Equation
3.1.

Time (s) Charge Density (C/cnd) | Estimated Area (cnt)
300 1.8343 0.7340
200 1.4184 0.5998
100 0.9108 0.4093
75 0.7478 0.3192
50 0.4987 0.2077
21 0.2986 0.2030
14 0.1970 0.1696

Figure 3.10:Plot of the charge densities attained for bulk PPy grown over varioupdiriosls.
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Figure 3.11: Calibration plot showing the relationship between the charge density consumed during

electropolymerisation and the surface area of bulk PPy modified electrodes.
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3.2.3 PPy Morphologies with Similar Electroactive Surface Areas

Section 3.2 discussed two different morphologies, nanowire and bulk, of PPy
electrodeposited onto a gold substrate, using the same solution concentrations and
electrochemical oxidation parameters. However, the CVs suggested that the bulk
polymer had a far superisurface area, (0.73 &nwhen compared with the nanowire

PPy, (0.14 crf), and could therefore, contain more electroactive sites within the
polymer film. In order to directly compare the electrochemical properties of nanowire
and bulk morphologies of PPi,was deemed necessary to develop a bulk polymer,

with a surface area similar to that of the nanowire polymer film.

Using the plot obtained in Figure 3.11, and the estimated surface area of the nanowire
modified electrode of 0.14 dthe estimated chge density for the bulk polymer was
calculated as Q = 0.13 C/éni.e., the bulk PPy should be grown to charge of 0.01 C.

The resulting bulk polymer, shown in Fi gl
morphology, and a more even surface, than thawshio Figure 3.6(B), for the bulk

polymer grown for 300 s.

10pum
Figure 3.12: SEM micrograph of bulk PPy grown to a charge of 0.01 C.

The CVs, in 0.2 M KCI, (see Figure 3.13), show that the bulk polymer grown to a
charge of 0.01 C had a more comparable surface argmtt@f the nanowire PPy
grown for 300 s. The higher capacitance still indicated a slightly larger surface area for
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the bulk polymer, suggesting a greater amount of dopant was interacting with the
polymer, and possibly the presence of more electroacties within the polymer
film. 44 Both films possessed electrochemical activity. The nanowire polymer exhibited
a shift in the oxidation and reduction peak potentials to more favourable values, which
may indicate better electrical properties of the nanowire film and thermimiiseléy

more difficult electron transfer processes for the bulk matérath films exhibited
quasireversible redox reactions, consistent with PPy fittfé with aE values of 0.25

V and 0.30 V for the nanowire and bulk polymers formed, respectively.
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Figure 3.13:CVs, in 0.2 M KCI, of buk and nanowire formations of PPy grown to have similar surface

areas.

3.2.3.1 Bulk PPy Film Thickness

PPy film thickness is directly proportional to the charge consumed during
electropolymerisatio® In Section 3.2.3 bulk PPy wasagvn over various time

periods and the charge consumed during electropolymerisation was recorded. Once the
bulk PPy layer had formed, the electrode surface was scratched with a sharp scalpel
blade, hence, using SEM, the film thickness could be obtainechioying across the
electrode surface and measuring the step height. Five separate thickness measurements
were performed for each modified electrode and the results are presented in Table 3.4,

with the corresponding plot of charge consumed against polynoéness in Figure

91



Electrochemical Properties of Polypyrrole Chapter 3

3.14. The linear relationship, {R 0.9794), between the charge consumed and film
thickness is given by Equation 3.4. SEM micrographs of a selection of the polymer

films obtained are shown in Figure 3.15.

y = 2.919xi 0.1929 3.4

Table 3.4 shows that the thickness measurements at each charge were relatively
reproducible, for the five thickness readings examined, indicating a consistent
coverage over the electrode surface. Any discrepancies could be due to surface
rougmess of the film. It has been shown that the surface roughness of PPy films is
dependent on the thickness of the fifi?3 It was observed that the film thickness
increased with the charge consumed during electropolymeris@tianwas predicted

by Diazet al.who derived a relationship that assumes 1 € ofitharge is passed for

each 2.5 pm of polymer growtti. Using Equation 3.4, 1 unit of charge (C &mvas
calculated to result in 2.7 um of PPy growth, which was in good agreement with the
literature value. Howevert is important to highlight that the relationship quoted by
Diaz was for a chloride dopant, whereas a slightly larger dopant,, @l&s used here.

This may account for the variation in the values.

Table 3.4: Film thickness measurements for bulk Ppy films, grown at 0.8&.\ECE, to various

electropolymerisation chargess= 5.

Charge Density (C cn?) | Thickness (um) SEM n
1.416 4.148 0.115 5
0.911 2.080 0.192 5
0.762 1.998 0.073 5
0.499 1.426 0.092 5
0.300 0.647 0.026 5
0.198 0.399 0.040 5
0.142 0.292 0.006 5
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Figure 3.14:Plot of charge consumed during electropolymerisatgpolymer thickness.

20 pm

Figure 3.15:SEM micrographs of bulk PPy electropolymerised to (A) 0.91, (B) 0.73, (C) 0.20, (D) 0.14
and (E) 0.50 C crf respectively.

Alternatively, a theoretical calculation, using Equation 3.5, can be used to calculate the

thickness of the PPy bulk films grown.
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4 N 3.5

Herg T is the thickness of the film, M (Py) is the molar mass of the monomer, X is the
number of dopant molecules per monomeric unit, M (Dopant) is the molar mass of the
dopant (LiClQ), d is the density of doped PPy, (assumed as 1.59,cM F is
Faradayods constant and q i1s the Thé&arge
maximum doping level achievabfor PPy, with a CI® dopant, is one dopant unit per

3.3 monomer units, i.e., x = 0°356

Using Equation 3.5, 1 C chof charge is passed for each 2.97 um of polymer growth.
This deviation from the experimental value obtained, 2.7 um, was possibly due to the
maximum doping level not being achieved. Another reason for the lower experimental
mass per unit charge is the formation of dimers or oligomers, which in turn consume
the current and, consequently, the charge, but are not involved in the deposition of the

polymer to give the corresponding mass incréase.

3.2.4 Electrochemical Impedance Spectroscopy (EIS)
EIS is one of the most effective, reliable techniques usednvestigate the

electrochemical characteristics of an electrochemical system, including dayde
capacitance, diffusion, solution resistance and the determination of the rate of charge
transfer processés. In this section, EIS studied nanowire and bulk PPy modified
electrodes were carried out in 0.20 M solutions of KCI, LiCd®&d NaHPQu. All of

the impedance measurements were carried out with the applied potential varying from
-0.50 Vvs.SCE to 0.50 Ws.SCE, with a perturbation signal of 5 mV and a frequency
range of 65 kHz to 5 mHz. The potential range was restricte.&D Vvs. SCE to

avoid degadation of the polyme Each PPy modified electrode was examined
immediately after electropolymerisation and was held at the given potential, prior to
the stug, for 30 minutes, to ensure a steady state had been redblescbmputerised
results were plotted and compared with equivalent circuits that model the electrical
responses of the system over a range of frequencies. The individual elements of the
circuit model represent the electrochemical parameters of the polymer/electrode
systen®® The influence of different electrolytes on the impedance was also examined.
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3.2.4.1 Comparison of Bulk and Nanowire Morphologies of PPy

EIS experiments were carried out on a bare gold electrode, nanowire and bulk PPy
(0.01C), modified electrodes, in aqueous solutions of 0.2 M KCI, LiGi6d
NaHPQs. In Figure 3.16, Nyquist plots obtained for bare gold, bulk (grown to 0.01
C) and nanowire PPy modified electrodes were compared. The data shown
were recorded at open circuit potentials, (O.C.P.), in 0.2 M KCl solutions. The O.C.P.s
recorded for the PPy modified surfaces were almost identical at 54 and &8 8QE,

for the nanowire and bulk morphologies, respectively. The bare Au electrode O.C.P.
was slightly higher at 64 mVs. SCE. Considerable differences in the impedance
spectra were observed. The EIS of both PPy modified electrodes, included a semicircle
portion observed at the higher frequency range, representing the electron transfer
limited proces§? and a linear segment at lower frequencies representing the diffusion
limited process. The intercept of the semi r cl e wi th the Z&6 (re
frequency region indicated the solution resistance. The diameter of theisarfar
portion is eqal to the charge transfer resistance;ffRwhich reflects conductivity. In
general Rt is the sum of polymer resistance to electron transpagt,aRd ion
transport, R It was obvious that th bare Au electrode exhibited the lowest R

value and consisted of an almost straight line due to the good conductivity of the bare

metal.

The bulk PPy modified electrode had the largest\WRlue, indicating that the electron
transfer ability of the nanowire modified electrode showed great improvement over
that of the bulk PPy modified surface. The nanowire polymer had a region where the
slope of the graph was approximately,4his is chaacteristic of ion diffusion in the
porous structure of the polym&tThe low frequency response for both pobrs was

almost a vertical line indicating that the polymers are almost purely capacitive.
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Figure 3.16:Nyquist plot of bare Au, bulk PPy, and PPy nanowires over a frequency range ofi5 mHz
65 kHz in 0.2 M KCl, recorded at O.C.Ia.& 4.

One advantagef EIS is that homogenous and porous surface models can fit the same
experimental result¥. The resulting impdance data for the bare electrode, bulk and
nanowire conformations of the PPy modified electrode, were fitted to the same
equivalent circuit shown in Figure 3.17, whererBoresents the solution resistafte,
defined as the sum of resistances due to the ohmic resistance of the solution and
electrical contact®’ CPEL1 is a constant phase element that represents the double layer
capacitance of the polymer/electrolyte interphase. A constant phase element is used
here to model the capacitive behavimstead of a capacitor, as the interface between
the electrode and the electrolyte solution is not smooth and contains a large number of
surface defect® Constant phase elements allow for the roughness of the inférface
and to the nomdeal behaviour of the polymer films, which is due to inhomogeneity of
the conductance or dielectric constant inside the By&rconstant phase element is
defined by two parameters, an actual value (T) and an exponent (P). ThevaREe

gives the physical value of the constant phase element. Thé*@REEs information

on the physical pross occurring. When CRE = 1.0, the constant phase element

behaves as an ideal capacitor. However, values between 0.8 and 1.0 are values
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consistently obtained for a porous surface, like PPy. A value of 0.5 is indicative of a
diffusion processR1, (Re1), represents the polymer/ionic resistance and CPE2 is a
constant phase element representing the capacitance of the polyraeparallel
combination of polymer resistance, R1, and constant phase element, CPE1, accounts

for the movement of electrons from tbenductive polymer to the metal electrdde.

Rs CPE1
b
Ld
‘ R1 CPE2
>>

Figure 3.17: Equivalent circuit used to model the electrical parameters of a bare gold electrode, and
electrodes modified with nanowire and bulk (0.01C and 300 s)) conformati®izyof

A summary of the data derived from the equivalent circuit fitting is shown in Table
3.5. The electron transfer resistance (R1) of the bare Au electrode was estimated to be
1395 q. After modification with the bulk, cauliflowdike, PPy, the resistae
dramatically decreased to 288 When the bare Au was covered by the PPy nanowire
network, the value further decreased to 0.@74These results suggest that the
formation of PPy, especially PPy nanowire network, effectively improved the electron
transer between the solution and electr88i&enerally, the greater surface area, of
nanowires, and therefore the larger surface interaction with the electrolyte, leads to a
shorter diffusion lentty for the dopant ions. Both capacitance values, double layer and

polymer capacitance, were lower for the nanowire PPy modified electrode.

Table 3.5:Equivalentcircuit values for bare gold, nanowire and bulk PPy (0.01 C) modified electrodes
at O.C.P. ir0.2 M LiCIO4, n= 4.

Surface CPE1/mF cm? R1/ q? ¢ CPE2/mFcm?
Bulk PPy (0.01C) 0.99 228 6.92
Nanowire PPy 0.45 74 3.73
Bare Au 5.30x10° 1395 0.27
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3.2.4.2 Effect of Applied Potential on PPy Films

Gold electrodes coated with a bulk PPy morphology vpeepared as described in

Section 3.2.3. Complex plane impedance plots for the bulk PPy, (300 s), at various
potentials are shown in Figures 3.18 and 3.19. All impedance results shown were
carried out in 0.2 M LIiCI®@ over a frequency range of 65 kHz tonHz. The
experiments were performed over a range of applied potentials;&&6MV to 0.50

V vs.SCE, and at the O.C.P. The O.C.P. value, for bulk PPy, after 30 minutes was 58

mV vs.SCE.

In Figure 3.18, the impedance plots recorded at various negatietials are shown.

The high frequency-a x i s , Z0, i ntercept corresponds
Table 3.6 shows all these values to be relatively consistent, as the same electrolyte
solution had been employed, although the resistance valuasecravhen the film

became reduced d1.50 Vvs.SCE. As the potential was decreased the impedance plot
began to shiftalongtherealaxx i s. Thi s i ndicated that th
had increased, fr onfatDXP.;0.10and®3B Vw.8CE, 558 q
respectively. These values corresponded with the increase in theisgendiameter,

as expected.
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Figure 3.18: Nyquist impedance plots for bulk PPy, grown for 300 s, at various negative potentials in
0.2 M LiClOg, n= 4.
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On further reduction of the applied potential -@050 Vvs.SCE, there was a substantial
change in the slope of the low frequency constant phase element. This may be an
indication of increased inhomogeneity in the ionic diffusion coefficient in the reduced
state as the slope of a constant phase element is generally related to the porosity of the
polymer film® Ren and Pickup determined that the electronic resistarcef RPy

is generallynegligible, and does not, therefore, contribute to the overalloRthe
polymer®’ At potentials betwen O.C.P. aned.30 Vvs.SCE, a significant portion of

the PPy film was oxidised, however, -&50 V vs. SCE the polymer was largely
reduced and the contribution o B the overall impedance of the polymer became
apparenf®

In Figure 3.19, the impedance dateaeled at O.C.P., 0.10, 0.30 and 0.50sVSCE,

for the bulk PPy grown for 300 s, are presented. The high frequency semi circles were
due to an electron transfer resistance at the electrode/polymer interface. It was evident
from these data that the resiste of the bulk PPy film was, in general, lower at these
potentials than at the negative potential values in Figure 3.18. The polymer resistance
increased as the potential was increased from O.C.P. (58 mV) to @&£GVE from

88 t o 3 TeBpeatielyc m

Up to, and including, potentials of 0.30v8.SCE the bulk PPy behaved like a simple
capacitor, with negligible resistance, and the Nyquist impedance plot was almost
vertical. At an applied potential of 0.50/8.SCE, the Nyquist plot displayed eeince

of the onset of oveoxidation. PPy oveoxidises irreversibly at potentials higher than
0.50 V vs. SCE® This leads ¢ a decrease in its redox activity and electronic

conduct i vdarbop of @ysroletishoridisbd to C=0.

These data were fitted to the equivalent circuit presented in Figure 3.17, which
consisted of a solution resistances@® 7 3 at tharhigh frequency intercept. The
CPEZ1 values represed the high frequency capacitance, or double layer capacitance,

in parallel with R1.
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Figure 3.19: Nyquist impedance plots for bulk PPy, grown for 300 s, at various positive potentials in
0.2 M LiClO4, n = 4.

The values relating to the resistance eaplacitance values, of the two bulk polymers
formed, (0.01 C and 300 s) are presented in Tables 3.6 and 3.7. On examination it was
clear that the polymer resistance values followed similar trends, with the thicker
polymer displaying slightly higher valueas expected. The polymer capacitance
values display similar trends in the negative potential region, with the thicker polymer
having lower capacitance. This could be due to a stronger screening effect in the thicker
polymer/® There is evidence of some areas of emddation in the thicker polymer

from 0.30 V to 0.50 Ws. SCE, as it becomes less capacitive than the thinner PPy.
Overoxidation haseen described as the nucleophilic attack of the polymer chains by
nucleophilic species when the applied potential is higher than the oxidation potential
of the polymer! The thicker polymer was grown for 300 s whereas the thinner
polymer tookca. 11 s to reach a charge of 0.01C. It was possible, that exposing the
surface to an electropolymerisation potential of 0.80sVSCE, for a longer time
period,resulted in much of the polymer becoming eugrdised, hence reducing its
ability to store energy. This is due to the fact that PPy has a lower oxidation potential
compared to the monomer and indicates that-ox&fation of PPy is unavoidable if

polymeisation takes place in the presence of nucleophilic species such ag\ater.
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O.C.P. value for the thinner bulk polymer appears to be an outliedoaschot fit with

the other data obtained. It was also observed that the thicker bulk polymer showed
evidence of diffusion controlled processes, with €PP#alues closer to 0.50, whereas

the thinner bulk polymer had corresponding values between 0.72 .88d the

expected values for a capacitive porous material.

Table 3.6:Parameters for the circuit elements evaluated by fitting the impedance data of bulk PPy, (300

s), in 0.2 M LiCIQ, at various potentials.

Potential Rs CPE 1-T R1 CPE 2T

v | (a 3| @Fem?) | “PEEP | (q 3| @rem? | CPEZP
O.C.P. 6.29 08.7 0.88 88.0 6862 0.75
0.10 5.31 404 0.84 97.8 4418 0.55
-0.10 6.30 274 0.83 422.7 4700 0.72
0.30 5.93 484 0.85 206.2 3546 0.50
-0.30 7.34 180 0.78 558.0 4257 0.60
0.50 8.57 469 0.82 369.6 2573 0.50
-0.50 13.84 427 0.80 1195 2622 0.50

Table 3.7: Parameters for the circuit elements evaluated by fitting the impedance data of bulk PPy,
(0.01 C), in 0.2 M LiCIQ, at various potentials.

Potential Rs CPE 1-T R1 CPE 2T

v | (a 3| @Fem?) | PEEP| (g 3 @rem? | CPE2P
O.C.P. 6.67 971 0.72 203.14 6847 0.97
0.10 3.69 1460 0.65 3.69 1100 0.98
-0.10 5.86 587 0.71 112 2640 0.89
0.30 6.23 725 0.71 7.41 4280 0.95
-0.30 7.56 240 0.67 325 2620 0.78
0.50 5.68 297 0.91 1445 4260 0.72
-0.50 11.21 104 0.74 272 20.6 0.72

Nanowire PPy modified gold electrodes were prepared as described in Section 3.2.2.3.
Complex plane impedance plots for the resulting film, at various potentials, are shown
in Figures 3.20 and 3.21. All impedanassults shown were carried out in 0.2 M

LiClOg4, over a frequency range of 65 kHz to 5 mHz. The experiments were carried out
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over a range of applied potentials, fren50 V to 0.50 Ws.SCE, and at the O.C.P.
(54 mVvs.SCE).

Figure 3.20 shows the impatze plots for nanowire PPy at various positive potentials,
from O.C.P. to 0.50 Ws.SCE. It was clearly shown that the solution resistances were
similar, with all high frequency-axis intercepts located in the same region. As the
applied potential was aneased the corresponding Nyquist plot shifted along the x
axis, with broader sentircular diameters, indicating increased polymer resistance.
When compared to the Nyquist plot for the bulk (300 s) polymer in Figure 3.19, there
was no evidence that thenmawire polymer had become ovexidised at 0.50 Ws.

SCE, indicating a more stable polymer was formed. It is well reported that the
oxidation and reduction of PPy results from the insertion and removal of the dopant
ions into the polymer backbone. Thisusas the polymer to swell and contract
continuously. PPy nanowires are more able to withstand the strain caused by the

constant swelling and contraction of the polymer, resulting in a more stabl& film.

In Figure 3.21, the impedance plots recorded at various negative potentials for the
nanowire PPy are shown. Here, all the solution resistances were similar, as the same
electrolytes were used. As the potential was decreased, the impedance plot generally
shifted along the »axis, similar to the corresponding plot in Figure 3.18 for the bulk
polymer, indicating an increase in the polymer resistance, from O.C.P. to a potential
of -0.30 V vs. SCE. These values corresponded to the increase in theciseli
diameter, as expected. Further reducing the applied potenti®.56 V vs. SCE,
resulted in a change in the slope of the low frequency C.P.E, due to the reduction of
the PPy filmt®similar to the bulk PPy. The electronic parameters for the nanowire PPy
were fit to theequivalent circuit shown in Figure 3.17.
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Figure 3.20:Nyquist impedance plots for nanowire PPy, at various positive potentials in 0.2 MyLiCIO
n=4.
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Figure 3.21:Nyquist impedance plots for nanowire PPy, at various negative potentials inL0CI@4,
n=4.
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The resulting data, relating to the resistance and capacitance values, of the nanowire
film are presented in Table 3.8. When compared with the thinner bulk data in Table
3.7, the double layer capacitance values, (CPEL), were larger foulth@olymer,
indicating a thicker layer had formed when depositing the bulk PPy onto the electrode.
Overall, the polymer capacitance values were lower for the nanowire morphology of
PPy, suggesting a lower electroactive surface area had formed on ps&ioer As

a result, a poorly conducting nanowire polymer would have higher resistance values,
which was evident from the results shown. This was possibly due to the pH of the
electrolyte used for deposition. In general, to polymerise pyrrole, a sohHidmat is
slightly acidic is required* However, to obtain the nanowire conformation, the
electrolyte solution used had an alkalfhpH of 9.2. In such alkaline conditions,
reduced doping of the polyan backbone was likely, forming a less conducting
polymer not capable of storing large amounts of charge. It is also possible that the
nanowire modified electrodes were not sufficiently rinsed prior to running the EIS
experiments, leaving excess alkalirusion on the functionalised surface, which
could alter the pH of the electrolyte solution used for EIS studies. The effect of
electrolyte solution pH on EIS will be examined in Section 3.2.4.3. The fragility of the
nanowires formed from a relatively loeoncentration of monomer may also have
resulted in the poor performance of the PPy nanowires in this section. This will be
investigated in Section 3.2.4.4. The exponent, ®P#alues for the nanowire polymer
capacitance are similar to those obtainedtfa thinner bulk polymer, which are
typical of porous materials, like PPy.

Table 3.8:Parameters for the circuit elements evaluated by fitting the impedance data of nanowire PPy,

in 0.2 M LiClQq, at various potentials.

Potential CPE 1T R1 CPE2
&) (RS (8| dpoa [CPELP | (7ol Ly | CPE2P
O.C.P. 725 398.7 0.58 76 6860 0.80
0.10 64.9 28.3 0.78 359 141.8 0.86
-0.10 57.4 14.0 0.72 542 38.9 0.92
0.30 73.2 19.9 0.68 589 127.2 0.86
-0.30 81.6 325 0.70 466 18.7 0.88
0.50 61.2 16.3 0.62 771 104.8 0.86
-0.50 106.1 7.6 0.56 239 11.0 0.72
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3.2.4.3 Effect of Electrolyte on Impedance

In this section the effect of the nature of the electrolyte solution on the electrical
parameters of bulk PPy modified electrodes was examined. The bulk polymer was
electrodeposited onto gold substrates from aqueous solutions containing 75 mM
pyrrole, 0.2 M NaHPQy and 2 mM LiCIQ, (pH adjusted to 5.5 with HCKD at 0.80

V vs.SCE, for 300 s. EIS studies were carried out on the modified electrodes in 0.2
M solutionsof KCI, LiClO4 and NaHPQy at an applied potential of 0.10Wws. SCE

over a frequency range from 65 kHz to 5 mHz. The resulting Nyquist plots are shown
in Figure 3.22. The high frequencyaxis intercept, reflecting the solution resistance,
Rs, increaseavith the increasing ionic strength of the three different electrolytes used,
in the order, KCI < LiClIQ < N&HPQs. The electronic parameters for the impedance

graphs were fitted to the equivalent circuit shown in Figure 3.17.

Table 3.9 shows the impedanof bulk PPy modified electrodes, recorded in KCI,
LiClO4, NeeHPO, electrolyte solutions. The pH of these solutions ranged from 6.0 to
9.3.The data displayed a range of electrical behavi@&imilar double layer (5.6 and

0.6 YF cn?) and polymercapacitances (67 and 51 mF€mvere obtained in the KCI

(pH 6.1) and LIiCIQ (pH 6.0) solutions, respectively. The alkaline NBQs
electrolyte, (pH 9.3), resulted in lower double layer and polymer capacitance values,
9.3x10% uF cmi? and 1.2 mF cr, respectively, indicating that the polymer stores less
charge in an alkaline solutiohis was likely due to OHons in the alkaline solution
interfering with the dopant ions, thereby reducing the conductivity and increasing the
resistance of the film. Thitheory was examined by changing thegsthe KCI and
LiClIO4 electrolyte solutions to that of AP Q. As a result, similar capacitance values
were observed on changing the pH, indicating the significant role of the pH of the
solution, i.e., the additioof OH ions interfering with the dopant levels on the polymer

backbone.
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Figure 3.22: Nyquist impedance plots for bulk PPy, recorded at 0Ms\GCE in 0.2 M solutions of
various electrolytes) = 4.

Table 3.9: Parameters for the circuit elements evaluated by fitting the impedance data for bulk PPy,
recorded at 0.1 ¥s.SCE in 0.2 M solutions of various electrolytas; 4.

Electrolyte pH CPE1lF cnp) R1 g cnv) CPE2riF cm?)
KCI 6.1 5.6 3 67
LiClQ 6.0 0.6 101 51
NaHPQ 9.3 9.3x10? 318 1.2
KCI 9.3 6.1x10° 66 0.3
LiClQ 9.3 5.2x10? 177 54

3.2.4.4 PPy Biocompatibility

PPy is one of the most widely researched conducting polymers. One of the main
advantages is its biocompatibility’, although many of these studies were carried out
in-vitro.”® These includedtudies showing that PPy supported the adhesion of various
kinds of cells, such as neuronal, etitelial and skeletal muscle ceffsTo further
evaluate the biocompatibility of PPy, Wamy al tested the suitability of PPy with
nerve tissuein-vitro and in-vivo.® They demonstrated that the presence of

PPy/biodegradable composites caused no abnormal tissue response. Other studies
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concluded that PPy particles did not cause any cytotoxic effects to mouse peritoneum
cells’® To my knowledge, no reports pertain to the stability of nanowire morphologies
of PPyin-vivo. Becharaet al have coated nanostructures with PPy for stem cell
research, but this study involved bulk PPy and was carrieth-aitro.”” Fonner et al
observed that although PPy doped with smaller ions had a high surface roughness it
also dedoped rapidly, possibly leeching into surrounding tis§ue.contrast to other
reports, Jianget al confirmed that PPy coated fabrics caused some localised
inflammation. They also recorded that thicker or clustered areas of PPy were damaged
on implantatior!? acknowledging the importance of achieving a thin, uniform PPy
coding. In some reports, PPy was found to result in a brittle amorphous méterial.
Throughout the work carried out in this chapter, several SEM micrographs were
recorded showing damaged PPy nanowire surfaces, casting doubt on the strength of

the nanowires formed from a low monomer concentration (75 mM)ré&g23 shows

some of the resulting images.

Figure 3.23: SEM micrographs showing damaged PPy nanowires resulting from an
electropolymerisation solution containing 75 mM pyrrole.

3.3 Conclusion

The aim of this chapter was to compare the electrochemical properties of bulk and
nanowire conformations of PPy. This would determine the ability to further modify

the polymer with sensing agents, e.g., copper structures used for sensing the nitrate
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ion. Sections 3.2.1 and 3.2.2 discussed the different morphologies of PPy
electrografted onto gold electrodes. Two conformations, nanowire and bulk, were
prepared using the same conditions, but reducing the electrolyte pH for the bulk
polymer. In order to obtaia nanowire covering of the gold substrate the electrolyte
solution needed to be slightly alkaline/alkaline in nature before the onset of
polymerisation, the excess QHns causing the slow growth conditions necessary to
achieve the nanowire film, by mojpg up excess Hions released during the

electropolymerisation process.

The effect of dopant ions (Ck) was examined, revealing that the larger catiori, Na
resulted in significantly thicker wires, (@ = 115.20 nm), than(@ = 103.40 nm)P

= 0.0016.Longer PPy wires grown from aqueous solutions often display lower
conductivities due to carbonyl defects interfering with the conjugation on the polymer
backbone. To reduce these defects, the nanowires were grown from a lower pyrrole
concentration. FAIR spectra confirmed that most of the carbonyl defects had been

removed. This would enable the formation of shorter more conducting wires.

Bulk polymers required the electrolyte pH to be slightly acidic in nature. The
subsequent release of kbns on polymeriation led to a faster growth rate leading to

a bulk conformation. The CVs of the two polymers, nanowire and bulk, revealed that
the bulk PPy, when deposited for 300 s, had far superior capacitance and surface area
than its nanowire counterpart. The suefaceas of both polymers were estimated, and
found to be 0.14 chfor the nanowires and 0.73 éifior the bulk PPy.

Section 3.2.3 discussed the preparation of bulk and nanowire conformations of
electrodeposited PPy with similar surface areas. It was fabat a nanowire
morphology grown for 300 s, had a similar area to a bulk polymer grown to a charge

of 0.01 C. CV confirmed the similar surface areas of the polymers, both displaying
guastreversible electrode kinetics that is typical of PPy films. Howedfernanowire

modi fied electrode had a smaller &eE val
indicated the facilitation of the oxidation and reduction reactions. This was indicative

of enhanced electrochemical properties of the nanowire PPy.

A study of thethickness of the bulk PPy films formed from various electrodeposition

times was carried out, by recording the charge consumed during electropolymerisation.

108



Electrochemical Properties of Polypyrrole Chapter 3

Polymer thickness measurements were recorded from SEM micrographs, and plotted
against the chargeedsity, C crif. The film thickness was experimentally found to be
directly proportional to the charge consumed during polymerisation, each?C cm
forming 2.7 um of PPy. This was in good agreement with the literature value of 2.5
um/C cn>. A mathematicatquation was also used to evaluate the amount of polymer
deposited per unit charge. This resulted in a polymer thickness formed of 2.97 um/C
cmi?. Discrepancies between the experimental value and the literature and theoretical
values were explained blge different dopant anion and the level of doping within the

polymer backbone.

Section 3.2.4 of this chapter examined the electrical properties, of bulk and nanowire
conformations of electrochemically deposited PPy, formed in Sections 3.2.2 and 3.2.3,
by EIS. Studies carried out in Section 3.2.4.1 compared bare gold electrodes with those
modified with nanowire and bulk morphologies of PPy. The Nyquist plots revealed
considerable differences in the resulting impedance spectra. The results were fitted to
thesame equivalent circuit, enabling easy comparison of the electrical propEnges.
reduction of the polymer resistance, due to the modification with PPy, especially the
nanowire network, showed the improvement in the electronic properties. Both
nanowire ad bulk films displayed almost purely capacitive behaviour, as indicated by

the low frequency response being an almost vertical line.

The effect of the applied potential on the impedance spectra was discussed in Section
3.2.4.2. Three different polymerseve examined, nanowires, bulk PPy grown for 300

s and bulk PPy grown to a charge of 0.0Tke shape of the impedance Nyquist plots
changed substantially with the negative shift in potential, indicating that the
electrochemical properties of PPy films iear as a function of the applied potential,

with the polymer changing from an oxidised to reduced state, over the potentials
applied. The bulk polymer, grown for 300 s, displayed characteristics cbmidation

that were not evident in the nanowire film.

Section 3.2.4.3 examined the effect of the electrolyte on the impedance characteristics
of a bulk PPy grown for 300 &imilar double layer and polymer capacitances were
obtained in the solutions with similar pH, KCI (pH = 6.1) and Li&gH = 6.0). The
alkaline NaHPQs (pH 9.3) resulted in lower capacitance values, indicating that the

polymer stored less charge in the alkaline solution. Similar capacitance values were
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observed on changing the pH of the KCI and LiC#0lutions to that of NdHPQq,
indicating the significant role of the pH of the electrolyte solution.

In Section 3.2.4.4 the biocompatibility of PPy films and the stability of nanowire
conformations were reviewed. Many reviewers reported PPy as a biocompatible
matrix, however, many of thess#tudies were carried oum-vitro. In-vivo studies
support PPy as a biocompatible material, but the conditions of growth are important as
smaller dopant ions may leech into surrounding tissue. The suitability of nanowire PPy
for in-vivo studies was questied as many samples produced in this thesis resulted in

damaged surfaces.

In conclusion, bulk and nanowire conformations of PPy were successfully
electrodeposited onto the gold substrate. The nanowire CV showed a more reversible
system than the bulk matakjindicating more efficient electrical properties. EIS again

showed the better properties of nanowires with lower polymer resistance observed.
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Chapter 4

CPE: Optimisation oElectrochemical
Reduction of 8enzoylamine?, 5
dimethoxybenzenediazonium chloride
hemi zinc chloride salt (FBRR)

115



CPE: Optimisation of Electrochemical Reduction Chapter 4

4.1 Introduction

In this chapter the electrochemical deposition of FBRR in the presence of organic and
agueous solvents onto carbon paste electrodes (CPES) is discussed. This was achieved
by a onestep electrochemical deposition process using either LSV or CV techniques.
The modified electrode characteristics and redox properties were subsequently
analysed using CV. Surface analysis techniques of SEM and EDX were employed to

confirm the modification of the substrate.

The evolution of various carbon surfaces has allowedievelopment of electrodes

with advantages in catalytic, analytical and biological applications, e.g.,
electrocatalysts for the electrochemical reduction of oxyg&daptations to carbon
surfaces include the electrochemical covalent bonding of moieties to the substrate, for
example, the electrreduction of diazonium saftand the development of CPEs.
These advancements have enabled the development of electrodes for pH monitoring
that have distinct advantages compared to other common methods used for the

determination of solution pBincluding their strength, reproducibility and low cost.

CPEs, were first iinoduced in 1958 by Ralph Norman Ad&masd have, since then,
been widely us# in analytical chemistry, notably in voltammetryCarbon paste is
prepared by mixing powdered graphite with a lipdiphorganic, liquid binding agent,
e.g., silicone oil, forming a heterogeneous surface of carbon particles embedded in a
pasting liquid. The resulting electrodes contain electrically conductive particles
dispersed in an insulating binderThe purpose of the binder is to hold the particles
together. Despitthe presence of the noonducting binder carbon pastes generally
have a low ohmic resistangé,this can be explained by the tight arrangement of the
spherical particles within the pasteThe active surface of a CPE is partially or
completely coered by a thin film of the binding liquid. This causes the surface of a
CPE to be, in general, lipophilic and therefore hydrophbbithe hydrophobicity of

a CPE is of great importance as it aféethe character of the electrode and the electron

processes that occur at its surfice.

The structure of a CPE depends on the properties of its main constifueFite
binding liquid should be chemically inert, electrochemically inactive, of high viscosity

and low volatility, minimally soluble in aqueouslgents and immiscible with organic
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solventst! Roughness varies in each individually prepared electrode, so each CPE has
its own unique surface which leads to the fact that the surface area doesesgond

to the geometrical aréaThe electroactive surface area depends on the graphite/binder
ratio, smoothing methods and whethemot the electrodes have been-peated-*

The cabon/binder ratio used in this thesis was 0.71 g graphitepP&lcone oil.

4-Benzoylamine2, 5-dimethoxybenzenediazonium chloride hemi zinc chloride salt
also known as Fast Blue RR, FBRR, is a quinone containing (aryl) diazonium salt.
Quinones haveshown strong adsorption onto various surfaces including platinum,
graphite and glassy carbdh. They are attached by using diazonium attachment
chemistry ond the required surface. The first reported reduction of an aryl diazonium
salt onto carbon was in 1992 by Saveant éf alhe electrochemical reduction of
diazonium salts leads to a solid covalent attachment of aryl groups onto the substrate
surface and generally results in a layered deposition of the produdhergobstrate,

not monolayers! These layers can vary in thickness from a few nm to severaf um.
The layers are formed when the radical attaches to the first layer of deposited salt. This
happens when the radical attacks the opbsitior? 1° of an already surface bound

aryl group, leading to the formation of multilayé’sThe reduction of FBRR can be
carried out in an aprotic solvent, e.g., 0.1 M TEABFACN,?! or an aqueous solvent,

e.g., 0.1 M HSQ.?? Diazonium salts are stable in aqueous acidic solutions, but
although their stability decreases as the pH increases abo®i3githey have been

reported as stable in acetonitrife.

The redox process involves changes in the protonation state between the quinone and
the hydroquinone moieties meaning that potential values vary with pHNernstian
fashion?* 2° Several quinone modéd electrodes have been reported to respond to
pH?% 27 put few have been developed on biocompatible mégetiat exhibit activity

in a physiologically relevant pH rang@.

4.2 Results and Discussion

In this section the full characterisation of FBRR/CPEs for usage as voltammetric pH

sensors was performed. FBRR was electrodeposited onto the prepared CPEs using the
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electrochemical techniques of CV and LSV using both organic and acidic supporting
electrolytes. All of the deposition parameters were examined along with the cycling
conditions of modified CPEs in order to optimise the anodic and cathodic peaks
obtained. The stability of the peak potentials were then investigated. Storage
conditions for the @utions, bare and modified CPEs were reviewed. Finally the pH
responses of the FBRR/CPEs were analysed.

4.2.1 Carbon Paste Electrodes

CPEs can usually be polarised up to between 1.0 V and ¥s4SCE°. This can be

affected by the solvent medium. An increase in alkalinity will lead to a decneidse

positive potential limit Background currents are normally in tienange and would

seldom exceed [IA.2 The background CV for a bare CPE in $aturated PBS is

shown in Figure 4.1. A background cearnt | ev el i's described
recorded in a blank electrol YyThecuwentshi n t
are caused by several factors inchgjiadsorbed oxygen in the paste and oxygen
containing groups on the surfaces of the carbon parficleBhe electron transfer

kinetics fa CPEs is reduced due to the presence of thecooducting binding oil.

The less binding fluid included in the paste mixture results in higher background
currents, i.e., less liquid content leads to a more rapid charge transfer at the electrode

surfacet!

Current / nA

-20 T T T
-0.5 0.0 0.5

Potential / V vs. SCE

Figure 4.1: Average background CV of CPEs in dhturated PBS pH 7.4,= 16.
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Over time the currents increased with cycling. Figure 4.2 shows a bare CPE cycled in
PBS from-0.70 to 0.80 Ws.SCE at 100 mV/s for 400 cycles. This number of cycles
was chosen due to the end application of the sensor being cycled in tissaelfbr

12 hours, so cycling for 400 cycles (3.5 hours) would give a good indication of how
the sensor would perform. Wiett) of the electrode surface has been reported to cause
an initial increase in activity, especially over the first 2 minutes of cyéfiadter this

the gradual increase in currents obtained is possibly due to the binding oil leeching
from the electrodd and less binding fluid results in increased conductititit could

also be causedylthe surface contracting, and therefore increasing in area, due to the
leeching of the silicone oil.

-— 50
c100
c150
c200
c250
c300
c350
c400

Current / nA

-0.5 0.0 0.5
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Figure 4.2: Increasing currents with cycling of bare CPEs cycled in PBS for 400 cyclesGt@thto
0.80 Vvs.SCE at 100 mV/sp = 4.

It has beemeported that carbon substrates can have many functional groups present on
their surfaces which can react with atmospheric oxygen forming a series of
electrochemically active group%3? Included in these functional groups are quinones
which are pH dependent. border to examine whether these groups were evident in
the CVs of bare CPEs, they were cycled in PBS solutions of pH 7.2, 7.4 and 7.6 for
400 cycles in each solution. The resulting CVs are shown in Figure 4.3 and show no
clear evidence of the existencesnich species, a finding that has been supported by
literature® This confirms the requirement of depositing an electroactive species onto

a CPE tadevelop a voltammetric pH sensor.
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Figure 4.3: Bare CPEs cycled for 400 cycles in PBS solutions with pH 7.2, 7.4 and 7 4,

4.2.2 Electrochemical Reduction and Cycling

In this section the electn@duction of FBRR onto prepared CPE surfaces by CV and
LSV from a 2 mM solution of the salt in an aprotic solvent, 0.1 M TEAREN, and
aqueous solvent, 0.1 M-BQ,, was examined. Several parameters were altered in
order to obtain the optimum deposition, i.e., one that results in stable, sharp oxidation
or reduction peaks. These included the age of the FBRR solution at the time of
deposition, the number of sweepgkgd, the potential range over which deposition

took place and the scan rate at which CV or LSV was carried out.

As so many factors had an effect on the deposition of FBRR onto the substrate and the
resulting CV of the modified electrodes, all of theiahles were crossed examined.

For example, for each day of FBRR uséjkeveral deposition scan rates were tested.
Then each of the scan rates was used over a variety of potential ranges and number of
linear sweeps. All of these deposition combinatiavese then subjected to similar
permutations and combinations of scan rate and potential window in order to obtain
the most stable and reproducible redox peaks when cycling the modified CPEs in PBS.

A schematic of this process is shown in Figure 4.4.
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Figure 4.4: Schematic showing the combinations of deposition and cycling variables investigated in
order to optimise the redox peaks of FBRR deposited by LSV from 0.1 M THABN on CPEs.

The characterisation of the deposition paransetérFBRR onto the CPE substrate
involved repeating a set of similar experiments four times, deposition by CV using
TEABF4#ACN, deposition by CV using #Qs, deposition by LSV using
TEABF4/ACN and deposition by LSV using.BQs. To avoid repetition the ralis in

this section will display results from one system in full with reference made to the

other three systems.

4.2.3 Electro-reduction of FBRR

This section shows the reduction profiles under various conditions and the effect on
recycling the resultingnodified electrode in PBS. Figure 4.5 shows the CV of a bare
CPE in the background electrolyte, 0.1 M TEABY¥CN, compared to the first
deposition cycle of 2 mM FBRR. An irreversible reduction wave is evident at
approximately-0.35 Vvs.SCE. This causethe radical formation of the FBRR and

the subsequent covalent bond formation with the CPE surface.
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Figure 4.5: CVs of CPEs inTEABF4#/ACN and the first reduction cycle of 2 mM FBRRs 4.

As well as 0.1 M TEAFBin ACN, FBRR can also be electrodeposited using 0.1 M
H.SQ as the supporting electrolyté.Figure 4.6 shows the CV of a bare CPE in the
background electrolyte, 0.1 MBQs, compared to the first deposition cycle of 2 mM
FBRR/ HSQs. An irreversible reduction curve is evident. This causes the radical
formation of the FBRR and the subsequent covalent bond formation with the CPE
surface. When compared to the deposition in 0.1M TEABEN, Figure 4.5, it can

be seen thathe currents obtained by cycling in the acid supporting electrolyte are
substantially reduced, as well the currents for the FBRR deposition which are
approximately one tenth that of the deposition in the aprotic solvent. Organic solvents
are miscible withthe hydrophobic layer on the surface of CPEs. This layer can become

dissolved and eventually removed resulting in higher curfénts.
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Figure 4.6: Bare CPE in background solvent and the first reduction cycle of 2 mM FBRR,

4.2.3.1 Stability of FBRR in TEABR/ACN

The shelf life of diazonium salt solutions in aprotic media is approximately 5'¢ays.

In order to determine the effect that the age of the FBRR/TEAABMN solution had

on the resulting CV scan the solution was prepared on day 1 before ddeatro
deposited onto a CPE by sweeping the applied potential over various ranges, scan rates
and number of deposition sweeps. This procedure was repeated on 4 CPEs on 5
consecutive days using the same solution which was stored at 4°C when not in use.
The resulting reduction LSV profiles for day$Jare shown in Figure 4.7. The FBRR

was electrodeposited from 0.40-80 Vvs.SCE for 5 sweeps, at a scan rate of 100
mV/s. Days 24 were identified as resulting in the best deposition of FBRR onto CPEs.
The reduction of the salt is evident by the broad peak at approxini&t&y V vs.

SCE in Figure 4.7(A).

The modified CPEs were then cycled in PBS (pH 7.4). When the resulting CVs were
compared, cycle 50, the best deposition resulted from the elesmtnazi reduction of

FBRR on days 3. Figure 4.7(B) shows modified CPEs cycled betw#=50 and

0.80 Vvs.SCE at 100 mV/s. The poorly defined redox peaks are highlighted within
the solid rectangle. On day 1 the redox peaks were relatively broad, nitakffigult

to precisely locate the peak potential. A decrease in the peak height generated from
depositing from the solution on days 4 and 5 was evident. This indicated that the
FBRR concentration in solution had depleted, either due to the numbepasdition
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sweeps taken or due to the time taken for the number of depositions. A second
oxidation peak (dashed rectangle) was observed.&35 Vvs.SCE in the CVs of
FBRR/CPEs, this will be discussed later in this chapter, Section 4.2.3.16.
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Figure 4.7: (A) Reduction profiles, tsweep, of 2 mM FBRR in 0.1 M TEABFACN over 5 days. (B)
The modified electrodes cycled in PBS. All at 100 m¥i/s, 4.

4.2.3.2 Stability of FBRR in LSO

Similar to Section 4.2.2.1, an FBRR&{D; solution was prepared on day 1 by
dissolving 2 mM FBRR in 0.1 M ¥$Qs. This was then Nsaturated before being
electredeposited onto a freshly prepared CPE. This procedure was repeated on 4
CPEs on 4 consecutive days using the same solution whichtevad st 4°C when

not in use.

The modified CPEs were then cycled in PBS. Figure 4.8 shows theybe of the
resulting CVs with the characteristic anodic and cathodic peaks at approxirfQ2d&ly
and-0.15 Vvs. SCE, respectively. When these werenpared the sharpest redox
peaks resulted from the electrochemical reduction of FBRR aftef'ti@yl On day

1 the redox peaks were relatively broad making it difficult to precisely locate the peak
potential. On days 2 and 3 both the oxidation andatemlu peaks appear sharp
indicating a rapid electron transfer process. The sharpness of the peak makes it easier
to extract the peak potential value for pH analysis. A decrease in the peak height
generated from depositing from the solution on day 4 waeet. This indicated that

the FBRR concentration in solution had depleted, due to the number of deposition
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sweeps carried out. Other oxidation peaks were again observed here and will be dealt
with in Section 4.2.3.16.
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Figure 4.8: CVs resulting fromhe electrereduction of FBRR/ESOy by LSV from 0.40 t60.80 Vvs.
SCE at 100 mV/s over a period of 4 days; 4.

4.2.3.3 Deposition Scan Rate

Figure 4.9(A) shows the depositioprofiles (CV) for 2 mM FBRR/HSO:
electrodeposited from 0.40 18.80 Vvs.SCE at various scan rates (mV/s). When the

scan rate was decreased there was a corresponding decrease in the peak currents
obtained during deposition. This occurs because thamalogram takes longer to

record each cycle as the scan rate is decreased, i.e., the cycles are recorded faster at
higher scan rates. This influences the diffusion layer thickness. At slow scan rates the
diffusion layer will grow much further from the ekeode surface as it takes more time,

so there will be a smaller concentration gradient between the surface and the solvent
resulting in lower peak currents at slow scan rates and higher peak currents at higher
scan rates. The increase in peak curretit sgan rate implies that a more capacitive

film has been formed. For this reason the deposition curve with the largest peak current
may not necessarily result in the best surface coverage with FBRBuld appear

from Figure 4.9(A) that the best FBRRpdsition occurs at 100 mV/s, this is in
agreement with the resulting CVs of the modified electrodes in PBS, Figure 4.9(B).
Similarly, deposition by LSV from the aqueous electrolyte, and all depositions from

the organic solvent showed 100 mV/s as the optirsoan rate to employ.
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Figure 4.9: (A) Deposition profiles, $sweep, of 2 mM FBRR/ASO, at various scan rat€¢20-500
mV/s),and (B) the resulting CVs, 8@ycle,n = 4.

Figure 4.10:(A) 2 mM FBRR solution having been used for CV electrodeposition on 3 consecutive
days and (B) a freshly prepared FBRR/TEABY¥CN solution.

It was previously observed that the day of deposition played a significant role in the
deposition of FBRR and the clarity of the CVs subsequently produced so all of the
above scan rates were applied to the deposition of FBRR on each of8lalygylre

4.9 above shows the resulting CVs from day 2. The electrodeposition of FBRR by
LSV was carried out over days5l In the case of CV deposition each electrode was
cycled 10 times and forward and reverse scans were performed increasing the time that
the soluton was in use. This resulted in the FBRR concentration and volume
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diminishing by day 4. However, LSV deposition was carried out for 5 reduction
sweeps only. Figure 4.10(A) shows the appearance of the FBRR/TEARBEN
having been used for CV electrodepiosis on 3 consecutive days. Image (B) shows

how the solution appears when freshly prepared.

4.2.3.4 Deposition Potential Range

2 mM FBRR in 0.1 M HSOQs was electrodeposited onto CPEs by CV varying both the
anodic and cathodic potential rangés=(100 mV/s). Firstly the cathodic potential
applied was varied betwee0.60 and-1.00 Vvs.SCE while maintaining the anodic
potential limit to 0.40 Ws SCE. The deposition reduction curves obtained, cycle 1,
are shown in Figure 4.11(A) and the resulting CVs after deposition are in Figure
4.11(B). This procedure was repeated on dagsafter the FBRR solution had been
prepared. The results shown belowfapen day 2. The best reduction peaks resulted
from FBRR deposited between 0.40 ad80 Vvs.SCE with a welldefined reduction
peak at approximatel0.50 Vvs.SCE. From the resulting CVs a similar pattern is
observed with sharper more defined anodied cathodic peaks obtained at
approximately 0.03 and.20 Vvs.SCE, respectively, for each of the potential ranges
applied.

The limit of the reduction potential was subsequently choseh &3 Vvs.SCE. This
avoided bringing the applied potential ttmo low a value resulting in the possible
reduction of the aryl radical to the undesired arfoff forming a multilayered
surface®® Similar results were observed when depositing FBRR® by LSV,
however, results from FBRR/TEABHACN formed poorly defined redox peaks.
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Figure 4.11:(A) Reduction profiles, cycle 1, for the deposition of 2 mM FBRR onto CPEs using various
cathodic potentials and B the resulting modified electrodes cycled infPB8,

The anodic potential was then varied from 0.20 to 0.88.8CE. The LSV deposition
reduction profiles, sweep 1, for FBRR&, are shown in Figure 4.12(A) with the
resulting CVs, 50 cycle, after deposition in Figure 4.12(H)he reduction profiles,
Figure 4.12(A), show a clear reduction at approximat&B0V vs.SCE.The resulting

CVs indicate the variability in the oxidation and reduction peaks observed. The
reduction peak appears broad across all the deposition potentials applied, this would
make it difficult to extrapolate a precise peak potential vaduzder to determine a

pH response. The oxidation peaks are, in general, shargegting more efficient
electron transfer processa@$iese experiments were performed using a FBRR solution
aged between 1 and 4 days old, with the results shown ineHgili2 obtained when
electrereducing the FBRR/ESQw onto CPEs from a 2 day old solution.
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Figure 4.12:(A) LSV Deposition profiles for 2 mM FBRRAS$O, (day 2) over various anodic potential
ranges and (B) the resulting CVs of the modified electrodes, all at 100 mV/s. The CVs all shoiv the 50
cycle,n =4.

The CVs resulting from all depositions involving TEABKCN were of poor quality,

with ill-definedoxidation and reduction peaks of low current output, rendering them

ineffective for the purpose of the sensor.

A potential range of 0.40 t®.80 Vvs.SCE was chosen as the optimum for all future
electredepositions of FBRR onto CPEs as this appeared to give more defined redox

peaks when the results from all days were considered.

4.2.3.5 Number of Deposition Sweeps

The electrochemical reduction of diazoniwalts generally results in a layered
deposition of the product onto the substrate, not monoldY/dise application of more
reduction sweeps normally produce thicker layérshe formation of a uniformly
distributed monolayer of FBRR on the substrate is desirable in order to minimise the
diffusion layer thickness therefore increasing the electron transfer kinetese, the
effect of increasing the number of sweeps applied in CV and LSV was investigated.

FBRR was deposited by CV between 0.40 &n80 Vvs.SCE at 100 mV/s. Figure
4.13(A) shows a typical CV for 10 cycles of deposition on a CPE from a solution
containing 0.1 M TEABEin ACN. It shows that most of the FBRR was deposited in
the first cycle. The attachment of the aryl radical to the surfaes gse to the near
disappearance of the reduction curve after the first reduction cycle has been performed,

showing rapid blocking of the surface of the electrode by the organictfajiénis is
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likely the reason for the broadness of the wave; the surface being modified while the
voltammogram is recorded.3* In the following cycles, the reduction peak is absent
which shows that #electrode is in a passive state and FBRR is no longer depositing
onto the carbon paste surfdée* The reduction of FBRR was then carried out for 1,

5, and 10 cycles. The resulting CVs are shown in Figure 4.13(B) with 10 deposition
cycles giving the most defined peaks. Similasults were found when depositing
FBRR/HSQs by CV, so all future CV electreeductions involved cycling the CPEs

in FBRR solutions for 10 cycles.
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Figure 4.13:(A) Deposition CVs for 2 mM FBRR/TEABFACN, 10 cycles(B) FBRR/CPEs cycled
in PBS, pH 7.4, having been electrodeposited for 1,5 and 10 cycles from 6048Qtd/vs. SCE,n =
4,

The effect of increasing the number of sweeps applied in LSV was then investigated
across various anodic potential ranges, frof® @ 0.80 Ws.SCE. FBRR/HSOQ: was
deposited by LSV for 2, 5 and 10 sweeps at 100 mV/s. The resulting CVs are shown

in Figure 4.14(BD). Across all potential ranges 5 sweeps gave the best results.

When the deposition profiles were reviewed there wélsesidence of some FBRR
deposition after the 2nd sweep, a small reduction peak is evident in Figure 4.14(A),
and so 2 sweeps may give the maximum amount of FBRR on the CPE surface. 10
sweeps appeared to deposit too much FBRR on the surface, causintayeasyto

deposit onto the electrode. This thicker layer resulted in reduced electron transfer and
therefore reduced peak currents. The peaks are also broader due to the slow rate of
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electron transfer. Depositing from 0.40-@080 Vvs.SCE gave the bestsults which
confirmed the results obtained in Section 4.2.2.4.

It was also found that depositing FBRR/TEABRCN by LSV for 5 sweeps gave the
optimum electrode coverage.
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Figure 4.14: (A) Reduction profiles for FBRR/$O:, sweeps 410, with the resulting CVs of the
modified CPEs in PBS having been eleateduced for 2, 5 and 10 sweeps from (B) 0.4€0t80 V,
(C) 0.60 t0-0.80 V and (D) 0.80 te0.80 Vvs.SCE,n= 4.

4.2.3.6 Evidence of FBRR Deposition

Figure 4.15 demonstratéisat the FBRR salt has been successfully electrodeposited

onto the CPE surface. The plot shows three different CVs, all representing"the 50

cycles. The innermost cycle shows the CV of a bare CPE in PBS. The centre CV
shows the resulting CV once&lQs had been deposited (LSV, 5 sweeps; 0.40180

V vs.SCE at 100 mV/s). These two CVs are almost identical other than a higher

capacitance evident for the CPE modified #5B4. This suggests that the silicone oll
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was drawn out when cycling CPEs remgtin a higher carbon: silicone oil ratibThe
outermost cycle shows the resulting CV after the reduction of FBRR onto the CPEs
with the oxidation{0.02 V) and reduction peak®(15 V) of the dhzonium salt clearly
shown. T h jvalue gfi0XLEWs. SEE. qhBe redox pairs of quinones are
generally classed as a quasversible system, but this depends on the type of electrode
used. At CPEs an irreversible behavior is generally obséfuedan be concluded
therefore, that FBRR has been eleataposited onto the electrode surface. Whether
depositing BRR by CV or LSV, from solutions of 1$Q: or TEABR/ACN,
successful electroeduction of the salt was shown by similar CVs.
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Figure 4.15: CVs comparing a bare CPE with ones modified with 0.1 p8® and FBRR/HSO,
indicating that FBRR has been successfully electrodeposited,

The SEM micrographs of a bare CPE (A) and one that has been modified with FBRR
by LSV (B) are shown in Figure 4.16. Both iges show irregularities on the surfaces
leading to an inteelectrode variability in surface area. They also show the porous

nature of CPEs. Obtaining a smoother surface would give more reproducibleresults.

The corresponding EDXs shown directly below the images both show carbon and
silicone, the two constituents of carbon paste. EDX (B) representing the FBRR/CPE

has some zinc peaks resulting from the successful deposition of the diazonium salt.
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There is noedence of the nitrogen from the FBRR, this is because the nitrogen signal
appears at 0.392 keV and cannot be resolved.

Spectrum B

B

Figure 4.16: SEM micrographs with their corresponding EDX below. (A) A bare CPE, (B) an
FBRR/CPE modified by LSV.

Unlike the CPEs modified by LSV the EDX of FBRR deposition by CV, in Figure
4.17, shows no definitive evidence of the existence of FBRR® electrode surface,
possibly indicating that significantly less FBRR was deposited by CV than LSV.
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Figure 4.17: SEM micrograph and EDX of a FBRR CPE modified by CV in 0.1 M TEABEN.

4.2.3.7 FBRR Concentration

The deposition of FBRR onto CPEs had up until now involved a FBRR concentration
of 2 mM. Literature values for FBRR solutions ia3@x range from 15 mM.®In an
attempt to deposit more FBRR onto the electrode surface, while maintaining a
monolayer covexrge, a solution containing 5 mM FBRR in 0.1 V8@ was prepared

and N saturated before being reduced onto the electrode surface by CV, for 10 cycles
at 100 mV/s from 0.40 t€0.80 Vvs.SCE. The resulting electrodes were then cycled

in PBS solutions with pH values of 7.2, 7.4 and 7.6 frOri0 to 0.80 Ws.SCE at

100 mV/s over four days. Figure 4.18 shows the resulting CVs obtained from the
FBRR/HSQ; solution on day 3. The anodindcathodic peaks obtained were broad,
indicating slow electron transfer processes occurring at the electrode surface/solution
interface. FBRR salt has a solubility in® of 1.0 mg/ml, which equates to under 3
mM, therefore a solution above this concetira would be of no benefit. As
increasing the concentration of FBRR did not enhance the redox peaks it was

maintained at 2 mM for all experiments.
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Figure 4.18: CVs showing the pH response of FBRRA®; modified CPESs using a 5 mM solution of
FBRR,n = 4.

4.2.3.8 Cycling Modified CPEs in PBS

CPEs modified from aqueous and organic electrolytes, by LSV and CV, were
examined by CV in order to ascertain that FBRR had been successfully deposited onto
the electrode surface. It was also important to monitor the pateati which the
oxidation and reduction peaks occurred as a requirement was to develop a sensor that
would respond to very small pH changes, between 7.20 and 7.60. In order to
extrapolate these peak potentials a sharp;aedihed peak that is stableantime and
responds to pH is desirable. The mechanism for the oxidation/reduction reaction of
FBRR which is a 2°¢ 2 H" proces® has been described in the introduction section.

In this section the modified CPEs were cycled in PBS, varying the scan rates and
potential ranges. The stability of the response over 400 cycles (3.3 hours) was also
monitored along with the pH responsedlué redox peaks. Each of the aforementioned
experiments were carried using the same FBRR solutions over several days. The

storage conditions for bare and FBRR/CPEs was also examined.

4.2.3.9 Scan Rate

In order to determine the effect of the scan réeof theresulting redox peaks,
FBRR/H,SQy/CPEs were cycled at various scan rates, ranging from 50 to 500 mV/s.
The resulting CVs of the modified electrodes in PBS (pH 7.4) are shown in Figure
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4.19(A). As previously mentioned in Section 4.2.2.3, the currentewath have
increased with increasing scan rate. The results in Figure 4.19 show all the scan rates
examined in graph (A). Graph (B) shows the scan rates from 20 to 100 mV/s. At higher
scan rates the oxidation peak at approximately 0.03 V lost sharpressoseer scan

rate, 100 mV/s, was identified as the optimum scan rate for cycling FBRR/CPEs in
PBS.
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Figure 4.19: CVs showing CPEs modified with FBRR/BO,, cycled in PBS at scan rates between 20

and 500 mV/s (A) and from 20 to 100 mV/s (B) resulting in a better defined anodic peak at 100 mV/s,
n=4.

A linear dependence of the square root of the scan rate on the peak current (oxidation
and reduction) indicates a diffusion controlled redox process whereas a surface
controlled redox process results in a straight line plot of scarvsapeak current.
Figure 4.20(A)plots the peak current, Ip, as a function of the scandal@,values of

0.997 and 0.998 for the oxidation and reduction peak currents, respectively, were
achieved. Figure 4.20(B) plots the peak current, Ip, as a function of the scptawé ro

the scan ratgy"2. R? values of 0.980 and 0.975 for the oxidation and reduction peak
currents, respectively, were achievefls both these plots have straight line
relationships a plot of the log of peak curresthe log of the scan rate was ctvasted,

Figure 4.20(C). This gave a linear dependence with slopes of 0.8181 and 0.9205 for
the oxidation and reduction peaks, respectively. These values, between 0.5 and 1.0,

confirm mixed mass transport, diffusion and adsorptfarsulting from thislayer
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diffusion** 42 This occurs when pockets of solution become trapped in the porous
modified layer. As the electron transfer proceeds the currents decay over the potential
cycle as there is a limited amouritkBRR in the trapped solution. These results are
indicative of a quasieversible surface bound species that has been adsorbed onto the

substrate surfacg.

As was observed previously the currents obtained increased with cycling. In order to
eliminate any hysteresis effects in the above experiments the electrodes were cycled
from a slow scan rate of 20 mV/s inastng up to 500 mV/s, the order was then
reversed (cycling from high scan rate to low). By taking average peak currents of each

scan rate better estimates of the currents were obtained.
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Figure 4.20: The plots of (A) Ipvs &, (B) Ipvs 2and (C) log Ipvs log @, for CV modified CPEs, all
inPBSpH 7.4
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Figure 4.21(A) shows the results obtained when FBRR/TEABEN modified CPEs

were cycled at various scan rates. The lower scan rates have been isolated in Figure
4.21(B) and show the oxidah and reduction peaks resulting from the FBRR salt.
These peaks are not evident at higher scan rates as the faster scan rate has failed to
differentiate the peaks during the cycle. Comparing Figures 4.19(A) and 4.21(A)
reveals the differences in peatrrhations between the two supporting electrolytes
used, with the FBRR/}$Qs peaks much sharper than the FBRR/TEABE€aks.

0.05-

0.00

Current / mA
Current / mA

-0.054

0.0 05
Potential / V vs. SCE Potential / V vs. SCE

Figure 4.21: (A) FBRR modified electrodes cycled in PBS with varying scan rates between 50 and
1000 mV/s and (B) the lower scaneatexpanded) = 4.

Again, the peak currents for both the anodic and cathodic reactions are directly
proportional to the scan rate indicating a surface controlled redox process, and vary
linearly with the square root of scan rate indicating a diffusmnirolled process.
Figure 4.22A) plots the peak current, Ip, as a function of the square root of the scan
rate,&*2. Correlation coefficients of 0.996 and 0.997 for the anodic and cathodic peak
currents, respectively, were achieved. Figure 4.2p(& the peak current, Ip, as a
function of the scan raté, R values of 0.979 and 0.984 for the anodic and cathodic
peak currents, respectively, were achievébde corresponding plot of the log of peak
currentvs the log of the scan rate. Figure 22 also revealed a linear dependence
with slopes of 0.802 and 0.739 for the oxidation and reduction peaks, respectively,
leading to Equations 4.1 and 4.2, indicative of thin layer diffusion.
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Anodic: log Ip = 0.802 logd - 7.98; R =0.9869 4.1
Cathodic: log Ip = 0.739 logd - 8.39; R =0.9948 4.2
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Figure 4.22: The plots of (A) Ipvs & (B) Ip vs &“2and (C) log Ipvs log & for FBRR/TEABR/ACN
modified CPEs, all in PBS pH 7.4.

4.2.3.10 Potential Window

FBRR/H:SQs was deposited onto CPEs by LSV for 5 sweeps using the following
potentials; (A) 0.40 te0.80 V, (B) 0.60 t60.80 V and (C) 0.80 te0.80 Vvs.SCE.

The modified electrodes were then cycled insturated PBS over various potential
ranges, {0.70 to 080 V,-0.50 to 0.50 V ane0.30 to 0.10 Ws.SCE) in this order to

see if cycling over a wider window first affected the peaks when cycling over the
subsequent narrower potential window. The modified electrodes were also cycled over
each potential rangadividually. As the day of depositing FBRR played a significant
role in the resulting CVs the listed experiments were carried out using the solution on
days 2 and 3, which were previously found to be the optimum days for depositing
FBRR/H:SQs. The resulhg CVs for FBRR deposition on day 3 only are shown in this
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section. Figures 4.23-& show the resulting CVs from modified electrodes being
cycled over all the potential ranges in the orde70 to 0.80 V;0.50 to 0.50 V and
then-0.30 to 0.10 Ws. SCEfor 50 cycles each (day 3). The results clearly show
reduced peak definition and currents as the potential window was narrowed. They also
show that a sharper peak is consistently obtained for the anodic peak making this the
peak of choice for examinati@f peak potentials for pH analyses.
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Figure 4.23: FBRR/H.SQ, deposited onto CPEs fro(A) 0.40 t0-0.80 V, (B) 0.60 tc0.80 V and (C)
0.80 t0-0.80 Vvs.SCEand subsequently cycled over various potential windows in the c@dé@ to
0.80 V,-0.50 to 0.50 V ane0.30 to 0.10 Ws.SCE. n =4,

Electrodes were also FBRR modified and cycled through each of the above potential
ranges individually, i.e. four electrodes were cycled fr6rii0 to 0.80 V, another four
were cycled fom -0.50 to 0.50 V and finally four electrodes were cycled frOm80

to 0.10 V. The average CVs are shown in Figure 4.24(A) (day 3). Again reduced peak

definition and currents were obtained as the potential window was narrowed.
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To check whether the order of cycling through each potential window had an effect on
the resulting CVs, electrodes were first cycled fré@n30 to 0.10 V followed by0.70
to 0.80 Vvs. SCE for 50 cycles each. Figure 4.24(B) shows the final CVs (day 3)

which clearly show no effect caused by the order of cycling.

It can be concluded from the results in this section that the most defined oxidation and
reduction peaks are obtained on cycling the modified electrodes@t@mto 0.80 mV
vs.SCE. These redslalso confirmed the optimal potential range of 0.4@1t80 V
vs.SCE for the deposition of FBRR#HOs onto CPEs by LSV.
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Figure 4.24:(A) CVs of CPEs modified from 0.40 t®.80 V vs. SCE cycled over various potential
ranges and (Bgycled over various potential windows in the oreeB0 to 0.01 Ws. SCE followed by
-0.70 t0 0.80 WS.SCE n=4.

When FBRR/TEABEACN modified CPEs were cycled over various potentials it was
noted thain order to observe the entire reduction pdekpotential should be cycled

to at least-0.50 V vs. SCE, this also results in improved anodic peaks. A further
improvement in the sharpness of the redox peaks was observed when cycling the
modified CPEs te0.70 Vvs.SCE, as increasing the cathodic potential has been shown

to enhance the redox peaKs.

As there were several @aneters that affected the formation of sharp, reproducible
redox peaks CPEs modified at various scan rated @R0mV/s) were cycled through
various cathodic potentialsO(10 t0o-0.70 V vs. SCE). The limit of the cathodic
potential was set a0.70 Vvs.SCE as any lower would result in a longer time period

taken for each cycle, increasing the response time of the sensor. This cathodic limit
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would also eliminate the generation of &t the electrode surface. Figure 4.25 shows
the resulting CVs from CPHsaving been modified at various scan rates then cycled
to-0.50 V (A) and-0.30 V (B)vs SCE. It can be seen that electrodes eleeniaced

at 100 mV/s resulted in clearer redox peaks, making it easier to extrapolate the peak

potential values requiraghen testing the pH sensitivity of the FBRR/CPEs.
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Figure 4.25:(A) CPEs modified at various scan rates and (B) cycled in PBS to cathodic potentials of
0.50 and-0.30 Vvs.SCE,n =4,

Figure 4.26 shows the results observed when CPEs were modified at 100 mV/s and
then cycled in PBS over various cathodic potential windows. From the plot it can be
seen that reducing the cathodic potential increases the current and gives more defined
oxidation and reduction peaks. As a result all cycling of FBRR/CPEs was carried out
at 100 mV/s betweei®.70 and 0.80 Ws.SCE.
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Figure 4.26: CPEs modified at 100 mV/s cycled in PBS through various cathodic potential windows,
=4,

4.2.3.11 Stability of Redox Peles

A requirement of a successful sensor is that its response remains stable over the time
period required for use. A major problem with a lot of existing pH meters is that they
tend to drift over time, therefore requiring frequent calibratfom order to monitor

the stability of the redox peaks obtained when CPEs were modified (LSV and CV)
with FBRR/TEABR/ACN they were cycled in PBS for 400 cycles, (200 minutes) at
100 mV/s. As the age of the FBRR solution used and the potential range applied during
electrodeposition were contributing factors to the resulting redox peaks the above
procedure was carried buarying both of these parameters. The CVs resulting from
cycling LSV modified CPEs from 0.40 t0.80 Vvs.SCE on days-B are shown in

Figure 4.27. Statistical analyses of their anodic and cathodic peak potentials are shown
in Table 4.1 along with thse obtained when depositing FBRR by CV. The CVs show
every 50" cycle corresponding to a time period of 25 minutes. The peak potentials
were recorded at this interval and analysed. Deposition of FBRR on days 2 and 3
resulted in peaks with similar cemts, whereas FBRR deposited using the fresh
solution had reduced currents reinforcing that the optimum days for using the FBRR
solution are days 2 and 3. Other potential ranges were investigated in this manner.
With regard to the results shown here tiepasition of FBRR on day 1 resulted in
peaks that were substantially different to those of days 2 and 3. It appears that the
reduction peak potential (peak 2)c&gdic Wwas more stable after 100 cycles had been

applied, whereas the oxidation peak pdtripeak 1) Egnodic Was stable from the %0
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cycle. It was also clear that the currents increased with cycling. Again, this was caused
by the silicone oil leeching from the CPE2° When this happens it leaves a higher
carbon:oil ratio in the paste resulting irhiher electron transfer raté. Also the
leeching of the binding fluid caused the CPE surface to contract, resulting in an

increased surface area and therefore increased currents.
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Figure 4.27: Stability of the oxidation and reduction peaks of FBRR deposited from 0-8B®Vvs
SCE showing 400 cycles on 3 different days..

Table 4.1: Analyses of peak potentials for FBRR/TEABEN CPEs modified by LSV and CV.

LSV CVv

Peak E/V SEM n E/V SEM n

Dayl | ox. | -0088 | 0002 | 8 | 003 | 0002 | 16

Red. | -0305 | 0002 | 8 | -0.276 | 0.008 | 16

avp | OX. | 0016 | 0002 | 8 0017 | 0002 | 16

Y2 " Red. | -0.315 | 0.003 | 8 | -0302 | 0.004 | 16

avs | _OX | 0025 | 0002 | 8 | 0025 0002 | 8
y Red. | -0.274 | 0.002 8

-0.274 | 0.002 8
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The typical voltammograms in the potential ranges chosen, at a FBRR/CPE, show pairs
of redox peaks. An anodic peak.sEppears at approximately.03 Vvs.SCE, which
corresponds to the oxidation of the FBRR leading to the formation of its equivalent
quinone?* In the reverse scan the cathodic peak, Eppears at approximately.30

V vs.SCE.

In order toexamine the stability of the FBRR/SQs electrodes with cycling and over
time modified electrodes were cycled in PBS for 400 cycles. The CVs in Figure 4.28
show that the oxidation peak of interest appears stable23 + 0.002 Ws.SCE

= 32). A clese up of the highlighted peaks confirmed that the peak was more stable
from cycle 100 onwards, so this was the minimum number of cycles undertaken for
future testing of FBRR/kSQs modified CPEs. Again the difference in peak quality is
evident when comparinFigures 4.27 (TEABFACN) and 4.28 (HSQy).
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Figure 4.28: Stability of the peak potentials of FBRR&: modified CPEs over 400 cyclasz= 4.

4.2.3.12 Storage of CPEs

Literature has reported that storing CPEs fed&2ours prior to use can enhance their
performancé. CPEs were prepared and used immediately, stored for 24 hours at room
temperature or refrigerated at 4°C for 24 hours before being modified.
(FBRR/TEABR/ACN). The resulting CVs of the modified electrodes, shown in
Figure 4.29(A) with the anodic (B) and cathodic (C) peaks below, conclude that there
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was no apparent advantage to storing the CPEs before depositing
FBRR/TEABR/ACN. It does however show thahe peaks appear at different
potentials when stored overnight, with CPEs stored having lower potentials than those
used immediately, indicating a more favourable oxidation. All electrodeposition used

a FBRR solution on day 4 hence, the currents obtaireed lewer than expected.
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Figure 4.29(A): CVs showing the effect of storing CPEs at room temperature and 4°C before

modification with FBRETEABF/ACN, n = 4. Close ups of the redox peaks are shown in (B) and (C)
respectively.

Similarly, electrodes wermodified with FBRR/HSQ4 having been stored at room
temperature or refrigerated for 24 hours prior to FBRR electrodeposition. The resulting
CVs (100" cycle) are shown in Figure 4.30 and also include the results for CPEs

prepared and modified on the same day. These were stored at room temperature until
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they were cycled. The most defined oxidation peak results from electrodes prepared
and modified ontte same day. Electrodes stored at room temperature resulted in broad
ill-defined anodic peaks. When storing CPEs before use it is recommended that they
are stored in distilled watéf The storage conditions employed in this section resulted

in the Adrying outo of the CPE.
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Figure 4.30: Effect of storing bare CPEs prior to electrodeposition of FBRR12.

Whendepositing FBRR from 0.1 M TEABFACN it was found that storing the bare

CPE at room temperature overnight had no effect on the deposition. With the acid as
solvent, better results were obtained when the electrodes were modified immediately
after preparation as the formation of the oil layer on the surface may decrease the
interaction between the organic layer and the aqueous solution therefore resulting in a
reduction in the amount of FBRR deposited onto the carbon. Whereas when a layer of
oil forms over the surface of the FBRR/TEABKCN modified electrode it allows the

adsorption of FBRR from the organic solutfn.

4.2.3.13 Storage of Modified CPEs
To examine the effect of storage on the FBREXBF4/ACN CPEs, modified
electrodes were either used immediately or stored overnight at room temperature or at

4°C before being cycled in PBS. The resulting CVs are shown in Figure 4.31. These
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show that although storing the modified electrodes at 4°C gives bettertsuthen
reduction peak was evident at a more negative poteittidb Vvs.SCE.
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Figure 4.31:CVs showing the effect of storage on FBREZABF/ACN CPEsn = 4.

The resulting CVs for FBRRA$Q, electrodes are shown in Figure 4.32. They
demonstrate that there is no advantage to storing the CPEs before depositing FBRR, in
fact those stored at 4°C have lower current responses. This is because at temperatures

below 5°C the reaction producing thelaradical and anion has been slowed ddfvn.
34 All results here have used FBRR on day 2.
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Figure 4.32: CVs showing the effect of storage of CPEs on FBRBM modified electrodes cycled
in PBS pH 7.4n = 4.
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4.2.3.14 FBRR/H2SO; Storage

Previously the FBRR/EEQ, solution was alwaysefrigerated when not in use. In
order to investigate whether these were the optimum storage conditions a solution of
2 mM FBRR was prepared in 0.1 M$; and stored at room temperature. Because
day 2 and 3 had previously been identified as giving &% fesults, the solution was
prepared 24 hours before use. Solution A was stored in the refrigerator at 4°C.
Solutions B and C were stored at room temperature. The resulting CVs are shown in
Figure 4.33. Whereas there was no distinct difference betateeage methods on

day 2 (A), it was clear that storing the FBRRA@x solution at 4°C clearly prolonged

the life of the solution by day 3 (B).

0.02- 0.02-
B
0.014
E OOO ................. g 000
£ B =
c — 4¢C £ 0011
3 0021 — Room Temp. 3 —4cC
-0.024 = Room Temp.
-0.04 T T T T T T T T -0.03 T T T T T T T T
-06 -04 -02 -00 02 04 06 08 -06 -04 -02 -00 02 04 06 08
Potential / V vs. SCE Potential / V vs. SCE

Figure 4.33: Resulting CVs from FBRR/F$Os solutions stored at either room temperature or 4°C,
deposited on (A) day 2 and (B) dayr3s 8.

The images in Figure 4.34 show how the salt fell out of solution when the
FBRR/H:SQs was stored at room temperature. After depositing FBRR on day 2,
Figure4.34(A), the solution still appeared pale yellow but upon agitation the salt did
not go back into solution. After depositing FBRR on day 3, Figure 4.34(B), the
solution was almost clear, again the salt did not go back into solution after stirring or
soniation. In order to examine whether the elecgduction caused the salt to fall
from solution, a solution of FBRRASOQs was stored for 3 days at room temperature.
This solution was not used for any electrodeposition experiments. Again it can be seen

that the salt fell from the solution and upon stirring did not go back into solution. In
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contrast a solution refrigerated for 3 days slightly fell out of solution but upon stirring

appeared to return to normal.

Figure 4.34: FBRR/H:SQO, solutions stored at room temperature and used for deposition on (A) day 2

and (B) day 3. Image (C) shows a solution stored for 3 days at room temperature not used for deposition.

4.2.3.15 pH Response

This chapter so far has detailed the parameters affectinghérpness, stability and
reproducibility of the redox peaks of FBRR/TEABKCN and FBRR/HSQ; CPEs.

In order to examine the pH response using the optimum conditions obtained the
modified electrodes were cycled in PBS of pH 7.2, 7.4 and 7.6, the pH bisiregla
using NaOH or NabkPQs as required. The oxidation/reduction reaction of FBRR
involves a 2#2H" exchange, so according to the Nernst equation when cycling FBRR
modified electrodes in solutions of various pH an ideal Nernstian respoyiferal/

pH should be obtained.

Figure 4.35 shows modified CPEs, (TEABKCN), cycled for 50 cycles, in each pH
PBS solutionif = 4). Figure A shows electrodes cycled in PBS"&gle) of pH 7.4
first followed by 7.2 and 7.6. Figure B shows electrodes cycledder a@f increasing
pH, 7.2, 7.4 and 7.6 (8ycle).
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Figure 4.35: CVs of FBRR/CPEs (TEAB#ACN) cycled in PBS pH 7.2, 7.4 and 7.6. The order of
cycling was specified as (A) 7.4, 7.2, 7.6 and (B) 7.2, 7.4n=&4.
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Figure 4.36:pH responsegnodic and cathodic, of FBRR/CPEs (TEABYCN), varying the order of
the solution pHn = 4.

Analyses of the peak potential responses to pH are also shown. As stated above a
Nernstian response suggests an ideal pH responS8 afV/pH unit. The response

displayed in Figure 4.36 show that the pH does not change with potential as expected,
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for either the oxidation or reduction peaks. There are huge variations in the potential
responses and large integlectrode variabilities, shown in Table 4.2. Elect®dycled

in PBS pH 7.4, followed by 7.6 and 7.2 resulted in pH responses of +8 mV/pH for the
anodic peak and a ndimear response for the cathodic peak whereas those cycled in

order of increasing pH gave a nbmear response for the anodic peaks anespanse

of -20 mV/pH unit for the cathodic peaks. A possible source for these errors and non

linear pH responses was the formation of multilayers of FBRR onto the electrode
surface. This was further corroborated by the CVs in Figure 4.35, where the broad
peaks are indicative of a slow electron transfer due to an increased diffusion layer
thickness.

Table 4.2: Summary of the pH responses of the anodic and cathodic peaks of FBRR/CPEs
(TEABF4/ACN).

pH Response pH Response
pH Order _ R? . R?
(Anodic)/mV (Cathodic)/mV
7.4,76,7.2 +8.33 0.7500 Non-linear
7.2,7.4,7.6 Non-linear -19.94 0.9895

As the results from this section were particularly poor it could not be determined
whether the order of cycling in each pH PBS solution had any effect oashking
peak potentials. From this point the order of cycling was randomly assigned in order

to eliminate any possible hysteresis effects.

Various conditions for the deposition of FBRR onto CPEs, and their subsequent
storage, were examined to see whetbr not the modified electrodes had a Nernstian
response-69 mV/pH) to pH changes. These parameters included the age of the FBRR
solution, the deposition scan rate and potential window applied during deposition, the
number of deposition cycles, the potial range and scan rate used during cycling the
modified CPEs and the storage conditions for bare and modified CPEs. An example of
the resulting CVs is shown in Figure 4.37 with clogeimages of the anodic and
cathodic peaks. In the example shown FBRRIS O, was electrodeposited on day 3 by

CV, 2 cycles, from 0.40 t€).80 Vvs.SCE at 100 mV/s and subsequently cycled from
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-0.70 to 0.80 Ws.SCE at 100 mV/s. The anodic peak responsefas 0.1 mV/pH
(R?>0.99) and the cathodic peak response-was17 mV/pH (R = 0.86). The order

of PBS pH was randomly chosen in all experiments in order to eliminate any hysteresis
effects. A comprehensive set of the pH responses resulting from the aforementioned
variables, from electrodes modified by CV i3y, is shown in Table 4.3. It shows

the inconsistency in the pH responses obtained and also a wide range of errors between
the individual modified electrodes.

0.0557

£ ooso. //\
| g —_72
0.05 g 0.045 — 74
7.6
g 0.040 r T T T
- 010  -0.05 0.00 0.05 0.10
E' 0.004 Potential / V vs. SCE
[0}
= -0.034
=
O
-0.044
-0.05 £
E -0.054
-06 -04 -02 -00 02 04 06 08 S -0.067
Potential / V vs. SCE 0,071

T T T J
-04 -0.3 -0.2 -0.1 -0.0
Potential / V vs. SCE

Figure 4.37: CV of the response to pH for FBRR&{D, CV modified CPEs with closaps of the
anodic and cathodic peakss 4.
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Table 4.3: pH responses of FBRREO: CV modified CPEs under various deposition and cycling

Chapter 4

conditions.
Variable Oxidation -
Da Si
y ope R Slope R
FBRR | (mV/pH) (mV/pH)
20 1 127+75 |0740|4|27x10 |o0885
50 4 73+6 0994[4-28+4 [0.976
Scan Rate 545 1 106:6 |099%6|4|8+7 0519
(mV/s)
200 1 28 + 99 0.076]4[-6+4 0.996
500 1 110+19 |0912[4[-28+4 [o0.976
0.40/-1.00 | 2 58+5 0993[4]-83+24 [0.367
Deposition
Potential | 0.40/-0.80 | 3 60 + 2 0997|476 + 12 [0.876
(Vvs SCE)
0.40/-0.60 | 3 05+ 4 0998|4|-55+3 |0.997
1 1 44 + 18 0.855| 4 |-43+17 |0.858
Number of | 2 3 40+0.1 |12.000[4|-75+1 |0.999
Cycles I3 3 43:21  |0807]|4|-7521 | 0.999
10 3 45 + 12 0925 4[-74+2 [o0.978
Potential | -0.50/0.50 | 2 53+ 2 0999|4|-75+5 |0.996
Range
(Vvs.SCE)| -0.70/0.80 | 2 87 +8 0992[4]-23+15 [0.697
Storage of | 22°C 2 68 + 13 0968|4|-60+4 |0.996
CPEs (24
Hours) 4°C 2 100 + 6 0.997|4]-38+53 [0.330
Storage of | 22°C 1 75+ 3 0999[4]-60+9 [0.980
Modified =
cpEs 24 | +°C 1 5+6 0.429] 4|50+ 25 |0.800
Hours) Freezer |1 01 + 34 0.879| 4 |-15+56 | 0.066
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From Table 4.3 the most reliable pH response was obtained when depositing
FBRR/HSQ4 from an anodic potential of 0.40%& SCE to-0.80£1.0 Vvs SCE. The
optimum deposition conditions achieved throughout this chapter were then applied for
CPE modification, i.e., LSV from 0.1 M430Q;, from 0.40 to-0.80 Vvs SCE at 100
mV/s. Theresulting CVs for both the 30(A) and 108" (B) cycles are shown in Figure
4.38 with the insets showing clesp views of the anodic peaks of interest. They
clearly show a shift in the peak potential on changing the pH of the PBS solution
between 7.2 and.G.

0.04- 0.04-
A 0.02 B s
E 0.02 E ’ %m%
= 000 - 0.00 Y
E X - ‘E
— [0 ]
5 /\ 7.2 £ 0021 %
3 -0.024 —_— 74
O o |
// N\ 7.6 -0.044 /\
-0.04+ i
—— 006 L—— /\ —
-06 -04 -02 -00 02 04 06 08 -06 -04 -02 -00 02 04 06 08
Potential / V vs. SCE Potential / V vs. SCE

Figure 4.38:CVs of the variation of peak potential with changing pH having cycled the FBISR¥H
modified CPEs for 50 cycles (A) and 100 cycles (B, 4.

The corresponding pH responses of the modified CPEs are shown in Figure 4.39.
Having cycled the modified CPEs for 50 cycles (A) before each peak potential was
recorded resulted in a straight line graph with a slope (pH respon3@)66 mV/pH,
R?>0.99,n = 12. This is substantially higher than the ideal Nernstian respors@ of
mV/pH. After 100 cycles (B) the pH response and errors were substantially reduced
to-59 + 3 mV/pH, R> 0.99,n = 39. These results confirmed that CPEs modified by
LSV with FBRR/HSOQy required 100 cycles before recording their peak potentials.
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Figure 4.39 pH responses of FBRRBO: modified CPE cycled for 50 cycles (A) and 100 cycles (B),
n=4.

4.2.3.16 Second Oxidation Peak

When the modified electrodes were recycled in PBS a second oxidation peak at
0.35 V vs. SCE was apparent, see Sections 4.222.The currents for this peak
increased at a slower rate than the first (quinone) oxidation peak with cycling, and after
400 cycles were no longer distinguishable. In order to identify this peak the modified
electroees were held under different conditions. The electrodes were rinsed,
immediately after FBRR deposition, with®, ACN and N saturated ACN to remove

any loosely bound molecules that may be present. The resulting CVs are shown in
Figure 4.40. The electdes that were rinsed under the above mentioned conditions
gave far inferior responses on cycling and the second oxidation peak was still evident

(inset).
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Figure 4.40: (A) CVs showing an unrinsed and various rinsing methods for a CPE after FBRR
depositian. (B) The resulting CVs for various rinsed modified CREs,4.

The FBRR salt used in the experiments contains Zii€&Benzoylamine2, 5
dimethoxybenzenediazonium chloride hemi zinc chloridg). examine whether or

not the second peak could resulinfrthe ZnCl various concentrations of ZnGhere
dissolved in 0.1 M TEABFACN and electrodeposited onto CPEs by cycling between
0.40 and0.80 Vvs.SCE at 100 mV/s for 10 cycles. The electrodes were then cycled
in PBS. The resulting CVs are shown in Figure 4.41. There is a second oxidation peak
evident for 0.5, 1 and 2 mM Zn£€l The 5 mM sample did not fully dissolve into

solution. 1 mM is the aoesponding amount of Zngktontained in 2 mM FBRR

solution.

- 5 mM

>
-_— 2 mM

0- .......................... 1 mM
— 0.5mM

Current / nA
N
@

-0.5 0.0 0.5
Potential / V vs. SCE

Figure 4.41:CVs showing various concentrations of Za{®l 0.1 M TEABR/ACN and a close up of
the oxidation peaks in the insetz= 4.
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A calibration curve of the concentration of Zp@ganst the peak current obtained

was plotted and is shown in Figure 4.42. The relationship is not linear over the full
range of concentrations used, but the inset shows good linearity between 0.5 and 2 mM
(R?> 0.99). A method to diminish the effect of Za®h the resulting CVs will be
discussed later in this chapter, Section 4.3.5.11.

25-
< 20-
c
2 151
o
5 104
O
5-
0.5 1.0 1.5 2.0
0 T T 1
0 2 4 6

[ZnCl,] / mM

Figure 4.42: Calibration curve showing the response of various concentrations of ¥nGl1 M
TEABF4J/ACN electrodeposited onto CPEsz= 4.

4.2.3.17 Mitigation of ZnCl;

It hasbeen confirmed throughout this section that FBRR deposited after day 1 gave

the best results. It was thought that the Z2mfiight deposit onto the electrode more
readily than the FBRR therefore blocking
redué ngo the solution ont o bromethe@irBtBesof woul d
electrodes; therefore in subsequent reductions less dgdld deposit and so more

sites for the FBRR to covalently bond onto the electrode surface would be available.

If this was the case then Zn, although in small concentrations, would be more readily
visible with EDX on the electrodes used |
found Zn on the electrode surface, most notably from LSV reduction. However, the
presencefazinc is evident from the EDX in Figure 4.44 which is shown alongside the
corresponding SEM micrograph in Figure 4.43.
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Figure 4.43:SEM micrograph from the first set of CPEs modified with FBR#SE; showing evidence

of zinc deposition onto the surface.

Spectrum 1

Figure 4.44: EDX from the first set of CPEs modified with FBRR&0s showing evidence of zinc

deposition onto the surface.

As the results obtained when depositing FBRISE& onto a CPE on day 1 wer
consistently poor, the solution was prepared as normal but stored in the refrigerator at
4°C overnight before being used for LSV electrodeposition on day 2. Figure 4.45
shows that this still resulted in poorly defined peaks (inner, dashed line). Mie sa
solution was used later that day, for deposition of FBRR by LSV (5 sweeps, from 0.40
t0 -0.80 Vvs.SCE at 100 mV/s). This resulted in far superior results. Similar redox
peaks were obtained when a FBREZE:s ol ut i o ewlauss efdpr eéoy CV.
therefore confirmed that the FBRR&{: solution required several preduction
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sweeps in order to obtain well defined peaksall future FBRR/ESQs solutionswere
Apre reducedo ont o 4 t&GCRIYvs.BYE asl@kme/fsfon g f r «

5 sweeps before being used for any further studies.
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Figure 445.:Ef fect refdudipmg@gd the FBRR solution (LSV an
electrodeposition on CPEs used for analysis,4.

4.2.3.18 RealTime pH Response

In the previous section the pH response of FBRR® modified CPEs was enhanced

by cycling the electrodes for 100 cycles before recording the peak potentials. This gave
the pH sensor an extremely long response time, one which would not be suitable for a
marketable product. A contributing factor was that the electrodes were withdrawn
from the N saturated solutions for several seconds in order to change the solution to
one with a different pH and it took several cycles for the electrodes to return aansiste
stable CVs. In an attempt to reduce the settling period before recordings could be made
a setup whereby the modified CPEs were not removed from the solution between

recordings was designed.

The pH response of CPEs modified with FBREBRy by LSV wastested in N
saturated PBS with a pH between 7.2 and 7.6. The modified electrodes were cycled
for either 50 or 20 cycles to settle before any peak potentials were observed. A

commercial, glass pH probe was used to monitor the pH of the PBS solutiontwhile
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was altered by dropping small amounts of either 0.5 M NaOH or 0.5 MbR@H

After the pH was altered the solution was stirred vigourously for a few seconds then
the electrodes were cycled for a further 50 or 20 cycles before the peak potential and
pH were recorded. During cycling the solution was slowly stirred to eliminate the
possibility of pH drift. The magnetic stirrer was set to spin at approximately 45
rev/min. The results for both settling periods are shown in Figure 4.46. They show pH
responss of-61 + 3 mV/pH (R = 0.97,n = 4) for 50 cycles (A) ané57 + 2 mV/pH
(R?>=0.92,n = 16) for 20 cycles (B). These results substantially improved the response

time of the pH sensor.
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Figure 4.46:Reattime pH response of FBRR/CPEs with peak potentials recorded every 50 (A) and 20
(B) cycles,n=4.

4.2.3.19 Changing pH Using a Constant Flow Rate Pump System

Tissue pH in living organisms is tightly regulated and should be maintained close to a
value of7.4% As this pH sensor was designed to record physiological pH changes it
needed to be sensitive to within 0.01 pH units between pH values 7.2 to 7.6. To test
the sensitivity of the FBRRASO: electrode in a redime situation CPEs were
modified with FBRR as in Section 4.2.2.18. A similar setup to the real time study was
used except a micro pump with a constant flow rate of 5 pl/min was incorporated in
order to change the pH of the PBS. The electrodes were allowettléofor 50 cycles

prior to any pH recordings. Either 0.5 M NaOH or 0.5 M MNa&; was used to
gradually change the pH. The CV was continuously recorded between the two pH
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limits (7.20 and 7.60) while the solution was slowly stirred (45 rev/min). Thie cyc
number and time were noted on each pH change of 0.01 pH units. The peak potentials
were extrapolated after the experiment was completed. The results are shown in Figure
4.47 and show that the FBRR/CPE had a sensitivitg®f 1 mV/pH (R> 0.95,n =

4). The error bars in Figure 4.47 correspondaa2 mV, which is equivalent to 0.03

pH units. These results demonstrated that the FBE¥AH modified CPE

continuously measured pH changesitro.

-0.034
-0.044
-0.054

-0.064

Peak Potential / V

'0.07 T T L] L] L]
7.2 7.3 7.4 7.5 7.6

pH

Figure 4.47:pH response of FBRR/CPEs using a conttbflew micro pump system to alter pH=
4,

4.2.3.20 Observation

It was observed throughout this chapter that modified CPEs exhibited inconsistent
currents during cycling, demonstrated in Figure 4.48 which shows four CRE}¥ (A
modified by CV in 0.1 M HSQq, having been stored and cycled in PBS using the same
conditions. These discrepancies are most likely a problem inherent with CPEs.
Various currents are obtained due to the inconsistent compactness of the paste in the
cavity caused by the manual packinglu# pasté, resulting in varied coverage of the
adsorbed species onto the electrode surface between experfneFits. rougher
surface may in fact result in more FBRR becoming embedded within the layers of the
carbon paste. In the example shdvatow there is a shift in potential over the four
modified CPEs. This would account for the large errors often found throughout this

section.
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Figure 4.48:Example of the wide range of CVs obtained from FBR#S®I modified CPEs.
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4.3 Conclusion

Throughoutthis chapter the modification of CPEs with FBRR was examined using
either organic or aqueous solvents and varying the deposition technique between CV
and LSV. Several deposition and CV parameters were investigated in order to achieve
consistent, reprodualie redox peaks with Nernstian pH responses. When depositing
FBRR by LSV, using TEABFACN as the supporting electrolyte, it was confirmed

that FBRR had deposited onto the electrode surface although the redox peaks were
broad and illdefined, indicative bslow electron transfer. This could result from the
presence of the neconducting silicon oil in the CPE or due to the formation of multi
layers of FBRR on the surface, increasing the diffusion layer thickness. This hindered
the ability to precisely lota the peak potentials that were necessary to analyse the pH
response. During testing it became apparent that the anodic peak gave more stable,
consistent potential readings. The age of the FBRR solution at the time of
electrodeposition greatly influencethe resulting redox peaks. When the
functionalised CPEs were tested for their pH response, inconsistent non Nernstian
values were obtainedepositing FBRR onto CPEs proved more successful when
electrereduced by CV rather than LSV. The anodic peaksimédaresulted in a pH
response that was relatively close to Nernstian values, see Table 4.4.

The electrodeposition of FBRR onto CPEs by CV using 0.1.84as the supporting
electrolyte was also examined. The presence of FBRR on the CPEs was confirmed b
the redox peaks remained relatively broad indicative of slow electron transfer. The pH
sensitivities obtained gave some responses that were near Nernstian but were
inconsistent, with a large intetectrode variability. The best results obtained are
included in Table 4.4. When depositing FBRRA, by LSV the anodic peaks were
consistently sharper and when analysed gave Nernstian pH resporsgsrof/pH

(see Table 4.4). Reéime pH studies were performed yielding linear responses with
Nernstian valuesnd reduced errors. The modification of CPEs with FBRR had
successfully been optimised to produce a pH sensor capable of thismeesdcording

of pH change-vitro.
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A second oxidation peak that was evident in many CVs was investigated as it was
though to interfere with the efficient deposition of FBRR when using a freshly
prepared solution and it was concluded that it resulted from the fn€dent in the

salt. A method to eliminate the effect of Za@ias performed when depositing from

freshly prepeed FBRR solutions.

Table 4.4: pH sensitivities for FBRR/CPEs using the electrochemical techniques of CV and LSV in

organic and aqueous solutions.

ELECTROCHEMICAL SUPPORTING pH
TECHNIQUE ELECTROLYTE RESPONSE | SEM | n
(mV/pH)
LSV 0.1 M TEABR/ACN -20 41 | 4
CVv 0.1 M TEABR/ACN -74 0.7 4
CVv 0.1 M bSOy -60 20 | 4
LSV 0.1 M H2SO4 -59 3.0|39

Using an aqueous solvent proved more beneficial to the final electrode design. The
organic solvent, TEABKACN, has a similar polarity to the silicone oil contained in

the CPEs. This causes the removal of some oil from the electrode surface leaving it
more carborike which facilitates the reduction of FBRR onto the substrate, possibly
forming multilayers. The aqueous solvenSdy, being opposite in polarity to the
silicone oil, has no effect on the electrode surface. It is likely that less FBRR deposits
onto the substrate, this is evident by the lower currents obtained when cycling
FBRR/HSQs modified electrodes in PBS. Monolayers of FBRR are more likely to
result,meaning a thinner diffusion layer is formed, facilitating electron transfer at the

electrode surface. This was confirmed by the sharper redox peaks.

4.3.1 Final Design of Optimised CPE/FBRR pH Sensor

1 Prepare CPE as described in Section 2.3.1, for best resdt®n day of
manufacture.
Prepare 2 mM solution of FBRR in 0.1 M${y. Store at 4°C when not in use.
N2 saturate FBRR/ESOy prior to use.

165



CPE: Optimisation of Electrochemical Reduction Chapter 4

1 Prereduce FBRR onto 4 CPEs (LSV 5 sweeps, 0.40.80 Vvs.SCE at 100
mV/s) and disregard.
1 Electroreduce FBRR onto CPEs (LSV 5 sweeps, 0.4@180 Vvs.SCE at
100 mV/s).
1 Cycle modified CPEs in Nsaturated PBS for 100 cycles to stabiligke710 to
0.80 Vvs.SCE at 100 mV/s). This number of cycles can be reduced if the
electrodes are not thidrawn from the solution between pH changes.
1 Store at 4°C if required, see Section 5.3.1.1.
Figure 4.3.5.15 shows the CV for FBRR/CPEs prepared using the optimum conditions
obtained in this section. The pH sensitivities were then determined using ffesmndi
methods as described in Sections 4.38.4 2all resulting in linear responses with near

Nernstian values and small errors.
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Figure 4.3.5.15:CVs comparing bare CPEs with those modified with FBRR using the optimum
deposition and cycling paranees obtained throughout Chapter 4.

These conditions were the best design achieved for the development of FBRR/CPE
voltammetric pH sensors. As the pH responses obtained had near Nernstian values of
-59 mV/pH it was concluded that FBRR/CPEs had been deeéldhat could

successfully detect changes in pH to within 0.01 pH units imthi#ro environment.
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5.1 Introduction

Chapter 4 of this thesis discussed the optimisation of the electrochemical reduction of
FBRR onto CPEs. The results obtained confirmed that FBRR had been
electrodeposited onto the carbon paste substrate. The most favourable conditions are
detailed in Seatin 4.2. By maximising these parameters the FBRR derivatised CPEs
yielded electrodes capable of determining pH changes in a solution, giving a Nernstian
response ota.-57 to-61 mV/pH unit in anin-vitro environment. In order to bring

this project forward towards the-vivo application whereby redgime changes in pH

values could be monitored, usingvivo voltammetry, the modified electrodes were
required to endure rigorous test procedures, expolserg to a range of different test

conditions.

Living tissue contains a broad range of electroactive species, e.g., ascorbic acid (AA)
and uric acid (UA), as well as lipids, proteins and surfactants. These can limit the mass
transport raté diffusion and adsorption, at the electrode surface, theatfbgting the
voltammetric signal produced by the functionalised CPEs. This is due to the lipophilic
nature of biological tissue, which has been reported to remove the hydrophobic oil
from the CPE surface thus altering the modified surface.

Conventional CPEs are simple and cheap to prepare, hence their widespread use in
electrochemical sensors. However, their reproducibility and stability, due to their
easily corrupted surface, is flawddhe ease at which the FBRR functionalised CPEs
become modified by the various physigical substances (lipids, proteins and
surfactants), see Section 5.2.3, was a concern, mainly resulting from the loss of silicone
oil changing the morphology of the electrode surface and the electron transfer at the
solution/electrode interfacén orderto create a more robust device, a styrene (Sty)
modification was applied to the paste, before the electrochemical reduction of FBRR.
This has previously been shown to improve the electrochemical properties of the
carbon based electrod®s. The ability to incorporate monomers into the electrode
design in an attempt to create a sturdier sensor capable of withstanding thi@-harsh
vivo environment, has been investigated in our laiooygpreviously? Carbon pastes
represent one of the most convenient materials for the preparation of modified

electrodes.
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In contrast to the ratively complicated modifications of solsgtate electrodes, the
preparation of modified CPEs is very simple, and can be carried out by various
procedure§.Modifiers can be dissolved directly in the binding oil physically mixed

into the paste during its homogenisattf8nModification can also be carried out by
soaking the graphite particles in a solution of the required moéfifiénally, prepared
pastes can be modifigd-situ.'? In this chapter the incorporation of the monomer,
Styrene (Sty) into prepared CPEs (SMCPES) is investigated and the comparative
results between FBRR/CPEs and FBRR/SMCPEs are shown alongside each other.

Various metal ions, e.g., Mgand C&", are prevalent iniblogical environments, and
have been recorded as affecting the peak potentials of several quinone derivatives.
The effect of ionic strength, operational temperature of the sensor and choice of

reference electrode are also investigated in this chapter.

5.2 Results and Discussion:

In preparation foin-vivo testing the FBRR/E5Qy modified CPE was subjected to a
range of tests. T-hieseo iot |l mdddfitoe dékbdet
storage conditions. Several parameters that are unique to-tvo environment

required investigation sdése conditions were mimicked-vitro. These included

testing the biocompatibility of the FBRR/CPE, FBRR/SMCPE and the effects of
known physiological and pharmacological interferences on the FBRR anodic signal.

The effects of ionic strength and the intneton of metal ions into the testing solution

were also examined. Finally the recording temperature and reference electrode were

altered to mimic physiological conditions.

Also included in this chapter is a comprehensive study into the carbon:silicoagooil
present in CPEs and SMCPEs and how this ratio affects bare and modified electrodes

when exposed to lipids, proteins, surfactantseaedvo brain tissue.

5.2.1 Stability of FBRR/H 2S04 Modified CPEs

In this section the stability of the pH response oRRBHSQ; modified CPEs was

examined over a time period of up to 1 month.
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5.2.1.1 FBRR/H2SOQs Modified CPEs Stored in Air
Figure 5.1 shows the resulting pH responses of FBRR/CPEs at calibration and after

storage in air.
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Figure 5.1: pH response of modified CPEs calibrated and stored at 4°C for 1, 3, 7, 14 and 28days,
4.

Table 5.1 shows analysed data for all the calibrations, pre and post storage. It was
noted that the slope (pH response) shifted towards a more Nernstiaaftedséorage,
suggesting the modified electrodes needed time to settle once prepared. This is most
likely due to the carbon paste becoming more homogekiSEte slopes of each set

of electrodes, before and after storage, have been compared using unpzstsd t
Although the results in Table 5.1 suggest an improvement in the pH response after
storage, the analysesdioate that there was no significant difference in the pH
sensitivities of the modified electrodes after storage at 4°C, for the times speEified, (

> 0.05).

The changing pH response over time is shown in Figure 5.2. The sensitivity of the
modified electodes remained relatively stable, pre and post storage, for the first two
weeks, but drifted after 28 days. However, the calibration sensitivity was lower than
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expected here, and may have affected the results. The differences in calibration slopes
were dueto interelectrode variability, a problem inherent in CPEs. Also, it was

notable that the errors had generally reduced post storage.

Table 5.1: Statistical analyses of modified CPE pH response before and after storage at 4°C.

Slope ’
mV/pH SEM R n P-value
Calibrate -63.8 2.2 0.9988 4
+ 1 Day -62.1 2.6 0.9982 4 Gl zle
Calibrate -61.7 4.4 0.9949 4
+ 3 Days -58.8 2.2 0.9986 4 DRl
Calibrate -62.0 3.5 0.9969 4
+7 Days 60.8 1.9 0.9990 4 0.7618
Calibrate -61.3 2.2 0.9988 4
+ 14 Days -60.0 1.4 0.9994 4 Dol
Calibrate -56.3 0.7 0.9998 4
+ 28 Days -57.5 4.3 0.9944 4 Chifeter:
-0.050-
~—~~ '0055'
I
g
2
~ -0.0601
o
o
9D 0.0654 — Post Storage
— Calibration
-0.070 . . .
0 10 20 30
Day

Figure 5.2: Variability in pH sensitivities of FBRR/BOQx modified CPESs, pre and post storage, at 4°C.

Figure 5.3 shows the isolated anodic peaks of modified electrodes cycled in pH 7.2,
7.4 and 7.6 for 100 cycles each, before and after storage for 3 days (A) and 14 days
(B). They clearly indicate that there was a potential shift with changing pH and that

the peak potentials remained reasonably stable.
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Figure 5.3: Modified CPEs cycled in PBS pH 7.2, 7.4 and 7.6, before and after storage for 3 days (A)
and 14 days (B) at 4°C.

5.2.1.2 FBRR/H2SQs Modified CPEs Stored in N

Figure 5.4 shows the pH respons&BRR/CPEs at calibration and after storagein N

for various time periods. There was a clear difference in sensitivity on days 1 (60.0 to
52.5 mV/pH) and 7 (68.8 to 53.8 mV/pH), and to a lesser extent on day 14 (67.5 to
63.3 mV/pH).

Table5.2showsanalgsd data for all the calibrations:
sensitivity towards pH decreased after storage, with the only exception being after 28
days. The slopes of each set of electrodes, before and after storage, were compared
using unpaired-tests. Some of the results gavl-galue > 0.05 meaning that there

was no significant difference in the pH response of the modified electrodes after
storage at 4°C for the times specified. However, after storing undéarN and 7

days, the mean slopegre significantly different, witP-values of 0.0020 and 0.0119,
respectively.
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Figure 5.4: pH response of modified CPEs calibrated and stored at 4°C updier i, 3, 7, 14 and 28
days,n=4.

Table 5.2; Statistical analyses of the pH responsEBRR/CPEs before and after storage at 4°C.n N

. Slope V/pH SEM R? n P-value
oo |00 | 16 [ om0t 4| e
Shiel on g bl e
areel g Lo Lol 4 ey
“i4Days 653 |00 | Tooos | 4 | 0%
s o Lo Oy

Figure 5.5 shows how the pH response changed over time. It can be seen that over all
the storage periods examined the pH responses were not uniform and the errors had

substantially increased after 28 days, similar to electrodes stored in air (see Figure 5.2).
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Figure 5.5: Variability in pH sensitivities of FBRR/B$Q: modified CPEs pre and postorage at 4°C
in N2, n=4.

5.2.2 Effect of Styrene on CPEs

It was identified, from previous group members, that functionalising CPEs with Sty,
(SMCPESs), causes the carbon paste to contract, leaving a larger surface area, see Figure
5.6. The CV in Figure 5.7(A) indicates the increased capacitance of CPEs onde store

in Sty, which is indicative of the increased surface area. This was reduced once the

surface had been smoothed off by repacking the cavity with the carbon paste/Sty
mixture Figure 5.7(B).

100um
Figure 5.6: SEM micrograph of CPE stored overnight in styrene.
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Figure 5.7: Effect of Sty on CPEs before (A) and after (B) repacking the cavity with the carbon paste/Sty
mixture,n = 4.

5.2.2.1Drying Time of SMCPEs

SMCPEs were dried for vario@snounts of time, at 4°C, before being modified with
FBRR/HSQy, using the same procedure described in Section 4.3. They were cycled
in PBS solutions with pH values of 7.2, 7.4 and 7.6. The results are shown in Figure
5.8 with their corresponding pH respas in Table 5.3. It was found that electrodes
modified after 2 and 6 hours displayed an array of unidentified anodic and cathodic
peaks. The characteristic FBRR redox peaks were well defined and located at
potentialsca.-0.04 and0.10 Vvs.S CE .  Tvialee ofdd&EmYV indicated a reversible
redox reaction. In Section 4.2.3.6, the FBRES8&; modification of CPEs resulted in

a quasireversible reaction process. The change to reversibility of the system confirmed
that the Sty modification had facilitatedeetron transfer at the solution/electrode
interface. After an 18 hour drying period the CVs were cleaner, with reversible anodic
and cathodic peaks. These were the only electrodes that showed a good pH response
with a sensitivity 056 + 14 mV/pHnh = 16.
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Figure 5.8: SMCPEs dried for 2 hours € 4), 6 hoursif = 4) and 18 hours (overnight) € 16), before
electrodeposition of FBRRASQ..

Table 5.3: pH sensitivities of FBRR modified SMCPEs stored over various time periods before
electrodeposition of BRR.

Drying Time SLOPE
(Hours) (mV/pH) SEM R? n
2 -45 14 0.901 4
6 +28 6.0 0.960 4
18 -56 14 0.944 16

5.2.2.2Carbon Paste: Styrene Ratio

The amount of modifier in the paste usually varies betwee30%0 (w/w)& depending

on thecharacter of modifying agent and its capability of forming enough active sites

in modified pasté?

The most promising result in Section 5.2.2.1 was obtained when the repacked
electrodes were dried overnight at 4°C before being modified with FBRR, although

errors were still high. In an attempt to reduce these errors vaatias of carbon
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paste: Sty were used in the manufacturing process of electrodes. The volumes of Sty
(>99%) used were 12, 14 and-28 pl, while the mass of carbon paste was a constant
0.025 g. The resulting CVs for 19 and 20 ul are shown in Figure 39t anodic

peaks of interest highlighted, along with their corresponding pH responses. The pH

sensitivities of FBRR modified SMCPEs using all Sty volumes are shown in Table 5.4.

The results have shown that using2B pl oil: 0.025 g paste gave the besi
response, with substantially reduced errors for 20 pl. However, the pH sensitivities
showed no improvement over FBRR&O: modified CPEs.

05 0.207 -0.044
1 A
B > C
/ = -0.05
g 0.00 / E = 19l
= J’( E 0.154 % -0.064
S ool b — 72 2 g
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Figure 5.9: (A) CVs of FBRR modified SM@Es using 19 and 20 ul Sty in 0.025 g paste, (B) elpse
of their anodic peaks and (C) pH sensitivities.
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Table 5.4:pH responses of FBRR modified SMCPESs using various Sty: paste ratios.

STY () (rSnI;/?pPIE) SEM R2 N
12 -40 10 0.945 4
14 -50 25 0.039 4
18 -56 14 0.944 4
19 -46 11 0.948 4
20 -69 6 0.991 10
21 -35 3 0.993 4
22 -43 16 0.876 4

5.2.2.3Storage after FBRR Deposition

FBRR/SMCPE modified electrodes were stored at 4°C for various amounts of time
after deposition of FBRR and before beicgjibrated. The pH responses of these
electrodes are shown in Figure 5.10 and clearly show that the best pH sensitivity was
obtained when the electrodes were stored for a period of 1 day before carrying out a

calibration. These gave a pH response of 5@phMvith a correlation of 0.94, shown

in Table 5.5. The lower time period was insufficient due to impurities within the

styrene, which evaporated off over time, and the longer time period possibly caused

the removal of some FBRR salt from the modified ackf

Table 5.5:pH responses of FBRR/SMCPEs stored for various time periods before calilbmatidn,

Slope (mV/pH) SEM R? n

+2 Hours -28.3 2.2 0.1946 4
+1 Day -50.0 3.5 0.9408 4

+2 Days -38.3 4.6 0.9100 4
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Figure 5.10: pH sensitivities of FBRR/SMCPEs stored for up to 2 days before calibratios,

The protocol for making FBRR/SMCPEs was:

Store CPEs in Sty overnight at 4°C

Repack the electrode surface with 20 pl Sty in 0.025 g carbon paste
Store SMCPESs overnight 4tC

Electrodeposit 2 MM FBRR in 0.1 M:BQy, by LSV x5, from 0.40 te0.80 V
vs.SCE at 100 mV/s.

1 Store FBRR/SMCPESs overnight at 4°C, before calibrating

)l
)l
T
T

5.2.3 Biocompatibility

Calibrated electrodes were stored in PBS solutions of Bovine Serum Albumen, BSA,
1% (protein), Phosphatidylethanolamine, PEA, 1% (lipid), Tft&n1% (surfactant)

or homogenised brain tissue, for various time periods (1, 3, 7 and 28 days). As the
modified electrodes were stored in aqueous solutions, they were first stored in PBS
and BO at 4°C for 3 days to examine any resulting effects. After storage the electrodes
were rinsed and cycled in PBS pH 7.2 for 100 cyaies4. The results, showing the
effect of storing FBRR/CPEs in PBS ancd are indicated in Figure 5.11,
demonstrate #it although the currents increased due to wetting of the elettrode

resuling in increased activity, all peaks were retained.
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Figure 5.11:Effect of storing modified CPEs in PBS anddHfor 3 days.

5.2.3.1Bovine Serum Albumen (BSA)

BSA is a protein, which is readily purified from bovine blood, and is often used to
mimic protein concentrations in laboratory scenarios. A major problem of the practical
application of the FBRR/CPE results from the adsorption of surface active molecules,
present in proteins, onto the electrode surface. The tendency is to build up a layer

inhibiting electron processes resulting in altered voltammogtams.

The centre graph in Figure 5.12 shows typical calibratios €Y FBRR/CPEs at pH

7.2, 7.4 and 7.6 with the pestorage CVs surrounding it. After all days28, poorly
defined, broad peaks were evident which appeared to shift with pH, inldenostian
fashion, but at a more positive potential than the caldorgiteaks. This suggested that
the BSA modification made the oxidation of FBRR at the CPE interface less
thermodynamically viablé&> These potential values are shown in Table 5.6. The
potential difference between 7.2 and 7.4 had an average value of I¥=n8/which

would give a near Nernstian value-@80 mV/pH. It was the final 100 cycles, therefore,
that resulted irmost fouling, the average potential difference between pH 7.4 and 7.6
is 32.6 mV giving a sensitivity of over 160 mV/pH. The values for 7 days were omitted
as the peaks were too broad to give a good estimate of potential. It was also clear from
Figure 5.2 that the currents attained increased with storage time. There was an initial

increase in currents after day 1, which appeared to reach a maximum after 7 days, and
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then remained stable. This relationship was also confirmed by the Si % data, see

Section5.2.4.1, which demonstrated that after storage the Si % reduced initially and

then remained relatively stable.
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Figure 5.12:CVs showing the effect of storing FBRR&{: modified CPEs in 1% BSA.

Table 5.6: Shift in peak potentials when storing FBRR&®D, modified CPEs in 1% BSA.

pH7.2(mV) | pH7.4(mV) | pH 7.6 (mV) n

Calibration -28 -38 -50 4
+1 Day -2.0 -18 -52 4
+3 Days -12 -22 -58 4
+7/7Days | @« ---—- | @ === | emm-- 4
+28 Days -1.0 -16 -44 4

For comparison, calibrated FBRR/SMCPEs were stored in B3Aosolution at 4°C

overnight, before being recalibrated. The resulting CVs are shown in Figure 5.13, (A)

pre-storage and (B) postorage. An increase in the capacitive current, approximately

67%, was observed, (maximumda. 0.18 pA) but not quite asarge an increase as
reported in for FBRR/CPEs (maximugxch. 0.30 pA). This implied that not as much
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BSA had adsorbed onto the electrode surface, allowing more efficient electron transfer.
There was a clear shift in the anodic peak to a more positteatgd, from-0.050 V
vs.SCE for FBRR/CPEs t€).020 Vvs. SCE for FBRR/SMCPEs. This indicated that

the Sty modification had made the oxidation of FBRR, at the electrode surface, less
thermodynamically favourable, by increasing its required potentiaias also noted

that the redox peak potentials did not shift with pH in a Nernstian fashion.

FBRR/CPEs were stored in BSA for up to 28 days. As no obvious improvement was
made to the resulting CVs of FBRR/SMCPEs having been stored for 1 day in BSA, it
could be postulated that the inclusion of Sty would not change 3, 7 and 28 day

exposure, so no further investigations were carried out.

" A;N -
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o o

I}) o
g
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N
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Potential / V vs. SCE Potential / V vs. SCE

Figure 5.13: (A) Calibration CVs for FBRR/SMCPEs before storage and (B) after storage in a 1%
solution of BSA for 1 dayn = 4.

The SEM micrographs in Figure 5.14 show FBRR/CPEs after storing in 1% BSA for

1, 3, 7 and 28 days. After day 1 the electrode appeared reasonably intact, with many
areas fairly smooth allowing consistent electron transfer. This was also reflettted in

CVs in Figure 5.13 where the peaks were clearly visible and the currents were lower
than any other days. Days 3 and 28 show overhead views of the electrode surfaces that
had a more powddike and less organised surface. The concave shape can Il clear
seen. The image for day 7 shows a side view of the electrode, where the edges have

come away from the TeflSrsupport, increasing the surface area.
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100pm

28 Days

Figure 5.14: SEM micrographs of FBRR/CPEs stored in 1% BSA between 1 and 28 days.

The EDX of the eletrode surface, after 3 days storage in 1% BSA, Figure 5.15, shows
evidence of silicone oil, although its quantity has been reduced when compared to the
EDX of a freshly modified CPE (see Table 5.7).

Spectrum 3

Figure 5.15:EDX of FBRR/CPEs stored in 1% BSA f8rdays.
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Poor results were obtained when the FBRR/CPEs were stored in BSA (1%). One of
the main aims of developing this sensor was to monitottireal pH changes. This,
ideally, would be carried out for a maximum period of2Zlhours, and would inveé¢

the constant application of oxidation and reduction potentials.

The differing CVs obtained when cycling and storing FBRR/CPEs in BSA are shown
in Figure 5.16. The functionalised CPEs cycled in the BSA solution for 3.5 hours are
shown in Figure 5.16 (Aith the anodic peaks alongsideiJAFigure (B) shows the
electrodes after storage in the BSA solution for 3.5 hours with the corresponding
anodic peaks in (B. Electrodes stored in BSA show similar results to those in Figure
5.12, with a shift in th@eak potential and a gradual broadening and height decrease
in the peaks. This is indicative of the builg of the protein on the electrode surface
over time, resulting in a decrease in the electron transfer rate. However, electrodes
cycled in the BSA dation show far superior peak sharpness with an increase in peak
height over time. This clearly suggests that the constant application of an oxidation
potential followed by a reduction potential does not allow the protein layer teupild

on the electroe surface. It is likely that trace amounts of BSA were present on the
electrode surface enhancing the electron tran&feAlternatively, the BSA had
removed the silicone oil from the CPE surface making it more poliaertherefore

increasinghe electron transfer rate at the electrode/solution intefface.
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Figure 5.16: CVs of FBRR/CPEs cycled (A) and stored (B) in 1% BSA/PBS for 3.5 hours with the
corresponding anodic peaks injjAand (B), n = 4.

The FBRR/SMCPEs were similarly cycled in the BSA solution for 3.5 hours to
examine if cycling the electrodes was Iessere than storing them in the protein. The

CVs, in Figure 5.17, show every®0ycle, gave no apparent enhancement of the peak

sharpness.
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Figure 5.17:FBRR/SMCPEs cycled in a 1% BSA solution for 3.5 honrs 4.

Figure 5.18 shows how the FBRR/CPEs behaved when cycled in a 1% BSA solution
for 12 hours, a similar time span required for physiological monitoring of tissue pH.
The anodic peak, highlighted in (A), was still observed and increased in sharpness with
cycling, (B). This implied that there was no fouling of the electrode surface, only
enhancement of electrode kinetics by the protein.
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Figure 5.18: CVs of FBRR/CPEs cycled in 1% BSA for 12 hours (A), with the corresponding anodic
peaks (B)nh = 4.

5.2.3.2Phosphatidylethanolamine (PEA)
PEA is a phospholipid found in all living cells. It was utilised in this section to examine
the behaviour of the FBRR/BO: modified CPEs when exposed to lipids.
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The centre graph in Figure 5.19 shows typical calibration &\ 7.2, 7.4 and 7.6
with the poststorage CVs, in PEA, surrounding it. Some broad peaks were visible at
more positive potentials than the original calibration. It was noticeable that the currents
increased the longer the electrodes had been storedhinTRE was due to fouling of

the electrode and the removal of silicon oil which is also shown in Section 5.2.4.1.
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Figure 5.19:CVs showing the effect of storing FBRR&{: modified CPEs in 1% PEA.

FBRR/SMCPEsvere stored in PEA solutions overnight fontparison. Graph (A) in
Figure 5.20 shows typical calibration CVs at pH 7.2, 7.4 and 7.6 with thejooage
CVsin (B). Some broad peaks were visible at more positive potentials than the original
calibration, similar to FBRR/CPEs in PEA, showing thedeiring of FBRR oxidation

once the CPEs were modified with Sty.
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Figure 5:20: (A) Calibration CVs for FBRR/SMCPEs before storage and (B) after storage in a 1%
solution of PEA for 1 dayn = 4.

FBRR/CPEs were stored in PEA for up to 28 days. With dbeesponding
FBRR/SMCPEs, only a slight improvement was made to the resulting CVs having
been stored for 1 day in PEA, but the peak potentials did not appear to give a Nernstian
response to changes in pH, so no further investigations over longer timeéspegre

carried out.

SEM micrographs of modified CPEs stored in PEA for between 1 and 28 days are
displayed in Figure 5.21. They demonstrate, clearly, that the silicone oil had been
removed from the CPE leaving concave surfaces, this was especiallyablatifrem

day 3. When the CVs in Figure 5.19 were directly compared to their corresponding
image it shows that the higher currents (7 and 28 days) are obtained for CPEs that have

a more concave surface, i.e., more silicone oil removed.

The EDX of the eldcode surface, after 3 days storage in 1% PEA, Figure 5.22, shows
evidence of silicone olil, although its quantity has been reduced when compared to the
EDX of a freshly modified CPE (see Table 5.7). The currents obtained for the modified
electrodes, stotein PEA, agree with the % Si quantitative analysis, showing an initial
drop in % Si after day 1, leading to a gradual increase in currents for days 3 and 7,

which further increase to a maximum level after day 28.
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