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THESIS SUMMARY

The first Chapter deals with the general information about chemically modified 

electrodes, what they are, the development o f fabrication techniques, and relevant 

applications o f modified electrodes. This is followed by some background on the redox 

polymer, polymethylene blue, and closes with a description o f magnetoelectrochemistry. 

in Chapter 2 the experimental procedures and theory used in this body o f research are 

dealt with in good detail. The first part o f Chapter 3 describes the solution phase 

electrochemistry o f the organic phenothiazine dye, methylene blue, at a glassy carbon 

electrode. The effect that dimerisation has on the diffusion coefficients and electron 

transfer kinetics, is explored. Adsorption was observed at the glassy carbon electrode and 

an adsorption isotherm constructed. The maximum surface coverage for a MB monolayer 

was extracted from the isotherm data. The solid phase electrochemistry o f MB w'as also 

investigated via electropolymerisation of the monomer onto the glassy carbon electrode. 

The charge carried by the polymer films was examined as a function o f initial 

concentration o f the monomeric solution and o f the number o f cyclic voltammetric 

polymer growth cycles applied. A value for the diffusional charge transfer coefficient 

was estimated using cyclic voltammetry. EQCM was employed to quantify the movement 

o f counterions through the film and a stoichiometric expression for this redox process 

was proposed.

Introducing Chapter 4 is a brief description o f the Andrieux-Saveant and Albery- 

Hillman models which describe the electrocatalytic oxidation/reduction o f analytes at 

modified electrodes. The remainder o f Chapter 4 deals with, in depth, the theoretical 

analysis o f the steady state amperometric response o f modified electrodes towards an 

electroactive analyte in terms o f Michaelis-Menton kinetics. A derived model was fitted 

to experimental data in Chapter 5 to yield kinetic information about ascorbic acid and 

catecholamine oxidation at a polymethylene blue glassy carbon electrode. The Albery- 

Hillman and Andrieux-Saveant theoretical models were used to diagnose the rate limiting 

cases for the electrocatalytic oxidation o f said analytes at the PMB/GC electrode. The
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oxidation o f the analytes at a bare and modified electrodes yielded diffusion coefficients 

for the analytes as well as kinetic data. The selectivity o f the polymethylene blue glassy 

carbon towards the catecholamines over ascorbic acid using DVP was investigated.

The effect that an applied magnetic field has on solutions o f ferri/ferrocyanide 

was quantitatively examined in Chapter 6, and relationships describing these effects were 

elucidated. Homogeneous catalytic oxidation o f leucomethylene blue by iro n (lll)  was 

investigated using cyclic voltammetry and RDE, and the effect o f the applied magnetic 

field on this reaction was examined. Finally, we return to polymethylene blue at the end 

o f Chapter 6. The charge transport processes in a polymethylene blue modified electrode 

were studied in the magnetic field and the results presented.
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CHAPTER I 

GENERAL INTRODUCTION



1.1. Electrochemistry

In 1785 Luigi Galvani eluicidated, in a rather turbulent fashion, that the legs o f 

a dead frog went into spasm when a pulse o f electrical current was passed through its 

spinal chord. The birth o f electrochemistry thus began with the belief that the dead 

could be restored to life by electrical means. This generated a great deal o f excitement 

in the scientific community at the time, and vigorous experimentation thereafter paved 

the way to modern electrochemistry. Volta further developed Galvani’s findings and 

by his death in 1827 had developed the first device that demonstrated chemical 

production o f  electric current, as well as the electrophore (a primitive capacitor), the 

condenstore (a device that detected weak electrical current), and the precursor to 

m odem  alkaline batteries, the voltaic pile.

The greatest pioneering work in electrochemistry though was carried out by 

Michael Faraday, the ‘father’ o f electrochemistry. In 1834 he developed the First Law 

o f Electrochemistry, which states: “The chemical power o f  a current o f electricity is in 

direct proportion to the absolute quantity o f electricity which passes” . Faraday also 

developed the Second Law o f Electrochemistry; “Electrochemical equivalents 

coincide, and are the same, with ordinary chemical equivalents” . The discovery o f 

electromagnetic induction, the development o f the first transformer, electric motor 

and electric generator are just some o f his many great achievements. Faraday also 

developed fundamental theory for electromagnetism and identified paramagnetism 

and diamagnetism.

With the discovery o f the electron (J.J. Thompson, 1893) and the development 

o f thermodynamics, electrochemical techniques such as potentiometry and 

polarography became important tools in the thermodynamic characterisation of 

solution properties. Equilibrium constants for a multitude o f chemical reactions can be 

determined from relatively few standard reduction potentials, using the standard cell 

potential and Gibbs free energy relationship

AG” = -n F E “ (1.1)

where AG^ is the standard Gibbs free energy, F is Faraday’s constant, n is the number 

o f electrons transferred, and E^ is the standard cell potential. Presently, powerful



electrochemical techniques and data processing ability have improved electrochemical 

theory, giving a wealth o f  information on both thermodynamic and kinetic parameters.

The applications attributed to the ever advancing frontiers o f electrochemical 

research are many, and continue to expand with new technologies. One o f the most 

exciting areas is chemically modified electrodes from which a vast range o f 

applications have sprouted. In particular, chemical sensor development has reached 

explosive proportions, from which environmental pollutants and constituents o f 

bodily fluids can be monitored, even at the most dilute concentrations. Also 

stimulating the research into chemically modified electrodes is the drive to attain the 

goals of effective miniaturised computers, composite battery electrodes, fuel cells and 

more recently bio-fuel cells.

1.2 Chemically Modified Electrodes 

1.2.1 Introduction

A chemically modified electrode [1-3] is an electrode whose surface has been 

deliberately altered with an aim to enhance or inhibit particular properties o f  the 

electrode. The term ‘chemically modified electrodes’ was first introduced by Murray 

and co-workers [4] in 1975, to describe electrodes that had foreign molecules 

deliberately immobilised onto their surfaces. The electrochemical reaction o f  species 

in solution takes place through the modifying layer and not directly at the electrode 

surface. Electron transfer occurs between the Fermi level o f the electrode and the 

modifying layer, and redox groups in the latter then mediate the electron transfer to 

ions in solution. The redox groups in the modifying layer can catalyse or inhibit 

specific reactions. Electrodes can be modified to enhance its sensitivity, selectivity 

and response times.

Lane and Hubard [5,6], in 1973, were one o f the pioneers o f deliberately 

modifying electrodes. They used many different functionalised olefins to modify 

platinum electrodes by irreversible chemisorption. thus creating electrodes with a 

specific nature. Surface coverage measurements were used to elucidate that the loss o f 

Ti-bonds and the formation o f Pt-C a-bonds had occurred. Olefin charge, dependent 

on applied potential, had a marked effect on the electron transfer reactions between 

the Pt surface and ions in solution. This was due to the effect o f the olefin charge on



the distribution o f  ions in the diffusion layer. Thus adsorption was a new technique o f 

modifying electrode surfaces. As many compounds were known to adsorb strongly to 

electrodes, a diverse range o f specifically modified electrodes was now possible, 

depending on the desired application o f the electrode.

The authors. M iller et al. [7] in 1975, were one o f  the first research groups to 

report a functional modified electrode. An asymmetric reagent was used to modify a 

carbon electrode to develop a ‘chiral electrode’. From a solution o f  optically inactive 

reagents, the electrode selectively favoured the production o f one optical isomer over 

another. Racemic mixtures resulted when the unmodified electrode was used and so 

the possibility o f selective electrode reactions was highlighted.

Further work by Murray et al. [4,8], used direct covalent bonding o f  the 

chosen modification molecule to the electrode surface, as a more permanent 

modification technique. The work consisted o f  attaching silanes to a Sn02 electrode 

by reaction with surface hydroxide groups. This method o f  ‘covalent-anchoring’ 

results in either mono-layer or multi-layer coatings on the electrode surface. Electrode 

coverage depends on the solvent used as well as the functional groups o f the silanes. 

In general, most metal electrodes, when treated with acidic media, form metal oxide 

layers which can then be derivatised [9]. Covalent anchoring is not specific to silanes 

and cyanuric chloride has been used to immobilise quinones and glucose oxidase at 

host electrode surfaces [10]. Oxide-free surfaces have also been modified [11,12] and 

mainly involve reactions with the surface atoms o f carbon electrodes.

1.2.2 Development o f  Modifying Techniques

A variety o f electrode modification techniques have been developed over the 

last five decades and since the early techniques o f adsorption and covalent attachment, 

polymeric and plasma coating techniques have evolved. The adsorption o f quinones 

and azines, electrocatalysts o f NADH oxidation, has been used by Gorton and co

workers [13-16] to develop dehydrogenase based electrodes. The electrodes exhibited 

poor stability as adsorption has a general drawback in that slow desorption o f the 

modifying layer can occur, leading to a loss in performance and function. The 

phenomenon o f organised assemblies has lead to the formation o f monolayer coated 

electrodes [17,18]. Surface active compounds, such as Langmuir-Blodgett films, can 

be transferred to an electrode surface from a liquid/air interface. Self-assembled
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monolayers occur via spontaneous coating o f an electrode with the monomer, with 

lateral interactions between the molecules imposing order on the layer. Covalent 

attachment of specific moieties to an electrode surface is not always possible, so 

recent research has focused mainly on the use of polymers to modify electrode 

surfaces [1,10,19], The advantages lie in the simplicity of synthesis of stable multi

layer films onto the electrodes surface and in retaining the inherent properties of the 

film, such as catalytic or selective properties. Films can also be functionalised, used to 

immobilise redox active molecules close to the electrode surface, and the layer 

thickness can be accurately controlled. Modification can be attained by deposition of a 

pre-formed polymer or by polymerisation of a redox active monomer, forming a film, 

onto the electrode surface. The pre-formed polymer deposition technique has an 

advantage in that the layer is complete prior to polymer characterisation and can be 

accomplished by dip or spin coating the electrode [1], Spin coating results in a film of 

more uniform thickness and so is generally preferred to dip coating even though 

surface coverages are considered to be less reproducible. Direct polymerisation of the 

monomer can be produced by thermal, plasma, photochemical or electrochemical 

polymerisation [20]. The deposited polymer may then be functionalised, constructing 

electrodes with the desired characteristics.

Three main classes of polymer modified electrodes, ion-exchange, 

electronically conducting and redox polymers, have been made using these modifying 

techniques. Ion-exchange polymers(polyelectrolytes) contain charged sites that can 

bind ions form solution via an ion-exchange process, resulting in the dispersion of 

electrostatically bound redox active groups in the ionomer matrix. Charge percolation 

occurs via local electron hopping between neighbouring groups or by diffusion of the 

redox groups through the matrix. Uniform thick films, with a wide variety and 

controlled degree of ion loading species, are easily fabricated. The ion-exchange 

polymers protonated poly(4-vinylpyridine) and quatemised poly(4-vinylpyridine) 

have received a lot of attention to date. When neutral poly(4-vinylpyridine) is placed 

in an acidic medium, protonation of the pyridine occurs forming cations in the 

polymer matrix [21]. Highly charged anionic species in solution were then 

incorporated into the film due to the strong electrostatic attraction with these cations. 

The surface deposited microstructure was found to contain ca. 10'^ mol cm‘̂  o f redox 

active material located in a l)j.m thick layer corresponding to a catalyst/sensing
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element concentration o f 0.1 mol dm’ . This technique has been widely used to 

incorporate a large variety o f anionic species [22-25] into cationic polymers. Cationic 

exchangers include the sulphonated flouroploymer, Nafion, and 

poly(styrenesulphonate). In particular, Nafion has shown a large affinity for 

hydrophobic cations [26] and exhibit selectivity coefficients typically o f the order o f 

10^ relative to sodium ions present in the polymer [27,28]. A variety o f redox cations 

have been immobilized in Nafion and include Ru(bpy)3 '̂̂  [27], Ru(NH 3 )6 ^̂  [28], 

methyl viologen [29] and more recently, phenothiazine dyes [30-33].

Electronically conducting polymers can be fabricated via chemical synthesis 

or via electropolymerisation. In the former case the electrochemically conductive 

state is made by oxidative or reductive doping with chemical reagents such as 

Halogens (X2 ), SbFs, AsFs, FeCls, or alkali metals. This method is extensively used in 

the case o f  polyacetylene and dopant transport within the polymer matrix has been 

examined by Benier and co-workers using radiotracer and gravimetric measurements 

[34-36]. The result is a structure that behaves as an extension o f  the electrode surface 

in the solution. Electronically conducting polymer modified electrodes have received 

huge attention since their discovery in the late 1960’s by D all’Olio et al. [37]. The 

group polymerised pyrrole onto a platinum electrode and the resulting film exhibited a 

conductivity o f  8 mS cm ''. Over a decade later Diaz and co-workers [38] successfully 

prepared continuous films o f polypyrrole by anodic oxidation. A similar synthetic 

route was employed by Shirakawa et al. [39,40] when fabricating polyacetylene films. 

They reported that these films could be removed from the electrode surface, resulting 

in free standing films. The films were stable to air and had conductivities o f up to 100 

mS cm"'. Other conducting polymers that have generated a great deal o f  interest 

include polyaniline and polythiophene. Due to ^-conjugation, these materials have 

relatively delocalised electronic states, allowing this electronically conducting 

property. The electrochemical processes in conjugated polymers lead to a 

reorganisation o f the bonds in the molecule itself, and is accompanied by ion- 

exchange between the polymer and the electrolyte. A comprehensive body o f 

literature has been compiled by Skotheim [41] on the physics and chemistry o f 

conducting polymers.

Spin and drop coating techniques have also been used to fabricate redox 

polymers. The authors Miller and Van De Mark [42-44] when modifying a platinum
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electrode with poly-p-nitrostyrene, dipped the electrode into a dilute solution o f  the 

polymer. The modified electrode nitro groups exhibited reversible redox behaviour 

and, when negatively charged, reduced the species in solution [4.3]. Typically, a redox 

polymer consists o f  a system where a redox-active transition metal group is covalently 

bound to, or immobilised within, some sort o f  polymer backbone which may or may 

not be electroactive. Immobilising electrocatalytic transition metal species in a 

polymer modified electrode matrix is a means to endow the electrode with the 

chemical, electrochemical, optical, and other properties o f  the immobilised molecule. 

Som e o f  the advantages o f  this are; control o f  the reaction rate by the applied potential 

or current, co-operative effects stemming from the proximity o f  other catalyst sites, 

the electrocatalytic sites are relatively close, and in high concentration, to the 

electrode surface.

In plasma polymerisation the intended polymeric material is vapourised and 

active species for polymerisation are generated by an electromagnet. Extremely thin 

films (<l|j.m ) pinhole free can be prepared, and the plasma gas may be functionalised 

prior to electrode modification. Several groups have employed plasma polymerisation 

to make PVC electrodes [12,45,46]. A plasma discharge can also be used to activate a 

‘clean’ carbon surface, initiating polymerization onto the electrode surface. M odified 

electrodes have been made using this technique [12,47] as the resulting film is o f  

uniform thickness. The screen printing technique allows the application o f  films over 

the active areas with good resolution. They can also be mass produced at low  cost and 

are readily adaptable for incorporation into disposable biosensors. A  stencil is created 

on the electrode surface by photolithography or by etching. A thin slurry, liquefied 

mixture o f  the powdered material and suitable binder, is forced into the open regions 

o f  the etched electrode. After treatment in a furnace, a continuous film remains. 

Screen printed carbon electrodes with mediating organic dye m olecules have been 

successfully used as sensors for H2 O2 and NA DH  [48,49].

The polymers o f  interest in this thesis are redox polymers. Redox polymers are 

local state conductors, that is, electron transfer occurs via the process o f  sequential 

se lf exchange (electron hopping) between neighbouring groups attached to the 

polymer backbone. The electron transfer is accompanied by ion-exchange between the 

polymer and the electrolyte to maintain electroneutrality in the film. 

Electropolymerisation o f  suitable organic monomers, via irreversible potentiostatic or
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galvanostatic oxidation, is a technique that is now used extensively [15]. Suitable 

heteroaromatic monomers include phenothiazines [50-52], phenols [53], pyrroles 

[54,55], aromatic amines [56], vinyl based systems [57,58] and ruthenium co

ordinated bipyridine ligands [59]. The polymer backbone itself, as is the case with the 

phenothiazine dyes, may be the functioning mediator. The three dimentional 

distribution o f  the mediator make these types o f modified electrodes ideal for 

electrocatalytic studies [60]. In this current body o f  work, the redox polymer 

polymethylene blue, was electropolymerised onto a glassy carbon electrode and the 

resultant properties o f  the electrode were investigated.

1.3 Chemically Modified Electrodes-Applications

The applications o f  chemically modified electrodes are numerous and new 

research adds to the list continuously. They include electrocatalysis, electrochemical 

sensors, photogalvanic cells, electroreleasing films, energy storage devices and 

display devises. M odification o f host electrodes with dyes has been extensively 

researched for various applications, and specific examples o f  some dye modified 

electrodes (in particular phenothiazines) are discussed in this section. Polymerised 

phenothiazines, the family o f  which methylene blue is a member, are classed as redox 

polymers. Redox polymer modified electrodes are the focus o f this thesis and the 

analysis o f polymethylene blue modified glassy carbon electrodes is detailed in 

chapters 3 & 4. On a general level the applications both redox and conducting 

polymers are detailed in this section.

1.3.1 Electrocatalysis

The possibility o f fabricating tailormade modified electrodes has promoted 

rigorous research in the area o f electrocatalysis. Electrocatalysis serves to accelerate 

the heterogeneous electron transfer o f the target analyte, which otherwise is slower at 

a bare electrode. It should not be confused with mediation which provides a 

source/sink o f  electrons for a target analyte, but electron transfer occurs at the same 

potential as it would at the bare electrode [61]. O f course mediation o f  electron 

transfer may be catalytic but not all mediators are catalysts. Catalytic moieties can be
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readily immobilised close to the electrode surface by a three dimentional polymer 

matrix. Thus the amount o f catalyst required to provide a high concentration of 

catalytically active sites is minimised by imm.obilisation. This is a highly desirable 

feature since catalysts, such as platinum and palladium, can be expensive. For 

example, Stadler et al. [62] used a cobaltocenium redox polymer film containing 

particles o f rhodium and palladium to catalyse the historically important hydrogen 

evolution reaction. The hydrogen evolution reaction is the cathode reaction in water 

electrolysis and some chlor-alkali cells, one o f the reactions in corrosion, and a 

competing reaction in some organic reductions and metal deposition reactions [63].

The ability o f an electrode to reduce O2 is o f huge importance to applications 

such as fuel cells and more recently biofuel cells. The main problems are that few 

catalytic metal materials are stable to anodic dissolution at potentials where oxygen 

reduction takes place, and the analysis o f this reaction may be hampered by the 

oxidation/reduction o f the metal catalyst itse lf One way o f overcoming this problem 

is to use organic molecules as the catalyst. The authors Seitz et al. [64] reported the 

reduction o f O2 to H2 O2 by NAD"^ in the presence o f  methylene blue. Van De Mark 

and co-workers fabricated a poly-/?-nitrostyrene modified platinum electrode capable 

o f reducing O2 at a potential 200mV less negative than at the bare platinum electrode 

[43]. More recently the enzyme laccase has been used for O2 reduction in a 

membrane-less glucose/oxygen biofuel cell [65], Oxidation o f glucose is coupled to 

the reduction if  dissolved O 2 via mediated electron transfer from glucose oxidase at 

the anode to laccase at the cathode.

Organic dyes, particularly phenoxazines [14,15,66], phenazines [16,67-69] 

and phenothiazines [52,70,71], have been used extensively to modify electrode 

surfaces for the catalytic electro-oxidation o f NADH. Almost 500 known 

dehydrogenase enzymes depend on NADH/NAD"^ coenzymes as co-reactants. 

Rigorous electrochemical probing o f this cofactor continues to yield exciting results. 

The phenazine dye poly(neutral red), when electropolymerised onto a glassy carbon, 

has been reported by Karyakin et al. [72] to electrocatalytically reduce NAD"^ to the 

enzymatically active NADH. In further research performed by the same author [52], 

glassy carbon electrodes were modified with the phenothiazine dyes methylene blue, 

methylene green, azur A, toluidine blue, and the phenoxazine dye, brilliant cresyl 

blue. The electrodes were modified via electropolymerisation from a 0.4mM 

monomer solution by potential cycling at a scan rate o f 50mV s ''. All modified
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electrodes exhibited high stability and a catalytic response to N A D H  oxidation. The 

overall conclusions, draw n from  the results o f  each m odified electrode, were that (i) 

ring substitution w ith only tertiary  nitrogen atom s as ligands provides h igher catalytic 

activity, and (ii) higher redox potential o f  the polym er also provides h igher catalytic 

activity. The order o f  catalytic efficiency was found to be m ethylene green > 

m ethylene blue > azur A > brilliant cresyl blue > toluidine blue. The suggested reason 

for the sm aller catalytic activity o f  the two latter dyes was due to the alkyl ligands that 

they possess.

Sol-gel ion exchange m odified electrodes have also utilised m ethylene blue to 

catalyse the oxidation o f  N A D H . The authors Zaitseva et al. [73] fabricated a 

Si0 2 /Z r0 2  via a sol-gel processing m ethod dispersed w ith the cation exchanger, 

Sb20s, in the gel m atrix. The Si0 2 /Z r0 2 /Sb205 was im m ersed in a solution o f 

m ethylene blue and the redox cation was adsorbed into the m atrix  by an ion exchange 

reaction. The Si0 2 /Z r0 2 /Sb205 /M B was m ixed with graphite and m ineral oil. The 

paste was then used to m ake a m.odified carbon paste electrode. The authors observed 

N A D H  oxidation at a potential ca. 500m V less negative than at a bare graphite 

electrode [16] and a detection lim it o f  36|aM.

Later, the sam e author m ade carbon paste m odified electrodes containing 

Si0 2 /Sb03  and the redox m ediators m ethylene blue, toluidine blue, and m edola’s blue 

w ere im m obilised in the sol-gel m atrix [74], The m edo la 's  blue carbon paste m odified 

electrode exhibited the highest catalytic activity for N A D H  oxidation as it also has the 

highest value. D etection lim its w ere 25, 42 and 7)aM for the m ethylene blue, 

toluidine blue and m edola’s blue carbon paste electrodes respectively. The 

electrocatalytic ability o f  these organic dyes m akes them  ideal for N A D H  oxidation in 

the operation o f  successful sensors and biofuel cells. M oore et al. [75] have reported 

on the use o f  polym ethylene green to electrocatalytically  oxidise N A D H  in an 

ethanol/oxygen biofuel cell.

Ye and Baldw in were one o f  the first groups to use a m ethylene blue m odified 

glassy carbon electrode for the electrocatalytic reduction o f  m yoglobin and 

hem oglobin [76]. M yoglobin and hem oglobin are proteins found prim arily in 

m am m alian m uscle tissue and are responsible for O2 transport and storage. They 

contain hem e m oieties, one in m yoglobin and four in hem oglobin, w ith variable 

oxidation states and w hich have generated a great deal o f  electrochem ical research.

9



The methylene blue modified glassy carbon electrode was prepared by dip coating for 

60s in a 0.01% m/v methylene blue solution and exhibited excellent stability and 

reproducibility. When used in flow injection experiments, the electrodes exhibited a 

linear current response to analyte concentration and yielded detection limits o f  10 and 

20pmol for myoglobin and hemoglobin respectively. The myoglobin oxidation 

currents were lOOmV less negative at the modified electrode than at a bare glassy 

carbon electrode. Two other heme containing proteins catalase and cytochrome c were 

also electrocatalytically reduced at the methylene blue modified electrode. The 

authors also reported a hemoglobin and myoglobin reduction response at a thionine 

modified glassy carbon electrode. The two phenothiazine modifiers had very similar 

redox potentials but the electrocatalytic currents observed at the thionine modified 

electrode were significantly lower.

These selected examples o f electrocatalysis using methylene blue highlight the 

versatility o f  the organic dye. The modifying techniques are numerous while the 

modified electrodes exhibit high stability and reproducibility. Methylene blue can be 

used to electrocatalytically oxidise and reduce molecules o f major biological 

importance and so its use in applications based on electrocatalysis is ever growing.

13.2 Electrochemical Sensors

The detection and quantification o f a vast range o f chemical species is 

routinely required in a multitude o f disciplines in the world today. The advances in 

sensor technology mirrors this phenomenon as research strives to keep abreast of 

increasing sensor demands. The fundamentally important requirement relating to 

sensors is the selectivity in detection o f  a specific analyte. Traditional methods of 

detection o f a particular analyte use the combination o f different analytical 

techniques. Firstly the analyte must be isolated and identified by gas or liquid 

chromatography, or mass or ir spectroscopy. The operation o f such analytical tools 

requires highly skilled personnel and so chemically modified sensors offer a reliable 

and cost-effective alternative.

Advances in modified microelectrodes and ultramicroelectrodes have made it 

possible for in vivo analysis o f analytes [77,78], though electrode fouling can be a 

problem [79]. Polymers modified electrodes can be a good solution to electrode 

fouling in that a particular polymer may be permselective towards a particular analyte
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in situ. Yacynych and co-workers [80] modified a platinised reticulated vitreous 

carbon electrode with glucose oxidase and electropolymerised 1,2-Diaminobenzene, 

for use as a glucose sensor in human serum. The 1,2-Diaminobenzene prevented 

interferents such as L-ascorbic acid, L-cysteine and urea from penetrating the film but 

was permselective towards H2 O2 . The H2 O2 , a bye-product o f  glucose oxidation, was 

detected at the electrode and accurately correlated to the amount o f  glucose present in 

the sample. Good summaries o f  the development o f  these type o f  sensors is presented 

in special editions o f  The Analyst [81,82].

Electrochemical sensors may be classified into two categories relating to the 

mode o f  operation, potentiometric and amperometric [83]. Potentiometric sensors 

operate under conditions o f  equilibrium in the sample. The potential difference across 

a membrane or solution/electrode interface is measured relative to a reference 

electrode, and is directly related to the analyte concentration. An example is an ion- 

selective electrode. The potential difference in these electrodes is created by the 

selective uptake o f  an ion from solution, from one phase to another. The membrane 

potential, Em, analogous to the liquid junction Donnan potential, can be described as

£ . , = - l nni
n t

( 1.2 )

where a  ̂ and represent the activities o f  the species in the membrane and solution 

respectively, F is Faraday’s constant, and n is the number o f  electrons lost or gained in 

the reaction o f  one mole o f  analyte, R is the gas constant, and T is the temperature 

[20,83]. If the activity o f  the ion in the membrane is constant, then the Em varies in a 

Nem stian manner to the activity o f  the ion in solution. The analyte concentration 

varies logarithmically with the electrode potential. Fast electrode kinetics is a 

requirement o f  potentiometric sensors to ensure a stable local environment at the 

electrode surface. Potentiometric sensors are sensitive to noise and temperature due to 

the logarithmic relationship o f  current and potential.

Amperometric sensors operate by relating the current response, to a fixed 

potential, to analyte concentration. The potential effectively drives a reaction in the 

sample and a measurable charge is passed from electrode to the analyte or vice versa.



By use o f  Faraday’s law , the am ount o f  charge passed is related to the num ber o f 

m oles o f  electrons lost or gained in the electrochem ical reaction

O  =  nFAN (1.3)

w here Q is the num ber o f  coulom bs used in converting N  m oles o f  analyte, F is 

Faraday’s constant, A is electrode area, and n is the num ber o f  electrons lost or gained 

in the reaction o f  one m ole o f  analyte. D ifferentiation o f  Q with respect to tim e gives 

a m easure o f  the rate o f  conversion o f  analyte, the current

The current response to the applied potential is governed by the B utler-V olm er 

equation [84,85]. W hen the rate o f  electron transfer is slow , the reaction is said to 

under kinetic control. This is generally the case if  the applied potential is close to the 

equilibrium  potential o f  the analyte. For an applied potential that is significantly 

different from  analyte equilibrium  potential, the rate o f  electron transfer, and hence 

current response, increases until the reaction is under m ass transport control. Slow 

kinetics can be a problem  in am perom etric sensors resulting in slow response tim es, 

so m ediation o f  the charge transfer reaction is often required.

1.3.2.1 Specific Sensor Electrodes

In this section som e specific exam ples o f  sensor electrodes will be described 

w ith an em phasis on redox polym er m odified sensors. In particular the redox active 

O s(bipy )2  and its derivatives are included due to the excellent redox properties they 

possess. O s(bipy ) 2  and osm ium  derivatives have efficient electron shuttling properties 

and can be polym erised or incorporated into conducting polym ers, m aking them  ideal 

for im portant sensor applications. To close this section the redox polym er electrodes 

m odified w ith phenazines, phenoxazines and phenothiazine dyes are discussed. 

W ithin this small group o f  m odifying m aterials, a huge range o f  sensor types has been 

developed, due to the various properties that the dyes possess.

(1.4)
dt dt

12



The m ost significant developm ent in biosensors over the last tw enty years is 

the glucose sensor. D iabetes is com m on but serious ailm ent and is on the increase due 

to the trends observed in the hum an diet. Convenience foods and lack o f  exercise can 

cause the onset o f  diabetes, as life becom es increasingly m ore hectic. The accurate 

detection o f  blood sugar levels is vital to diabetics and enables sufferers to enjoy a 

high quality o f  life, and consequently a huge m arket for glucose sensors has evolved.

Both O 2 and H 2 O 2 levels can be used to correlate directly, the concentration o f  

glucose in a sam ple, i.e., by m onitoring the O 2 depletion or the increase in the by

product o f  glucose m etabolism , H 2 O 2 , due to the glucose oxidase (GOx) catalysed 

reaction:

GOx
glucose + O 2 ---------- ► Gluconic acid + H 2 O 2

The evolution o f  the glucose sensors has evolved from; im m obilisation o f  the enzym e 

glucose oxidase (GOx) directly to an electrode surface [86], to im m obilisation o f  both 

an electron m ediator and GOx to the electrode surface [87], to “w iring” the enzym e to 

the electrode surface [88, 89].

The first H2 O 2 sensor reported by G uillbault et al. [90] was an enzym e 

electrode for the determ ination o f  blood glucose based on am perom etric (anodic) 

m onitoring o f  the liberated hydrogen peroxide. Good precision and accuracy were 

obtained in connection to 100 blood samples.

In general, the m ain problem  with enzym e electrodes is the effective and 

efficient m ediation o f  electron transfer from  the enzym e to the electrode surface. The 

redox enzym e active site, the flavin group, lies deep w ithin the insulating protein shell 

o f  the enzyme, m aking electron transfer with the m ediator difficult. Traditionally, 

com m unication betw een the flavin group and the electrode relied on diffusion o f  the 

ET m ediator to the enzym e active site. This has been replaced in recent years by 

electrical “w iring” o f  the flavin site to the m ediator using redox hydrogels. The 

authors Forster and Vos were the first to synthesise osm ium  and ruthenium  m odifed 

polyvinylim idazole (PVI) and poly(vinyl-pyridine) (PVP) redox hydrogels [91]. The 

use o f  these hydrogels facilitates enzym e “w iring” to the electrode surface and 

consequently properties o f  enzym e electrodes has vastly im proved. H ydrogels are 

particularly relevant to electrochem ical biosensors and biofuel cells. Both are very
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much Hnked as glucose and O2 metabolising enzymes (e.g. GOx and Laccase) may be 

used in both types o f  system.

Heller has been the most significant contributor to the area o f  enzyme 

“wiring” using these hydrogels, and indeed was the first to report on the “wiring” o f  

glucose oxidase to an electrode surface [92]. Heller and co-workers have since 

reported numerous improved “wired” GOx electrode systems [93-96]. These “wired” 

enzyme electrodes are constantly being improved and not only in sensitivity and 

selectivity. “Wired” glucose electrodes operate in the following way: redox centers o f  

the glucose oxidase can be readily electrooxidized via  a high molecular weight 

polycationic redox polymer. The enzyme is polyanionic and forms electrostatic 

com plex with the polymer, thus reducing the electron-transfer distance. The redox 

polymer enzyme com plex is preserved at high ionic strength if  the polymer is 

covalently bound to the enzyme. Upon such bonding, the electrooxidation o f  glucose 

persists even at high ionic strength. The most efficient and utilised redox polymers are 

the aforementioned PVP-Os and PVI-Os complexes.

Recently Heller has also reported the on a PVP-Os GOx carbon rotating disk 

and carbon fibre electrodes with an electron diffusion coefficient, D e, o f  5.8±0.5 x 10' 

 ̂ cm^ s'' [97]. This is an order o f  magnitude faster than previously reported and is 

attributed to the 13 atom spacer linking the osmium ligand to the PVP. A long spacer 

allows flexible movement o f  the electron mediating osmium ligand, thus enhancing 

electron diffusion through the hydrogel.

To date, the highest sensitivities for the bioelectrocatalytic determination o f  

H2 O2 were obtained with PVI-Os hydrogels, peroxidases and a cross-linker [98-100]. 

Prior to the enzyme-catalysed reduction o f  H2 O2 , the hydrogel-bound Os-centres 

provide a very efficient ET pathway from the electrode to the enzyme's prosthetic 

group, via an electron-hopping mechanism.

Glucose oxidase is not the only enzym e used in glucose sensors. The “wiring” 

o f  pyranose oxidase (PyOx) to graphite rod electrodes using a (PVP)-Os and (PVI)-Os 

hydrogels has been reported by Timur and co-workers [101]. PyOx is more suited to 

biofuel cells than GOx because many sugars other than glucose can be oxidised for 

small scale energy production.

A bi-enzyme modified electrode, incorporating either poly(l-vinylim idazole)- 

Os or poly(vinyl-pyridine)-Os, has been reported by Nikitina et al. for the detection o f
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the serious environmental pollutant, formaldehyde [102], An inner ET mediating layer

o f  [(PVI)-Os], or [(PVP)-Os] was coated with poly(ethylene glycol)(400) diglycidyl

ether and then with diaphorase. The outer layer was comprised o f  a formaldehyde

dehydrogenase (FDH) coat. The FDH-dependent NAD"  ̂ and glutathione (GSH) were
_ 2   1

added to the electrolyte. The authors quote a sensitivity o f  22 Am M , a detection 

limit o f  32 )aM, and a linear dynamic range o f  50 -500  |j,M for the sensor.

The authors Smutok et al. [103] used an osmium com plex to mediate a bi

enzyme modified GC electrode. HRP and Alcohol Oxidase (AOx) were immobilised  

onto a GC electrode using cathodic and anodic paints. The oxidation o f  ethanol to 

aldehyde was facilitated by the AOx, which in turn was re-oxidised by O2 , forming 

H2 O2 on contact with H2 O. H2 O2 was rapidly broken down again by HRP, with the Os 

complex facilitating the re-reduction o f  the HRP. The sensors were stable and 

reproducible in the determination o f  ethanol content in wine, exhibiting rapid 

consumption o f  H2 O2 .

The future o f  important biological m olecule detection is in the miniaturisation 

o f  biosensors which, hopefully, will pave the way for implantable biosensors for an 

ever growing number o f  applications. Subcutaneous (PVI)-Os redox hydrogel “wired” 

glucose sensors for real-time glucose monitoring in rats have been reported [104,105], 

The size o f  implantable biosensors is currently governed by the power supply unit, 

i.e., the battery. It is desirable, therefore, to fabricate biosensors that can be powered 

by sugars found in abundance in the human body -  biofuel cells. Heller reported on 

the first biofuel cell using PVl-Os GOx “wired” to a carbon fibre anode and laccase 

“wired” to a carbon fibre cathode [106]. The anode is a glucose-oxidising, while the 

cathode is oxygen-reducing. The breakthrough for the development o f  miniature 

biofuel cells was made possible due to the discovery that O2 could be reduced by 

(PVI)-Os “wired” laccase electrode at pH 5 [107]. A recent publication by the same 

author describes three different enzyme electrodes “wired” by (PVI)-Os hydrogels 

[108]. The cell consisted o f  anode immobilised GOx and laccase and biliruben 

oxidase immobilised onto the cathode. The enzyme cathode is catalystic in the four 

electron O2 -  electroreduction to water generating current densities as high as 10' A  

cm^. The glucose/02 biofuel cells had a current output o f  ~ l m A  cm^ which is 

effective for a period o f  weeks. The authors found that the best redox hydrogel-GOx
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6 2 1anode had an apparent electron diffusion coefficient o f  6 x 10' cm s' . The high 

apparent electron diffusion coefficient results from the 13 atom spacer arms 

separating the osmium ligand and the polymer backbone.

However, one disadvantage o f  using hydrogels is the manual deposition 

procedure which often results in poor reproducibility, making minaturisation o f  the 

sensors problematic. An attempt to address the problem o f  minaturisation has been  

reported using HRP and tobacco peroxidase (TOP) immobilised via  polymerised 

pyrrole monomer functionalised with an osmium -com plex [109]. The authors reported 

significantly higher sensitivities for the reduction o f  H2 O2 for the HRP-based sensors 

as compared with the tobacco peroxidase-based ones, with 0.12 and 0.06 nA  

respectively. The authors attributed this to poor accessibility o f  the active site o f  TOP 

for the Os redox centres.

PVP-Os and PVI-Ru com plexes have been used to fabricate sensors other than 

enzyme modified electrodes. For example a nitrite sensor has been reported by V os  

and co-workers [110]. The sensor was stable, with good reproducibility and the 

authors quote a limit o f  detection o f  0.1/j.g cm ’̂ . A poly(vinylim idazole-co- 

acrylamide) (PVIAA) partially imidazole-com plexed with [Ru(bpy)2 Cl]'  ̂ capable o f  

detecting guanine [111] has been reported. The sensor boasts a detection limit o f  5nM  

and has a linear concentration range o f  8.0 nM -100 |iM . The sensitivity o f  these 

sensors is testament to the remarkable qualities o f  these osmium and ruthenium  

complexes.

The redox polymer electrodes modified with phenazines, phenoxazines and 

phenothiazine dyes are discussed in this section. The wide range o f  special 

characteristics displayed by these materials is reflected in the vast and varied sensor 

electrodes that have been developed. One o f  the more important sensors to basic 

research is the pH electrode. The glass electrode is an amorphous solid that is 

permeable to hydrogen ions. This property makes it a suitable electrode for use as a 

potentiometric pH sensor. The membrane potential is created via  ion exchange  

between the hydroxyl groups on the hydrated glass surface and the hydrogen ions in 

the sample, which is then related to hydrogen activity [112]. If the pH versus potential 

relationship is linear, a Nem stian response is obtained. A poly(neutral red) film, 

electropolymerised onto a indium-tin oxide electrode, was found to be suitable as a
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pH sensor [113], Tw o distinct zones were assigned to the film , a redox active inner 

zone and an outer zone that behaved like a m em brane. The m em brane zone was 

perm eable to and a linear relationship betw een pH and potential was found to 

exist, yielding a slope o f  -50m V dec"'. This slope was deem ed to be high enough for 

the potentiom etric sensor to conduct pH m easurem ents.

A m perom etric sensor developm ents constitute the largest area o f  activity in 

sensor research due to the dem ands o f  biological m olecule detection as described in 

the enzym e electrode section. The full range o f  successful m odifying techniques has 

been utilised. Im m obilisation o f  organic dyes at electrodes to m ediate electron transfer 

reactions has been w idely reported. The phenothiazines are particularly good 

m ediators for the electron transfer reactions involving some enzym es, regenerating the 

enzym e activity tow ards the specific target m olecule. This is o f  great im portance as a 

particular enzym e to a specific target m olecule, can be im m obilised w ith the m ediator 

to an electrode surface. This, o f  course, is not specific to glucose detection.

A dsorption is one m ode o f  im m obilisation, an exam ple being the m ethylene 

blue m ediated enzym e electrode, developed for the detection o f  trace m ercury(II), 

m ercury(I), m ethylm ercury and a m ercury-glutathione com plex [114]. The accurate 

m easurem ent o f  m ercury(II) is very im portant in the food industry, environm ental and 

clinical sam ple analysis, at concentrations usually in the ng ml"' range or lower. A 

m ixture o f  m ethylene blue, P-cyclodextrin, the enzym e horseradish peroxidase (HRP), 

and the polym er cellulose triacetate, was spin-coated onto a glassy carbon electrode at 

3000rpm . The enzym e H R P catalyses the reduction o f  H2 O 2 to w ater, w hich is vital in 

biological system s as H 2 O 2 attacks healthy tissue w hen scavenging for electrons. The 

electrode was placed in a solution o f  H 2 O 2 and was reduced by HRP, w hich in turn 

was reduced in a m ethylene blue m ediated reaction to produce a catalytic current. 

This catalytic current was correlated to the concentration o f  H 2 O 2 and the HRP 

activity. The electrode was then im m ersed in a solution o f  the trace m ercury 

com pounds w hich inhibit the activity o f  HRP, tow ards H 2 O 2 , by binding to active 

sites in the enzym e. The decay in HRP activity w as m easured and calibration curves 

were constructed. The authors calculated detection lim its in the ng m f ' range for each 

inhibitor.

Ruan and co-w orkers [115] developed an am perom etric sensor for H 2 O 2 w ith 

the phenothiazine m ediator, thionine, covalently attached to  the HRP. A se lf
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assem bled monolayer (SAM ) electrode was prepared by immersion o f  an etched gold 

wire electrode in a deaerated 0.02M  L-cysteine aqueous solution at room temperature 

for 12 hours. The electrode was then im^mersed in a glutaraldehyde solution for 20 

minutes and then immersed in the HRP solution for 20 minutes. The amino groups o f  

the L-cysteine tails can covalently bond to amino residues o f  the HRP, using 

glutaraldehyde as a bifunctional agent. Thus a HRP/SAM electrode was formed and 

on repetition o f  this step, enzyme mutilayers were attached to the SAM. The thionine 

mediator was attached to the HRP/SAM  electrode by immersion in glutaraldehyde for 

20 minutes, followed by immersion in a thionine solution for 20 minutes to fabricate 

the TH/HRP/SAM  electrode. These steps were repeated to fabricate an electrode with 

a known amount o f  enzym e and thionine layers. The sensors displayed a rapid 

response to low  concentrations o f  H2 O2 , in one case reaching 95% steady state current 

response in 4s. This novel method o f  fabrication opened up a new strategy in the 

construction reagentless enzyme biosensors.

Another HRP enzym e biosensor, this time methylene blue mediated, was 

reported by Xu et al. [116]. The methylene blue and HRP were immobilised onto 

multiwall carbon nanotube modified glassy carbon electrode via adsorption. HRP 

reduced the H2O2 to water and the methylene blue successfully mediated the 

regeneration o f  HRP via  two separate electron transfers. The stability o f  the sensor 

was good with a 10% decrease in current response after 5 days. The authors also 

reported a detection limit o f  1 )iM and a M ichaelis-M enton constant o f  0.12mM  

indicative o f  the sensors high sensitivity.

Numerous amperometric sensors modified with ion-exchange films have been 

described in the literature [29, 33]. Nafion is a perfluorosulphonated ionomer, a type 

o f  ion-exchange film, capable o f  high selectivity in the intercalation o f  certain cations. 

This selectivity is due to the hydrophobic nature o f  the fluorocarbon phase o f  the film, 

and the relative size o f  the intercalating ion [27]. This partitioning towards interferent 

components in solution is highly desirable and has been used in the in vivo  detection 

o f  dopamine [117]. The incorporation o f  methylene blue and thionine into Nafion and 

the subsequent electrochemical behaviour o f  the films has been described [30,118]. 

The dye/Nafion films displayed reversible, two electron transfer processes with good 

stability and reproducibility. A  distinct advantage o f  Nafion is that the mediators are 

free to diffuse within the film. Chen and co-workers developed an amperometric
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sensor for the determination o f hemoglobin [119], They modified a carbon fiber 

electrode with methylene blue in a Nafion film, and reported the electrocatalytic 

oxidation o f hemoglobin by the sensor. The sensor had a detection limit o f  2 jaM and 

standard deviation o f 3.5% for six successive determinations at 6 )liM. The amount o f  

hemoglobin in normal human blood samples is between 2.2-2.6 mM. The sensor 

determined 2.4 mM from a real human blood sample, without any interference from 

other biological molecules. This was comparable to 2.5 mM obtained by 

spectrophotometry at a wavelength o f  540 nm. The sensor exhibited good stability 

with a 4% drop in current response after 2 hours continual use.

An amperometric nitric oxide sensor based on a pol>4hionine/Nafion film on 

glassy carbon has been reported by Chen and coworkers [33]. Nitric oxide is a 

neurotransmitter, whose release from cells is stimulated by L-arginine. The sensor was 

applied to monitor the nitric oxide release from rat kidney. Polythionine mediated the 

oxidation o f nitric oxide, significantly increasing the current response, and the sensor 

detection limit o f 7.2 x 10'* M ŵ as determined.

A H2 O2 amperometric sensor with methylene blue immobilised into the ion- 

exchanger a-zirconium phosphate has also been reported [120]. Intercalation o f  the 

methylene blue occurred spontaneously, in aqueous solution, to form an inclusion 

colloid. HRP and glutaraldehyde were added to this solution and drops o f  the 

composite were deposited onto a glassy carbon electrode to form the sensor. The 

authors recorded a 95% steady state current response within 20s and a detection limit 

o f 3 X 10'  ̂M.

Sol-gels provide an attractive method o f amperometric sensor fabrication and 

numerous methylene blue mediated enzyme electrodes have been reported [121,122]. 

A selective sol-gel sensor for the simultaneous determination o f ascorbic acid and uric 

acid was developed by Khoo et al. [123]. The methylene blue electrocatalytically 

oxidises the biomolecules and the sensor exhibits separate current response peaks for 

the analytes using DPV. The detection limits were < 0.45 and < 0.25 mM for ascorbic 

acid and uric acid respectively, depending on the solution pH, with high sensitivity 

and stability observed.

Another biologically important molecule is pyridoxine hydrochloride(vitamin 

Be), which plays an important role in amino acid synthesis, and may be converted to 

the metabolic coenzyme pyridoxal phosphate. An electropolymerised polymethylene
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blue modified glassy carbon electrode has been reported to electrocatalytically oxidise 

vitamin Be [124], The authors concluded the electrode reaction to be quasi-reversible 

process, being diffusion controlled at low scan rates and adsorption controlled at high 

scan rates. The electrocatalytic current response to vitamin Be concentration was 

linear and the electrode had a detection limit of 1.34 )ag m L'’. Screen printed 

amperometric enzyme sensors have been developed using thionine and medola’s blue 

[48,49].

1.3.3 Chromic Devices

Chromic materials possess the ability to undergo an induced colour change 

and the resultant chromism can be classified according to the type of applied stimulus. 

Electrochromism can be defined as a reversible and visible change in the 

transmittance of a material as a result of an electrochemical oxidation or reduction 

[125], Methylene blue is an electrochromic material and is known to show a colour 

change from blue to colourless on reduction. Photochromic materials can reversibly 

change their chromatic properties upon exposure to both natural and artificial 

ultraviolet (UV) light [126]. While methylene blue may not change colour when 

subjected to the application o f a light source, it is known to form a photoactive triplet 

state that can be photoreduced in solution by an appropriate electron donor [127]. This 

property has been harnessed in photochromic, electrochromic and colourimetric 

indicator devices. Potential targets for the applications of electrochromism and 

photochromism are curtainless smart windows for heat and daylight control, anti- 

dazzling rear-view mirrors for vehicles, and oxygen and humidity indicators [128].

The electrochromism of dye-adsorbed nafion coated glassy carbon and indium 

tin oxide electrodes has been reported by Ganesan et al. [129]. They fabricated the 

electrodes by casting a known volume of the dye-adsorbed nafion onto the electrodes 

and allowed the solvent to evaporate. The dyes used were thionine, methylene blue 

and phenosafranine, all of which possess electrochromic properties. The authors 

found that thionine leached from the nafion, while the methylene blue and 

phenosafranine remained bound to the nafion, after repetitive potential cycling. Mixed 

nafion films of methylene blue/phenosafranine were stable but 

thionine/phenosafranine films were not stable due to thionine leaching and being
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replaced by phenosafranine. The electrochromic properties o f each film was 

spectroelectrochemically investigated and the progression o f  the colour changes with 

potential were recorded. The ITO/methylene blue/nafion film was oxidised at OV vs 

SCE and after 300s was colourless due to the total reduction o f methylene blue to 

leucomethylene blue in the film. The colour then changed back to blue on application 

o f  an oxidation potential o f 0.6V for 300s, corresponding to the total re-oxidation o f 

leucomethylene blue to methylene blue in the nafion film. The thionine/nafion film 

exhibited similar redox potentials, describing a colour change from colourless at OV to 

violet at 0.5V, but leaching o f the thionine cations was obser\'ed. The 

phenosafranine/nafion film experienced a colour change from colourless at -0.5V to 

red in its oxidised state, at OV. The methylene blue/phenosafranine/nafion film was 

colourless at -0.5V to red at OV to red-blue at 0.7V. All colour changes were 

reversible and the films, except thionine, were very stable. Methylene blue molecules 

have also been an immobilised in electronically conducting polymers [130,131], 

improving the electrochrom.ic properties o f the films over the non-mixed polymers. 

Modified graphite electrodes with adsorbed methylene blue have shown 

electrochromic properties [132].

A flexible spin coated nano-photo-electrochromic film, constructed with Ti02 

nanoparticles deposited on conductive poly(ethylene terephthalate), has been 

developed [133]. The Ti02 nanoparticles were used anchor methylene blue molecules 

which inferred photo- and electrochromic properties to the electrode. The electrode 

was irradiated by red light, the methylene blue molecules were excited to a triplet 

state, and then photoreduced by electron donor triethylamine molecules present in the 

electrolyte. The film changed colour from blue to colourless in ca. 20 s. The re

colouring o f the film, via electro-oxidation, was complete after application o f  a 1 s 

electrical impulse o f 0.4V DC. The speed o f re-oxidation was attributed to the 

immobilisation o f the methylene blue molecules at the electrode surface. A lso the 

presence o f the TiOa nanoparticles served to greatly increase the surface area for 

oxidation o f the methylene blue molecules. The re-oxidation response time w as 16 

times quicker than that o f the authors previous publication [134] on a methylene 

blue/dipentaerythritol pentaacrylate based photoelectrochromic electrode.

An intelligent ink oxygen sensor has been reported based on the colorimetric 

properties o f methylene blue [135]. This device is suitable for detecting oxygen in 

modified atmosphere packaging used primarily in the food industry. A dispersion o f
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the semiconducting material Ti0 2 , methylene blue, and the mild electron donor 

triethanolamine, were encapsulated in hydroxyethyl cellulose polymer which was then 

spin coated on a glass cover slip. The Ti02-M B-TE0A -H EC  films were bleached via  

application o f  U V -A  light, causing colour change o f  blue to colourless. The 

irradiation o f  Ti0 2  semiconductor particles generates electron-hole pairs, and is 

reduced by the mild electron donor, to form TiOi'. This then reduces methylene blue 

causing bleaching o f  the film. The methylene blue re-oxidises on contact with oxygen 

and the film turns blue, indicating the presence o f  oxygen. The same authors [136] 

and the authors Gutierrez-Tauste et al. [137] have also reported similar films as 

colorimetric oxygen indicators.

Somani et al. [138] described the detection o f  humidity using changes in the 

absorption o f  methylene blue indicator incorporated in solid polymer electrolytes 

consisting o f  poly(vinyl alcohol)/H 3 P0 4 . These films, formed by dip-coating on a 

glass substrate, showed humidity-dependent absorbance changes that can be ascribed 

to either the association/dissociation com plex that the dyes form with the polymer. 

The more humid the environment, the more acidic the local methylene blue 

environment became, and this caused a dissociation reaction o f  methylene blue from 

the film to occur. Humidity detection in the 20-80%  RH range was reported.

1.3.4 Photogalvanic cells

A photogalvanic cell can be defined as: a galvanic cell in which significant 

current and voltage are simultaneously produced upon absorption o f  light by at least 

one o f  the electrodes. The conversion o f  light energy into chemical or electrical 

energy results from light in the visible region acting as an electron pump, injecting 

electrons into a semiconductor electrode material. This electrical energy can be stored 

or used to drive chemical reactions. Photogalvanic cells, therefore, are the basis for 

converting solar energy into electricity and chemical energy. The existing commercial 

devices used for solar energy conversion are expensive and they encounter technical 

problems, so interest has been directed towards photochemical and 

photoelectrochemical processes that utilise solar energy. Som e semiconducting 

electrodes are not photoexcited by the visible region o f  the light spectrum, and so 

require a sensitiser to facilitate electron injection into the semiconductor. The 

sensitiser can absorb at the visible light frequency, thus promoting an electron form a
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lower energy orbital to a higher energy orbital. The result is an electron-hole (e'-h^) 

pair corresponding to the excited-state. Recombination of this electron-hole pair can 

be a problem in photogalvanic cells. The photoexcited sensitiser species produced is 

capable of interfacial electron transfer at the semiconductor or it can be used to drive a 

chemical reaction.

Organic dyes, such as the phenothiazines, have been used in the sensitisation 

of semiconductor electrodes and a good review on the topic can be found in recent 

literature [139]. The absorption of a photon by the dye molecule at the electrode 

surface enables an injection of electrons into the semiconductor or can be used to 

drive a chemical reaction. In the former process, the oxidised sensitiser may be 

reduced by a suitable donor in solution, while the injected electron in the 

semiconductor can pass through an external circuit and used to reduce an acceptor at 

the counter electrode. This is the operation of a photogalvanic cell, where a chemical 

potential gradient drives the conversion of light into electricity. The chemical 

potential difference is generated by the presence of the acceptor and donor species. 

This chemical difference can be maintained by using two identical electrodes in 

separate cell compartments, and illuminating one compartment whilst keeping the 

other compartment in darkness.

A major factor that influences the electron injection yield is the proximity of 

the excited-state sensitiser to the semiconductor surface. Diffusion of the excited-state 

sensitiser to the electrode surface in solution would have to occur within the lifetime 

of the excited-state. Excited-state lifetimes are short when compared to solution phase 

diffusion and so it is generally accepted that sensitisers in solution are adsorbed onto 

the semiconductor surface [140,141] or are bound via electrostatic interactions [142].

The phenothiazine dyes have been deemed suitable sensitisers and thionine 

modified electrodes using Fe(III) as the electron acceptor have been used in 

photogalvanic cells [143-145] but have yielded low photovoltages and photocurrents. 

The azur’s A, B and C were the dye sensitisers in a NaLS-ascorbic acid system 

reported by Genwa and Chouhan [146]. The cells constructed were cost effective and 

exhibited charge storage capacities of 110, 135, and 95 min for the azur A, B and C 

dyes, respectively. A system using methylene blue with NaLS-oxalic acid was used 

by Gangotri and Meena [147], They reported a photogalvanic cell with a 35 min 

storage capacity. Gangotri and co-workers have also reported a number of mixed dye 

photogalvanic cells with EDTA as reductant. The authors quoted charge storage
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capacities o f 46, 34, and 30 min for the methylene blue-azur B [148], methylene blue- 

toluidine [149], and methylene blue-thionine systems [150], respectively. In a paper 

by Somani and Radhakrishnan [151], a small concentration o f methylene blue was 

used as a photosensitiser in a solid state photogalvanic cell. The cell was fabricated 

using doped and undoped polypyrrole coated electrodes sandwiched with a poly(vinyl 

alcohol) film doped with phosphoric acid. The polypyrrole transported the 

photogenerated charge carriers without recombination o f the electron-hole pairs.

1.4 Polymethylene Blue

Organic dyes such as the phenazines, phenoxazines, and phenothiazines can 

electrochemically polymerised from a monomer solution onto electrode surfaces 

forming semiconductor films. They have received a great deal o f attention for use in 

sensors as they exhibit high conductivity, high stability in air and show high redox 

reversibility. The main applications o f  such films are extensive-enzyme 

immobilisation at the electrode surface and the electron transfer mediation due to the 

properties o f the polymer itse lf

1.4.1 Electropolymerisation Process

The authors Lyons et al. [152] were the first to report the 

electropolymerisation o f methylene blue. The electropolymerisation process is 

complicated with different polymerisation schemes proposed [152,153,156]. A glassy 

carbon working electrode was used by Lyons et al. [152], and they investigated the 

variation o f the redox properties o f the polymer with solution pH. This examination 

allowed the proposal o f a detailed mechanism for film formation. The redox process 

within the polymer film was assumed to be reversible. They then applied the Nemst 

equation predicting that the modified electrode potential (for a known ratio o f species 

in oxidised and reduced states) should vary linearly with the solution pH. The slope o f 

this plot gave the ratio o f electrons to protons for the redox process. From this 

information they proposed that electropolymerisation occurred via the coupling o f 

oxidatively formed radical cations o f monomeric methylene blue (Scheme L I). This 

results in the carbon-carbon coupling to produce the dimeric species. This proposed
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mechanism seems plausible as the electroactive heterocyclic nitrogen atoms are 

retained, thus the film retains its redox activity when deposited. Karyakin et al. 

[154,155] support this proposed carbon-carbon coupling scheme.

S chem e 1.1; The mechanism  o f  electropolym erisation via carbon-carbon coupling

In the paper published by Liu et a l [153], a different electropolymerisation 

mechanism (Scheme 1.2) was proposed. The authors suggested, using Raman spectra 

studies, that the dimeric species was nitrogen-nitrogen coupled. In scheme 1.2, the 

electroactive nitrogen atoms are present so the polymer has the redox sites required 

for electroactivity. Liu and co-workers quote Raman vibrational frequencies for N- 

CH3 or N=(CH3 ) 2  and -N(CH 3 ) 2  groups which are present in both proposed
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mechanisms, but it’s not clear why specifically nitrogen-nitrogen coupling is thought 

to occur.

-2e', -H^

Sch em e 1.2; E lectropo lym erisa tion  o f  m ethy lene b lue v ia n itrogen-n itrogen  coupling .

A third electropolymerisation scheme has been proposed by Kertesz and Van 

Berkel [156]. The authors used electrochemistry/electrospray mass spectrometry to 

investigate the polymerisation mechanism. The authors based their conclusions on the 

mass spectrometry results and proposed that electropolymerisation proceeds via 

nitrogen-carbon coupling.

Whichever mechanism is correct, the properties of the polymer film remain 

the same. A resolution to the polymerisation mechanism may be solved using labeling 

techniques, such as, radio tracing the nitrogen atoms.
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1.4.2 Charge Transport in Redox Polymers

Electroactive redox polymers are characterised by the presence of redox sites 

distributed in a three dimensional manner throughout the film. Electroactivity in the 

redox polymer is localised as opposed to a reorganisation of the bonds in conjugated 

polymers. It is generally believed that redox polymers conduct via an electron 

hopping process or physical diffusion of the redox species themselves (Figure 1.1). 

Murray and co-workers [157] termed this type o f charge transport “redox 

conduction”. Electron hopping occurs between neighbouring redox species is driven 

by a concentration gradient of fixed oxidised and reduced sites and not by a potential 

gradient. The electrocatalytic site functions as a mediator, facilitating the transfer of 

electrons between the electrode and the substrate.

Redox polymers characteristically exhibit conductivity only over a very 

narrow potential range, with maximum conductivity occurring when the 

concentrations of the oxidised and reduced forms are equal in the film, i.e., at the 

formal potential of the redox centers. The self-exchange rate reaches a maximum 

when the concentration of both species is equal, i.e., Cox = Cred, hence maximum 

conductivity occurs at E'̂ .

Electrode Polym er film Solurion

c .

'CT

F igure 1.1; C harge transport be tw een  a  p o lym er film  and the underly ing  e lec trode , described  as 
sequential self-exchange steps betw een ad jacen t redox  groups.

The first step is charge injection at the polymer-electrode interface, which involves 

redox sites close {ca. 1 nm) to the surface. This is a potential-driven process and 

conforms to Butler-Volmer kinetics. The second process is the percolation of charge 

through the film, which is driven by concentration gradients and is quantifiable as a 

quasi-diffusional process (Equation 1.13). Electroneutrality in the film must be
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maintained and so the motion of the charge throughout the polymer is accompanied 

by the intake and motion of counterions. In cases where the redox sites within the film 

are mobile the ionic contribution may be disregarded, in which case the charge 

transport diffusion Dqi is just electron-hopping, De.

Lyons has published a detailed account of the concepts involved in charge 

percolation in redox polymers [158]. A few assumptions were made when deriving 

the model for the charge percolation process. The first assumption is that the redox 

sites A and B are evenly distributed throughout the film. The second assumption 

neglects local electric field effects between neighbouring sites. A and B are defined as 

an electron acceptor (oxidised sites) and electron donor (reduced species), 

respectively. The polymer layer may be represented by a series of slices, (1, 2, 3 ..., j- 

1, j.), each slice containing a redox site, between which the self-exchange o f electrons 

occurs

Aj.i Aj Aj+i

Bj-i Bj Bj+i (1-5)

< - 5 - >

where 5 is the distance between neighbouring redox sites. The exchange reaction 

between slices j-1 and j can be described as

( 1.6)

where the electron exchange dynamics is quantified by k, the second-order
* 3 1 1bimolecular rate constant(cm mol' s’ ). The net electron flux, jx is given by

j^ = kS{bj_^aj-aj_^bi) (1.7)

where aj and bj are the concentrations of the redox sites in slice j. Re-writing these 

quantities gives

d b d a  
b =b  , + S — —̂ and a =a  , + S — —̂■ (1.8)

' dx ' dx
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from which the flux expression may be obtained

y, = ks^
da

7 -1
db

0 -1 dx * y - i
. ; - i  

dx
(1.9)

A general form o f this equation may be written as it is valid for any slice in the 

polym er layer

, da dbb  a —
dx dx

( 1.10)

The sum of the oxidised and reduced sites in the polymer film describe the total redox 

site concentration, c^, so equation 1.10 may be re-written as

= kS^Cy
 ̂ b da a db^

dx Cĵ  dx
( 1 . 1 1 )

This equation is now used to define the electron-hopping diffusion coefficient, D e 

(cm^ s '')

Dj, = kS  Cj. ( 1 . 12 )

and substituting De into equation 1.11 we obtain

J l  ~
 ̂ b da a db^
Cy dx Cy dx

= D,
^a + b da^ 
y Cy dx

da db
= = (1.13)

dx dx

where db/dx = -da/dx, and a-i-b/cs = 1. This expression is the steady-state Pick 

diffusion equation and, thus, percolation o f charge through the film is quantifiable as 

the aforementioned quasi-diffusional process.
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We now must change equation 1.13 from steady-state to continuous, so the 

equation becomes

__
dt dx dx dx

(1.14)

which, on simplification, becomes Pick’s time-dependent one-dimensional equation

da d^a
dt ~ ax '

(1.15)

Electron hopping may occur in one, two or three dimensions and so the geometrical 

factor 0 must be included. 0 has the values 1, 1/4, 1/6 for one, two and three 

dimensional electron-hopping, respectively.

(1.16)

This is the simplified model for electron-hopping occurring at fixed redox sites in the 

polymer layer. More complicated models that consider mobile redox sites, as well as 

long range hopping, have been developed and are described in detail by Lyons [158].

The modeling o f the counterion motion through the polymer film can be 

described by the Nemst-Planck equation. The continuous form is utilised and yields

dc.
dt dx

dc.
dx RT dx

(1.17)

and the counter ion flux is given by

J\ = ~D,
dc,_ zF

■ +  + ■
dx RT

ao
dx

(1.18)

where Di is the counterion diffusion coefficient and z is the valence o f  the ion. Both 

the ion flux and electron-hopping flux are coupled due to the electroneutrality
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requirement. This m ixed-conduction description o f  charge percolation through the 

polym er layer can be represented in terms o f  a sim ple equivalent circuit know n as the 

transm ission line. A gain more com plex m odels have been proposed and include other 

influencing phenom ena such as ion-pairing in the film .

For the purpose o f  calculating charge transfer parameters in this body o f  work, 

the m odel derived by A oki et al. [159,160] w as used. A oki proposed a theoretical 

approach in estim ating charge transfer coefficien ts using cyc lic  voltam m etry. EQCM  

investigations were also performed to m onitor the counterion m ovem ent through the 

film  throughout the polym er redox process, and during the electropolym erised  film  

formation. The results and conclusions are presented in Chapter 3.

7.5 Magnetoelectrochemistry

The area o f  m agnetoelectrochem istry is a relatively new  field  and has really 

only sparked research interest since Fahidy [161] submitted a review  paper on the 

subject in 1983. S ince then there has been a lot o f  research efforts in the quest to 

understand the effect o f  a m agnetic field  on electrochem ical processes, an area o f  

research n ow  known as m agnetoelectrochem istry. There have been a few  notable 

review  papers since 1983 [162-164] and these give con cise, i f  not com plete, 

explanations o f  the main areas o f  this exciting subject. Tacken et al. [162] classified  

the main areas o f  m agnetoelectrochem istry into four parts, m ass transport, reaction  

kinetics, cathodic metal deposition, and anodic metal dissolution. In the course o f  this 

body o f  work, m agnetic field  effects on m ass transport and reaction kinetics were 

exam ined.

1.5.1 Mass Transport

The effect that a m agnetic field  has on the m ass transport o f  an analyte to an 

electrode surface is known as the m agneto-hydrodynam ic (M H D ) effect and is the 

m ost w idely  studied o f  m agnetic field  phenom ena in electrochem istry. It is w ell 

know n that the effect o f  the m agnetic field  is to cause convection  in the electrolyte. 

H inds et al. [164] found that the lim iting current density, at a copper electrode in 0.75  

M C uS0 4 , increased in a field  o f  6 T esla(T) to four tim es the value w ithout the field.
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This is due to the fact that the concentration o f  the analyte at the electrode surface was 

greater in the applied field, resulting from field induced convection o f the electrolyte. 

The authors found the effect comparable to that o f a rotating disk electrode at 100 

rpm.

This convection arises from the interaction o f velocity fields with 

electromagnetic fields. The unit volume element o f the electrolytic conductor carrying 

a current density, i, is under the influence o f the Lorentz force:

F , = i x B  (1.19)

The region vacated by the moving ions is replaced by fresh electrolyte, which in turn

experiences the Lorentz force, etc., and convection is observed on a macroscopic

scale.

On a microscopic scale, Lorentz force can be described as the total force on a 

charged particle:

F L = q [ E  + v x B ]  (1.20)

where q is the charge o f the moving particle, v is its velocity, E is the sum o f the 

electric and electrostatic fields, and B is the magnetic induction. The summation (n+ 

and n.) o f all the charged particles (both anions and cations) gives the expression for 

the total magnetic force:

= ( n . q . v , + n . q _ v _ ) x B  (1.21)

where (n+q+v+ + n.q.v.) = the current density, i, which is parallel to the velocity o f the 

ions. Substituting current density into equation 1.21:

F ^ = i x B  (1.22)

Leventis et al. [165] have attempted to model field induced convection using 

N ew ton’s second law (in the continuum) per unit volume, namely density x 

accelaration = sum o f all forces per unit volume

32



5v/5t + (v-V)v = -------------- + VV̂ V + F m a o

p
(1.23)

This is the Navier-Stokes equation for Newtonian fluids o f constant density, p, and 

viscosity, where v (= r|/p) is the kinematic and t] the absolute viscosity o f the 

electrolyte [166], Theoretical determination o f  the field dependence o f the limiting 

current begins with the Navier-Stokes equation. The right hand side o f  the equation is 

the sum o f the external forces on the element, with terms due to the pressure gradient, 

VP, and the magnetic force, Fmag,

The left hand side is the acceleration o f the fluid element and solution o f the 

equation yields the velocity profile v(r) in the fluid. This can be substituted into the 

convective-diffusion equation (equation 1.24) to obtain the concentration gradient, 

Vc, near the electrode surface and hence the limiting current:

ac/dt = - v-Vc + DV^c (1.24)

the gradient force

(1.25)

is the magnetic force exerted whenever there is a gradient in the magnetic energy,

^ .a ,= - ( l / 2 ) M B  (1.26)

where

M = (1.27)

is the local magnetization o f the electrolyte induced by the field, Xm, is the molar 

susceptibility, Co is the bulk concentration o f magnetic species in solution and |j.o is

the permeability o f  free space. The gradient force is made up o f two terms:



( , . 28)2//o jû

The first term is the paramagnetic gradient force, Fp, and describes how the 

paramagnetic susceptibility o f the diffusion layer varies due to the concentration 

gradient of cations there. This force is usually negligible as the larger (10^ times at 

room temperature) diffusional driving force acts in the same direction [164], The 

second term is the field gradient force and is due to the field gradient, VB, in the 

solution when the field is non-uniform.
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CHAPTER 2 

EXPERIMENTAL THEORY

AND

METHODOLOGY



2.1 Introduction

The instrumentation and experimental techniques employed during the course o f 

this work will shall be described in this chapter. An initial discussion o f the 

mathematical basis o f electrochemistry shall be followed by a description o f the 

instrumentation, electrochemical cell and its components, used in this thesis. Finally the 

experimental applications as well as the relevant theoretical foundations o f the principal 

techniques used in his study, Cyclic Voltammetiy, Rotating Disc Voltammetry and 

Differential Pulse Voltammetry [1-3],

A typical electrochemical reaction consists o f several steps; diffusion o f 

reactant species to the electrode surface, rearrangement o f the ionic atmosphere, 

adsorption onto the electrode, electron transfer and diffusion o f  the product species 

from the electrode. The dependence o f the current on the applied potential is 

simplified if  one o f  these steps is rate determining. In a sequential electrochemical 

process in which the transfer o f n electrons occur, the steady-state current density,y, is 

given by:

. n F k .k J O ]  n F k .k J R ]
k . + k „  k . + k „

where F is the Faraday constant (96,480 C/mol), kc (m/s) is the rate constant for the 

cathodic (reduction) reaction, ka (m/s) is the rate constant for the anodic (oxidation) 

reaction, ko is the diffusional rate constant and [O] and [R] are the surface 

concentrations (mol/dm^) o f oxidised and reduced species. The first term on the right 

hand side o f equation 2.1 is the cathodic (reduction) current while the second term is 

the anodic (oxidation) current. The current ratio will be close to unity when the 

reaction is close to equilibrium.

The magnitude o f  applied potential, E, will determine whether the reaction is 

under activation (electrode kinetics) or mass transport (diffusional) control. At 

equilibrium the potential at which the net current is zero is called the equilibrium 

potential, Eeq. The difference between the applied potential and equilibrium potential 

is called the overpotential, r|;
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7 = E-Ê ,̂ (2 .2)

In Section 2.1.1, the heterogeneous electrode kinetics are explained while 

mass transport is dealt with in Section 2.1.2

2.1.1 Heterogeneous Electron Transfer kinetics

The electrical double layer is the interfacial region between the electrode and 

the electrolyte. This region o f  charge separation behaves like a capacitor in that when 

a potential difference is applied across it, a charging current flow s at short times. It is 

in this region that the electron transfer process occurs. The first m odels for this region 

were proposed by Helmholtz (1879), Gouy-Chapman (1910-1913), Stem  (1924), and 

Grahame (1947). The most sophisticated models propose a rigid ordering o f  adsorbed 

ions at the electrode surface followed by a diffuse layer o f  ions extending into the 

bulk solution.

The electron transfer kinetics in this double layer are highly sensitive to the 

overpotential. At high overpotentials electrode kinetics are rapid but at low  

overpotentials mass transport is rate determining (kc,ka«kD) and equation 2.1 reduces 

to:

Diffusion o f  the reactants to the electrode surface is rapid relative to the rate o f  

electron transfer and so the reaction kinetics is under activation control.

Activated complex theory can be used to determine the dependence o f  the rate 

constants kc and ka on the overpotential:

y = nFkJO ] -n F k 3 [R] (2.3)

(2.4)
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( £ - £ " ' ) ] (2.5)ka = k o e x p | a , « F

where ko (m/s) is the standard electrochemical rate constant for the reaction, (V) is 

the formal standard potential, R is the gas constant (8.314 JK ’' m ol'') and acand aaare 

the cathodic and anodic charge transfer coefficients. At equilibrium ko = ac = aa.

Substituting equations 2.4 and 2.5 into equation 2.1 we get the following 

equation:

j = nFkonO]exp - a r Y l F  -
^ ^ RT

k z £ ! J l _ [ ^ , e x p f .a^nF-
RT

(2 .6)

ko should not be mistaken for the actual rate o f  electron transfer which is an adiabatic 

process according to the Franck-Condon principle, with a timescale o f  the order o f 1 O' 

s. It is however, a measure o f the time taken for rearrangement o f the reactant 

species and their ionic atmospheres so that electron transfer can occur. Thus the ease 

o f which electron transfer takes place can be quantified. Large values o f ko indicate 

facile electron transfer-a typical value for a simple electron transfer being that for the 

reduction o f aromatic hydrocarbons (ko ~ 0.1 m/s). Equation 2.6 describes the current- 

potential characteristic o f a given electrochemical reaction and can be used to 

determine kinetic parameters from data using a wide range o f experimental 

techniques.

At equilibrium, the anodic and cathodic currents are equal and equation 2.6 

can be rearranged to yield:

(2.7,
' RT  [i?]

And since [O] and [R] are equal to the bulk concentrations [O]® and [R]oo Equation 

2.6 becomes the N em st equation:
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(2 .8)

The Nem st equation describes how the equihbrium potential varies with the 

concentration o f  the oxidised and reduced species in solution. Combining equations 

2.1, 2.6 and 2.7 gives the current density-overpotential equation:

j  = Jo'
[O] f  -a(^nFrj^  [i?] f  a j i F r j

-exp
R T

exp
RT

(2.9)

The exchange current density, jo, is the magnitude o f either the cathodic or anodic 

current density at equilibrium. The first term on the right hand side is the cathodic 

current density as a function o f q and the second term is the dependence o f the anodic 

current density on q. If  the surface concentrations do not drop below the bulk values 

(if  the solution is well stirred), we obtain the Butler-Volmer equation:

./ = y o i e x p
-â n̂Frj

R T
- e x p

a / iF r j
RT

(2 . 10)

The Butler-Volmer equation is very useful as the overpotential can be measured, thus 

the current density can be obtained. As previously stated, the cathodic and anodic 

currents are close to unity at equilibrium, but the reaction can be driven in either 

direction depending on the polarity o f  the applied overpotential. Applying a large 

positive overpotential the cathodic current becomes negligible and we have:

;  =  7 o  e x p
a^nFrj

R T
(2 .11)

Taking logarithms o f both sides we obtain the Tafel relation:
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logy = log 7o +
a j i F r j

2 .3RT
(2 .12)

Conversely when t| is large and negative, the anodic current is negligible;

logy = log7o -
2 .3RT

(2.13)

A plot of log j versus r| is known as a Tafel plot with slopes of the lines equal to 

aanF/2.3RT and -acnF/2.3RT. The exchange current, Iq, can be obtained from the 

intercept E = Eeq (since Iq = joA), and ac can be determined from the slopes. Close 

to E = Eeq there are deviations from straight lines since reactions occur in both 

directions. At values far from E = Eeq the lines level off due to mass transport effects 

dealt with in Section 2.1.2. The same theory can be applied to homogeneous electron 

transfer kinetics except the reaction site is the point where two ions meet in the 

solution, not at the electrode surface.

2.1.2 Mass Transport processes

In electrochemical processes at the electrode surface, the reactant is 

transported to the electrode surface and then converted to the product. The reactant 

concentration at the electrode surface needs to be replenished from the bulk solution if 

the reaction is to continue taking place. If the rate o f electron transfer is rapid then the 

rate limiting step is the mass transport of reactant to the electrode surface, i.e., the 

reaction is mass transport controlled. Mass transport occurs in three ways; diffusion, 

migration and convection.

Migration is defined as the movement of charged species in an electric field. 

This effect can be rendered negligible by addition of, to the bulk solution, an excess of 

inert dissolved salt known as the supporting electrolyte. The supporting electrolyte 

increases the conductivity of the solution and ensures that most of the current is 

carried by species that are not involved in the electron transfer process. The 

concentration of supporting electrolyte is typically ~ 0.1 M.
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Diffusion is defined as thermal movement o f particles down a concentration 

gradient, while convection is transport o f the species through the motion o f the fluid 

itse lf Mass transport control can be divided into two main parts; systems under total 

diffusional control (quiescent systems) and those where convection is significant 

(hydrodynamic systems).

Pick’s first law o f diffusion describes the movement o f ionic species in 

solution:

J  = (2.14)
RT

where J is the number flux o f species, D is the diffusion coefficient o f the species
'y

(m /s), V c  is the concentration gradient, z is the charge on the ion and V V  is the 

potential gradient. The first term on the right hand side o f the equation is flux due to 

diffusion while the second term is that due to migration. With the addition o f 

supporting electrolyte the migration term is negligible and we obtain the expression - 

Pick’s second law o f diffusion:

—  = D V 'c (2.15)
dt

The solution o f this equation, assuming the fact that a concentration gradient is being 

imposed at the electrode surface, gives the variation o f diffusion-limited current (for 

the reduction process) with time:

/ = - n P A D V c  (2.16)

and y = -nPD V c (2.17)

where j is the current density.

The concentration gradient tends asymptotically to zero at large distances from 

the electrode and the concentration gradient is not linear. It is convenient to define the 

diffusion layer as the region between the electrode surface and the bulk solution
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where the concentration gradient is Hnear. This is obtained by extrapolation o f the 

concentration gradient at the electrode surface until the bulk concentration is attained. 

N em st developed this relation:

2̂.18)

where 5 is the diffusion layer thickness. Hence substituting into equation 2.17 we 

obtain for the current density:

At sufficiently high overpotentials, the surface concentration o f reactant species, [C]o, 

will become so small that it is negligible and the current density now becomes the 

limiting current density, J l , and can be expressed as:

/ ,  (2.20)
5

This equation describes the situation where are all the reactant species reaching the 

electrode surface are immediately reduced. But equation 2.15 can be solved to show
I

that the diffusion layer thickness increases with t , hence at large values o f t, natural 

convection (due to species o f different densities present) manifests itself and is a 

problem.

Hydrodynamic techniques are a solution to this problem. The diffusion layer 

thickness can be controlled due to forced convection keeping the bulk concentration at 

a fixed distance from the electrode surface. The diffusion layer thickness at a rotating 

disk electrode is given by [1]:

d  = (2 .2 1 )

where co is the angular frequency o f rotation o f the electrode (rad/s) and v is the 

kinematic viscosity o f  the solution (m^/s). If the rotation speed is constant, 5 is fixed.
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2.2 Instrumentation

2.2.1 CH Instruments Workstation

All experimental work was conducted using the CH Instruments electrochemical 

workstation. The three main components being the PC, potentiostat and electrochemical 

cell. All the experimental/control parameters are entered through the CH 

Instruments/Windows interface. This information is transferred to the CH instruments 

microprocessor where optimum hardware settings are calculated for the specified 

technique. These values are then loaded automatically and after the experiment is run the 

data is collected and transmitted to the PC where it is displayed in virtual real-time. The 

data may subsequently be processed using options such as peak height determination or 

transformations e.g. Cotrell or Anson transforms.

2.2.2 Potentiostat

The potentiostat is a device for monitoring and controlling cell potentials between 

the working and the reference electrodes. The basic building block in the construction of 

a potentiostat device is called an operational amplifier. This component comes in the 

form o f an integrated circuit, often with different characteristics, depending on its 

destined application or requirement. A more comprehensive discussion o f the device can 

be found in many electrochemical texts [1-3].

2.2.3 C2 Cell Stand

The C2 cell stand is used for completely isolating the electrochemical cell during 

experimentation. The cell is enclosed in a Faraday cage to shield the cell from external 

electrical interference, this being an important factor when working with microelectrodes 

were the measured currents are at submicroampere level. Another advantage o f the cell 

stand is that the cell is completely isolated from light during experimentation therefore 

facilitating work with light sensitive chemicals. The cell also features manual and 

computer controlled gas purging and stirring o f solutions.
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2.2.4 Rotating Disc Electrode

The rotating disc electrode was used upon conducting hydrodynam ic techniques. 

Purging o f  the solution and the acceleration/deceleration o f  the electrode were computer 

and m anually controlled. The electrodes rotation speed varies from 0-10,000 rpm. in 

single increments, where the proprierty electrode contact system ensure that the 

electrodes are held securely so as to provide low-noise performance.

2.3 The Electrochemical Cell

The electrochemical cell (volume: Rotating Disc Electrode (R.D.E.) = 50cm^, C2 

Cell Stand =  25cm ) consists primarily o f  a working vessel, electrodes and an electrolyte 

solution. A cell top sealed the vessel at all times with inlets for the electrodes and for the 

gas purger. Solutions were purged with nitrogen gas for 15 m inutes before 

experimentation ensuring saturation and during experimentation a blanket o f  the inert 

gas was m aintained above the solution. All work was conducted at 20°C i l^ C . A 

standard three electrode electrochemical ceil was used at all times consisting o f  a 

working electrode, which defines the interface under study, a reference electrode, which 

m aintains the reference potential and an auxiliary (counter) electrode which allows the 

passage o f  current. Figure 2.1 illustrates the experim ental cell set up.

Reference Electrode

Auxiliary Hectrode

Working Electrode
Electrolyte

F igure 2.1; T hree  e lec trode  e lec trochem ical cell.
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2.3.1 Working Electrode

The working electrode material is usually chosen to complement the 

requirements of a particular experiment. An essential feature is that the electrode should 

not react chemically with the solvent or solution components. Another consideration is 

that the electrode works correctly in the desired potential range. The working electrode 

range in terms of accessible potentials is limited by a number of processes such as 

electrolyte and solvent decomposition, hydrogen and oxygen evolution and oxide 

formation on the electrode surface [1,2]. To minimise the effects of these phenomena 

and to maximise electrode reliability, various different solid materials may be used in 

these electrodes. Materials such as platinum, carbon, mercury and gold have all been 

used, in order to ensure uniform current and potential distribution the area of the 

working electrode should be smaller than the auxiliary/counter electrode.

In this body of work several working electrodes were used. A glassy carbon 

macroelectrode was used when conducting experiments using both the C2 Cell Stand 

and the Rotating Disc Electrode. The glassy carbon rotating disc electrode and the 

stationary glassy carbon electrode had surface areas of 0.0707 cm“ while the stationary 

platinum electrode area was 0.0314 cm". All electrodes were produced by embedding the 

disc of glassy carbon or platinum into a PTFE plastic rod. The electrodes before use 

were polished (section 2.4.1) to a mirror finish to ensure that a reproducible state of 

oxidation, surface morphology and freedom from adsorbed impurities was achieved.

2.3.2 Reference Electrode

The purpose of a reference electrode is to provide a fixed potential which is 

invariant with respect to time during the experiment. The potential of the reference 

electrode is in turn related to other scales, for example, to the normal hydrogen electrode 

(NHE). Hence any change in applied potential in the cell appears at the working 

electrode/solution interface. Ideally, if a small current passes through the reference 

electrode, the potential change should be negligible and should return to its initial value 

when the current ceases.

Although a little dated now, Janz and Ives [4] have comprehensively reviewed 

the theory and characteristics of a wide variety of reference electrode systems. The most 

commonly used reference electrode for aqueous systems are the saturated calomel

51



(mercury/mercurous chloride) electrode and the silver/silver chloride electrode. In the 

case o f the Ag/AgCl electrode, the electrolyte is usually saturated KCl or NaCl. The 

reference potential is dependent on the concentrations o f the chloride concentration in 

the electrolyte as well as the standard redox potential o f the electrochemical reaction. It 

should also be noted that any changes in the salt concentration within the reference 

electrode will effect its potential. Hence a porous Vycor barrier is normally placed 

between the internal solution o f the electrode and the electrolyte. This allows contact 

between the two solutions but minimises effective mixing thereby keeping the salt 

concentration within the reference electrode virtually constant. The Ag/AgCl, 3M KCl 

electrode (sat.) was used in this body o f work.

2.3.3 A uxUiary Electrode

The purpose o f the counter electrode is to supply the current required by the 

working electrode thereby preventing the polarisation o f the reference electrode due to 

the passage o f current. It should be insoluble and inert in the supporting electrolyte 

solution and should not impose its characteristics upon the measured cell response. The 

size, shape and position o f the auxiliary' electrode are important considerations since

these factors determine whether the working electrode is an equipotential surface. In this
2 2 work a platinum wire (Area RDE= 3.1 cm , C2 Cell Stand = 1.3 cm ) was used as a

counter electrode. This was positioned close to the working electrode to minimise overall

cell resistance. The surface area o f the counter electrode is deliberately kept high to

minimise polarisation on the electrode thus avoiding unwanted contributions to the cell

response.

2.3.4 Electrolyte Solutions

All electrode reactions are conducted in solutions containing a high concentration 

o f inert electrolyte called a supporting electrolyte. The reason for using this solution is to 

minimise the phenomenon o f migration o f the electroactive ions caused by the electric 

field and to confine the interfacial potential difference to the distance o f closest approach 

o f solvated ions to the electrode.
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The supporting electrolyte is the principle source o f electrically conducting ionic 

species and has a concentration o f at least 100 times that o f the electroactive species, 

typically 0.1 M in this body o f work. The supporting electrolyte must truly be inert in the 

potential range o f the experiment, not reacting with the electrode or with the products of 

the electrode reaction. It is for this same reason that the reagent used for preparing the 

electrolyte must be o f a high purification grade.

As mentioned previously dissolved oxygen in the electrolyte solution is an 

undesirable impurity in electrochemical experiments. Some problems which might arise 

due to the presence o f oxygen include: oxygen reduction at cathodic potentials, oxide 

formation on the electrode surface and reaction with intermediates formed during 

electrode reactions. As a result degassing o f the working solution with a fine stream of 

Nitrogen gas was conducted for approximately fifteen minutes before experimentation 

and during experimentation a blanket o f the inert gas was maintained over the solution.

2.4 Electrode Modification Techniques 

2.4.1 Electrode pre-treatment

All electrodes were pre-treated to ensure a reproducible surface moiphology and 

freedom fi-om adsorbed impurities. However due to the different nature o f the electrode 

materials employed slightly differing regimes were engaged.

The glassy carbon electrodes used were initially polished on a cloth pad with 

diamond lapping compounds o f 15, 3 and 1 micrometre dimensions. Following this 

treatment the electrode was polished with an alumina oxide paste in distilled water on a 

fine grit pad so as to remove any solid polishing residues. However due to the nature of 

the metal the platinum electrodes were polished using only the alumina oxide paste on 

the fine grit pad. The electrodes were sonicated for 15 minutes and re-polished. In all 

cases the polishing resulted in reproducible, uniform electrode surfaces.

The polymer modified electrodes were prepared by immersing the electrodes in a 

methylene blue solution with 0.1 M phosphate buffer, pH a  7, and 0.1 M KCl as 

supporting electrolyte and cycling in the potential range -0 .4  V to 1.2V. The polymer 

thickness varied as a function o f polymer deposition cycles.
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2.5 Experimental Techniques 

2.5.1 Potential Sweep Techniques

Cyclic voltam m etiy has taken over from polarography as being the best-known  

classical measuring method in electro-analytical chemistry [5-9]. Sim ple diagnostic

El

t

F ig u re  2 .2 ; Illustration o f  the linear potential sw ee p  w ith  a triangular w a veform , w h ich  is app lied  to  
the w ork ing  e lectro d e . T his ex c ita tio n  sign a l scans the e lectrod e  betw een  tw o  poten tia ls E, and E2

criteria and relatively easy m easuring techniques hastened the developm ent o f  the 

procedure. The technique essentia lly  involves applying a time dependent potential to 

the w orking electrode o f  an electrochem ical cell (as described in section 2.3). The 

potential is sw ept cyclica lly  betw een tw o pre-determined voltage lim its Ei and E2 at a 

known scan rate, v . This triangular w aveform  is illustrated in figure 2.2. The resulting  

voltam m ogram , often termed the electrochem ical spectrum, records the measured cell 

current as a function o f  applied potential where the current peaks represent the 

initiated redox activity o f  the substrate due to the applied potential. Upon analysis o f  

the voltam m ogram s the exact nature o f  the redox couple is elucidated i.e. determ ining  

the role o f  d iffusion  and h om ogeneous chem ical reactions in a particular redox  

system .

E lectrochem ical system s m ay be divided into three categories; reversible, 

irreversible and quasi-reversible system s. The m agnitude o f  the electrode transfer rate 

constant for a particular system  decides the subsequent allocation o f  type. The current 

response is dependent on tw o steps, the transport o f  electroactive species to the
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electrode and secondly, the transfer reaction between the species and the electrode. I f  

the electrochemical kinetics o f the electron transfer process are so fast that the 

transport o f the species to the interface is the rate controlling step, the reactions are 

said to be mass transport controlled and are referred to as reversible reactions. For this 

process it is useful to consider a simple n electron reversible electrode reaction

where R and O represent the reduced and oxidised forms respectively.

For a reversible redox process, the ratio o f the concentration o f  the oxidised 

form to reduced form, Cq/C r, w ith in  the region next to the electrode surface follows 

the applied potential in a Nemstian manner.

the concentration gradient near the electrode surface according to F ick's first law

where D is the diffusion coefficient, F is the Faraday constant and A  is the geometric 

area o f  the electrode.

The shape o f the cyclic voltammogram may be explained in terms o f the 

concentration profiles shown in figure 2.3. In itia lly  at cathodic potentials there is no

electrode becomes a sufficiently strong oxidant converting R to O (figure 2.3 a).

until the concentration gradient reaches a maximum resulting in a peak current, ipa.

R O + ne (2.22)

(2.23)

where E° is the fonnal potential o f the redox couple. The current I, is proportional to

/  =  nFADl (2.24)

cell current produced however as the potential is swept anodically towards E° the

resulting in a small anodic current flowing. A t E°, the ratio o f concentrations, C q/C r is 

always unity As the potential is swept further the current continues to rise, past E°,
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Cq /C r

Distance

Figure 2.3; Tiie concentration-distance profiles for an electroactive species, R, during linear sweep 
voltammetry. The overall reaction sequence is R C5> O + ne'.. The curves correspond to the following 

approxim ate potentials; (a) E^-QOmV; (a) E“-90m V ; (b) E °-50m V ; (c) E“ ;(d) E°+30m V; (e) E°
+ 130m V ;(f)E °+ 280m V .

Further increasing of the potential leads to the consumption of the reduced form of the 

electroactive species at the electrode surface resulting in the depletion of the R species 

concentration to almost zero. On reverse scanning the described series o f events is 

repeated for the generation o f O, the oxidised form of the electroactive species which 

now predominates at the electrode surface. This opposite process results in the 

generation of a reduction peak on the reverse scan, the net process producing a 

current/potential trace similar to that illustrated in figure 2.4.

The redox species diffuses to the electrode surface due to the generation of an 

interfacial concentration gradient. Migration effects are eliminated ensuring there is a 

presence of a relatively large amount of electro-inactive ions, while convection is 

avoided by working with unstirred solutions.

Under the conditions of semi-infinite linear diffusion, the peak current ip, is 

given [10-12].

This is known as the Randles-Sevcik equation and shows that the peak current is 

proportional to the square root of the scan rate. It should be noted, however, that the

0.4663nFA (2.25)
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diffusion characteristics o f the system may only hold for a short time, as thermal and 

concentration gradients may induce random convection processes, resulting in 

fluctuations o f the resulting current. For this reason, only data obtained from analysis 

o f the first sweep is normally used to deduce kinetic parameters.

Figure 2.4; Cyclic V'oltamrnogram for a model reversible process, R <=> O + nc'.

In the case o f irreversible systems, the electron transfer rates at all potentials 

are significantly less than the rate o f mass transfer. As a result, Nem stian equilibrium 

is not maintained at the electrode surface. When the rate o f electron transfer is 

insufficient to maintain this surface equilibrium, then a modification o f  the shape o f 

the cyclic voltammogram is observed. Probably the most marked feature o f a cyclic 

voltammogram recorded for a totally irreversible system, is total absence o f a reverse 

peak, however this alone is not conclusive evidence o f a reversible system and other 

diagnostic tests are necessary for verificafion [1,13]. Frequently, processes under 

cyclic voltammetric examination appear reversible at low values o f  scan rate, but 

appear to become irreversible at higher values o f sweep rate. This scan dependence is 

illustrated in figure 2.5. This type o f system is mathematically complex as it 

necessitates simultaneous consideration o f the kinetics o f both the oxidation and the 

reduction reactions and the rate o f  material transport to the electrode surface.
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reversible

irreversible

1/2
V

F igure 2 .5; Transition from reversible to irreversible behaviour o f  the redox couple due to change o f
scan rate.

2.5.2 Hydrodynamic Electrodes

Hydrodynamic electrodes are electrodes which function in a controlled 

convection environment [1,2], Rotating disc electrodes are hydrodynamic since 

transport o f  electroactive species can be controlled and varied quantitatively over a 

wide range. The primary advantage o f these electrodes is the increased transport o f 

electroactive species to the electrode, leading to higher currents and consequently 

greater sensitivity and reproducibility. The thickness o f  the diffusion layer may 

simply be controlled by altering the rotation speed o f the electrode and may be 

quantitatively calculated for a specific geometry, while at the same time the 

hydrodynamics o f the liquid flow are solvable, and the associated kinetic equations 

relatively simple. This is a marked advantage over cyclic voltammetry where the
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diffusion layer is tim e dependent. The disc shape o f  the electrode ensures that the 

electrode surface has uniform  current density across the entire surface.

The hydrodynam ic technique involves rotating the electrode surface at a 

know n frequency, f  The angular velocity  i.e. the param eter o f  interest is subsequently 

obtained from  co =  27rf/60. A well defined flow  pattern is obtained, figure 2.6, where 

the rotating electrode acts as a ‘pum p’, pulling the solution vertically upw ards tow ards 

the disc, and then throw ing it out centrifugally. The flow  patterns have been 

quantitatively analysed and defm ed stream line flow  patterns in term s o f  cylindrical 

polar co-ordinates determ ined [14,15]. The rotation o f  the electrode m ust not be so 

fast as to cause turbulence in the solution, therefore ensuring lam inar flow  o f  the 

substrate to the electrode surface.

The layer o f  liquid im m ediately adjacent to the electrode surface is considered 

to be stagnant w ith respect to m ovem ent tow ards the rotating disc, and is said to rotate 

w ith the disc at the same angular velocity. The electroactive species in bulk solution 

flow s rapidly to the edge o f  this boundary layer (signified 5) and therefore, the 

concentration o f  the electroactive species attains its bulk value at all d istances greater 

than 5 from  the electrode surface. The local geography near the electrode surface can 

be regarded as com prising o f  two distinct regions; a well stirred region w ith 

convection being the m eans o f  m ass transport and a stagnant diffusion layer o f  

thickness 5, w here the m ass transport occurs solely by diffusion. The resulting 

concentration profile m ay be described using the N em st diffusion layer m odel as seen 

in figure 2. 7. H ow ever it should be noted that the transition betw een the diffusion 

layer and the outer hydrodynam ic layer is not sharply defined in reality. Levich 

proposed a quantitative relationship w hich describes the dependence o f  the diffusion 

thickness on angular rotation rate co [16]. This is outlined in the follow ing expression

S : ^  (2.26)

w here D is the diffusion coefficient and u  is the kinem atic v iscosity  o f  the solution.
2 1Typically  u  has a value o f  0.01 cm s' for dilute aqueous solutions.

59



(a)

(b) r = 0

z = 0

F igure 2.6; The patterns o f  flow  to a rotating disc electrode (a) v iew ed from below  the electrode face 
and (b) across its surface as view ed fi'om the side. Laminar flow  is assumed.

This result predicts that the faster the rotation rates the narrower the stagnant diffusion 

layer. This narrower layer results in a steeper concentration gradient across the 

diffusion layer and increases the rate o f mass transport o f the species to the electrode 

surface. The observed current should increase with the increase in co, since the current 

is proportional to the interfacial concentration gradient.

z

F igure 2.7; The Nem stian diffusion layer m odel, a concentration-distance profile for an electroactive 
species for transport to a rotating disc electrode.

equivalent
profile

c

real
profile

60



The diffusional flux, J, to the surface o f the electrode is described by the expression:

(2.27)

where C°° and C'  ̂ are the concentrations of the electroactive species in the bulk 

solution and at the electrode surface respectively and km is the mass transport 

coefficient (D/§). The flux may then be related to the current as indicated by the 

following expression

where n, F and A have there usual meanings. When the electrode potential attains a 

value such that is zero the current is then said to be mass transport limited. 

Combining 2.26, 2.27 and 2.28 yields an expression for the limited current, it:

This is known as the Levich equation. The limiting current is directly 

proportional to the square root o f the rotation speed with the elucidated plot yielding a 

straight line through the origin whose slope can be used to estimate the diffusion 

coefficient. A linear Levich plot implies the absence of kinetic complications. If the 

redox system is not strictly reversible and interfacial electron transfer is the rate- 

limiting step then a non-linear Levich plot is obtained. Non linearity indicates that the 

Levich equation cannot be applied to anything other than strictly reversible redox 

systems. This means modifying the Levich equation. The Koutecky-Levich [17] 

equation is just that

where kwE is the heterogeneous rate constant in the forward reaction. A plot of l/it

i, =0.62nFAv-‘ ^D ' ^Cco’ ' (2.29)

1 1 1.61
(2.30)

nFAD^'^k,,,C

1 /2against 1/co should be linear for an irreversible reaction, the slope being independent
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o f  the apphed potential. The plot intercept however, is potential dependent since it 

contains the rate constant expression term Icme-

If quasi-reversible electron transfer exists at the interface, the kinetics o f both 

the forward and backward electron transfer processes must be considered. A more 

complicated expression is obtained [17]

_7_______________ 7___________  ______________ A67______________

hM  nFAD'^ [̂k,C„"

This expression is only used when at potentials close to the equilibrium 

potential where the forward and backward reactions must be considered. At cathodic 

or anodic potentials much greater than the formal potential E°, the rates o f reaction 

become markedly different. Hence, depending on which direction the potential is 

being driven kbCa* and kfCo” become insignificant and the Koutecky-Levich 

equation reduces back to the simple Levich equation presented previously.

2.5.3 Differential Pulse Voltammetry

Differential pulse voltammetry (DVP) is a technique which is rapidly 

receiving wide-spread interest in the filed o f electrochemical detection. This technique 

is frequently chosen in analytically orientated studies due to the enhanced sensitivity 

it displays compared to more conventional voltammetric measurements. Also, the 

selectivity o f differential pulse measurements is frequently better than that o f d.c. 

voltammetric measurements [18]. Furthermore, a decrease in the adsorption of 

substances on electrode surfaces when pulse techniques are used has sometimes been 

observed [19]. Thus this technique may increase sensitivity and selectivity parameters 

as well as reducing the possibility o f electrode fouling in complex samples. It should 

be noted however, that the sensitivity enhancement observed during this technique, is 

due to a minimisation o f the capacitive charging current contribution to the observed 

current, rather than to an enhanced faradaic response. Another possible explanation 

for the increase in sensitivity o f this technique is that it results in a decrease in the 

diffusion layer thickness arising from pulsed measurements.
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The principle of the DVP technique is as follows. A series of potential pulses 

are applied to a slow rate linear potential ramp. A sweep rate of ca. ImV s'' is 

commonly used to provide a slowly changing baseline potential. A potential pulse 

amplitude o f ca. 5 to 50mV is applied and the pulse is repeated after a time td-x. The 

potential waveform is therefore a composite entity comprising o f a staircase 

waveform superimposed on a constant amplitude pulse sequence. The current is then 

measured over a fixed time interval, just before the pulse application and again 

towards the end of the pulse. The recorded voltammograms then consists o f a plot of 

the difference o f these two current measurements as a function o f the baseline 

potential, i.e., i ( t d ) -  I ( t ) versus E. It has been shown that for semi-infinite diffusion, 

the differential current. A/, is related to potential according to the following 

expression [20,21]

A/ =
nFAD]'-

{5 + /7)(1 + PS)
(2.32)

where P and 6 are given by the following expressions

P = exp
nF
RT OiR (2.33)

5  = exp
nFAE
2RT

(2.34)

The difference in current can be seen to depend on the relative position of the 

potential, E, on the standard redox potential, E®. When E is much more positive than 

E^, it is clear from the above equation that the term P will be great, and therefore Ai 

will approach zero. On the other hand, when E is far more negative than E°, it can be 

seen that P will approach zero and hence so does Ai. Clearly then Ai, approaches a 

maximum near E = E^. This explains the peak shaped Ai versus E profile, which is 

normally symmetrical about E*̂ . Setting dA//dP = 0, it has been shown that Ai is at a

maximum when P = 1, which corresponds to Ep = E . Setting P = 1 in equation 2.32,
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the following expression for the peak current, A/p, is obtained

nFAD̂ J.jCy { l -Sy

riFAD'/̂ ĉ  f (l-(?Xl + J) 
{\ + S f

(2.35)

It must also be noted that the function

(2.36)

depends on the pulse magnitude, AE. The function decreases with decreasing AE, and 

equals zero when AE equals zero. When AE is large, F{b) = 1, and the maximum 

current possible. A/ is obtained. Typically, AE is chosen to be ca. 50mV, 

corresponding to a peak current of 45 to 90% of the maximum current obtainable 

according to the number o f electrons transferred in the redox reaction. Larger 

amplitudes have been shown to result in a loss of peak resolution as well as an 

increase in the signal to noise ratio [22]. The pulse amplitude is therefore a critical 

parameter and must be judiciously selected as a compromise between measuring 

sensitivity and selectivity.

This technique has some limitations. High signal to noise ratios have been 

reported for pulse voltammetry at solid electrodes. This could be due to the functional 

groups on the surface o f solid electrodes. These may be subject to electrochemical 

reaction, resulting in slowly decaying residual currents [23,24],
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2.5.4 Electrochemical Quartz Crystal Microbalance

The electrochem ical quartz crystal m icrobalance is a variant o f  acoustic wave 

m icrosensors that are capable o f  ultrasensitive m ass m easurem ents. U nder favourable 

conditions a typical EQ CM  can m easure a m ass change o f  0 .1 -lng /cm  . The QCM  

technique w as first identified by Sauerbrey [25], Q CM  oscillates in a m echanically 

resonant shear m ode under the influence o f  a high frequency AC electric field applied 

across the thickness o f  a quartz crystal. The top and bottom  sides o f  the quartz crystal 

are coated w ith a layer o f  gold that act as the w orking electrode.

Q CM  and the com bination o f  QCM  and electrochem istry (EQ CM ) have been 

w idely em ployed for studies o f  ion transport processes in polym er film s [26], 

biosensor developm ents [27] and investigations o f  the kinetics o f  the adsorption o f  

adsorbate m olecules [28.29]. The m ass sensitivity o f  EQ CM  originates from  the 

relationship betw een the oscillation frequency o f  the total m ass o f  the crystal and the 

oscillation frequency o f  the crystal w ith adlayers o f  m aterial residing on the metal 

coated crystal. This relationship is shown in equation 2.37 and is known as the 

Sauerbrey Equation.

2 f ~
A f  = --------------------------------------------------------------- (2.37)

Ayj/jp

Here fo is the resonant frequency fundam ental to the crystal, A is the area o f  the gold 

electrode coated onto the crystal, p is the density o f  the crystal and (a is the shear 

m odulus o f  quartz. In the CH Instrum ents M odel 440 system  these values are, fo = 

8M Hz, A = 0.196cm^, p = 2.648g/cm^, |i  = 2.947 x lO " g/cm.s^. Using these values it 

is seen that a frequency change o f  IH z corresponds to a m ass change o f  14ng using 

the CH Instrum ents M odel 440 EQCM . The m inus sign in equation 2.32 determ ines 

that a frequency decrease corresponds to a m ass increase. The EQCM  cell used for 

this w ork is shown in figure 2.8.

The EQCM  cell consists o f  three round Teflon pieces. The total height o f  the 

cell is 37m m  and its diam eter is 35mm. The top piece is the cell top that holds the 

counter and reference electrodes. There are also two 2mm holes for degassing
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solutions. The centre piece is the cell body used for holding solution. The bottom 

piece is for mounting the quartz crystals. Four screws are used to seal the bottom and

inthiuuiuuuvvvvuuvv\

Figure 2 .8 ; Photograph  o f  the CH Instrum ents M odel 440  W orkstation  as w ell as the E Q C M  cell w ith 
coun ter (g reen) and reference (w hite) e lec trode inserted.

centre pieces together. The quartz crystal is located between the bottom and centre 

pieces. The top piece may be pressed into the centre piece to complete the cell.

2.6 Magnetic Field

The magnetic field was applied using the Magnetic Solutions ‘Multi-mag’ 

electromagnet. The magnet consisted o f two Halbach Cylinders, one inside the other, 

which were rotated so that the magnetic field strength could be varied. The magnetic 

field strengths ranged from 0 -  1 Tesla (T). The cylinder is manufactured from 

sintered Nd-Fe-B and consists o f twelve segments. These segments provide a 

homogeneous magnetic field in the circular bore (diameter o f 54 mm) [30].

66



/

\ /

Figure 2.9; M agnetic flux profile in the central plane o f  the 54 mm bore Halbach Cylinder with a
m agnetic field strength o f  0.5 Tesla.

The electrochemical cell sat in the bore o f the multi-mag during the cyclic 

voltammetry experiments. The housing for the cell was fabricated to sit in the center 

o f the multi-mag. Figure 2.9 shows the magnetic flux profile in the central plane o f 

the magnet.

2.7 Chemicals

All chemicals were o f analar grade(Aldrich) and aqueous solutions were made 

up with triply distilled Millipore™  water. The Millipore water purification contains a 

carbon, organic and ion exchange cartridge and yields water with a large ohmic 

resistance o f ca. 18mQ. All solutions were completely de-gassed with nitrogen for 

fifteen mins prior to electrochemical measurement and the atmosphere over the test 

solutions was purged with nitrogen during experimentation. Standard solutions o f 

electroactive species were prepared freah daily. Ascorbic acid and the catecholamines 

were kept in the dark or in the refrigerator for short periods when not in immediate 

use. These solutions were prepared fresh daily and after three hours o f use were 

thrown into the safety waste container.

67



2.8 References

[1] A. J. Bard, L. R. Faulkner, "'Electrochemical Methods-Fundamentals an 

Applications”, 2'̂  ̂ed., J. Wiley & Sons, 2001.

[2] C. M. A. Brett, A. M. O. Brett, "'Electrochemistry- Principles, Methods and 

Applications”, Oxford Science Publications, 1993.

[3] J. A. Von Fraunhofer, C. H. Banks, "Potentiostat and its Applications”, 

Butterworth & Co. Ltd., 1 st Edition, 1972.

[4] G. L. Lanz, D. J. G. Ives, ""Reference Electrodes”, Academic Press, New 

York, 1961.

[5] K. Aoki, K. Tokuda, H. Matsuda, J. Electroanal. Chem., 146, 417, 1983.

[6] G. A. Mabbott, J. Chem. Educ., 60, 9, 697, 1983.

[7] R. S. N i c h o l s o n , C h em .,^ l{ \\) , 1351, 1965.

[8] P. T. Kissinger, W. R. Heineman, J. Chem. Educ., 60(9), 702, 1983.

[9] J. Heinze, J. Angew, Chem. Int. Ed. Engl, 23, 831, 1984.

[10] J. E. B. Randles, Trans. Faraday Soc., 44, 327, 1948.

[11] A. Sevcik, Coll. Czech. Chem. Commun., 13, 349, 1958.

[12] R. S. Nicholson, I. Anal. Chem., 36, 702, 1964

[13] Southampton Electrochemistry Group; ""Instrumental Methods in 

Electrochemistry”, ed. T.J. Kemp, Ellis Horwood, Chischester, 1985.

[14] T. Von Karman, Z. Agnew, Math. M eek, 1, 233, 1921.

[15] W. G. Cochran, Prog. Camh. Phil. Soc. Math. Phys. Sci., 30, 345, 1934.

[16] V. G. Levich, “Physiochemical Hydrodynamics”, ? xq\\X\cq \1?l\\,\962 .

[17] J. Koutecky, V. G. Levich, Zh. Fiz. Khim., 32, 1565, 1956.

[18] “Quantitative Analysis o f  Catecholamines and Related Compounds ”, Ellis 

Horwood, ed., A. M. Krstulovic, ppl63.

[19] K. Stulik, V. Pacakova, Anal. Chim. Acta, 158, 15, 1984.

[20] “Electroactive Polymer Electrochemistry”, Part 1, Plenum Press, N.Y. &

London, ed., M. E. G. Lyons.

[21] E. P. Parry, R. Oysteryoung, Anal. Chem., 37, 1634, 1964.

[22] W. A. MacCrehan, Chem., 52, 1542, 1981.

[23] V. Majer, J. Vesely, K. Stulik, J. Electroanal. Chem., 45, 113, 1973.

[24] W. E. Van der Linden, J. W. Dieker, Anal. Chim. Acta, 119, 1, 1980.

68



[25] E. Sabatani, I. Rubenstien, R. Maoz, J. Sagiv, J. Electroanal Chem, 219, 365, 

1987.

[26] E. Sabatini, I. Rubenstien, J. Phys. Chem, 91, 6663, 1987

[27] E. B. Troughton, C.D. Bain, G. M. Whitesides, R.G. Nuzzo, D. L. Allara, M.

D. Porter, Langmuir, 4, 365, 1988.

[28] L. Strong, G. M. Whitesides, Langmuir, 4 , 546, 1988.

[29] C. D. Bain, G. M. Whitesides, J. Am. Chem. Soc, 110, 3665, 1988.

[30] J. M. D. Coey, Magnetic Solutions Ltd.

69



CHAPTER 3 

ELECTROCHEMISTRY OF 

SOLUTION PHASE 

AND POLYMERIC 

METHYLENE BLUE



3.1 Introduction

Methylene blue is member o f the phenothiazines which are a family o f very 

versatile organic dyes. As described previously, MB has been used extensively in the 

modification o f electrodes. The dye adsorbs easily and rapidly onto electrodes and 

also can be electropolymerised onto electrodes. MB also possesses catalytic properties 

and so investigation into MB properties is justified. The MB/LMB redox reaction in 

aqueous solution can be written in the form:

- 2 e , -H^ H

Methylene blue Leucomethylene blue
Oxidised species Reduced species

Schem e 3.1; Redox chemistry o f  the MB/LMB couple, 

and involves a 2 e', transfer.

3.2 Voltammetric Analysis o f  Solution Phase Methylene Blue

Cyclic and RDE voltammetry were used to investigate the solution 

electrochemistry o f Methylene Blue (MB). The cyclic voltammetric response o f  a 

dilute solution o f 1 x IO'̂ 'M MB in O.IM H2SO4 (pH~l), O.IM KCl as supporting 

electrolyte, is outlined in figure 3.1. Scanning from positive to negative potential at a 

rate o f 20 mV s'', two well defined peaks are observed, a cathodic peak Ci (Ep,c = 

220mV) which corresponds to the reduction o f MB to Leucomethylene blue (LMB) 

and an anodic counterpart Ai (Ep,a = 249mV) attributed to the oxidation o f LMB to 

MB. The authors McCreery at al. [1] report the Ci/Aj redox couple centered around 

+0.2V at a GC electrode in O.IM H2SO4, pH ~l. This Ci/Ai redox couple represents 

the two electron oxidation/reduction reaction in scheme 3.L In figure 3.1 we observe 

a slight shift in the Ci and A | peak potentials indicating some kinetic constraint. At
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low sweep rates, v < 200mV s'', the system exhibits reversible behaviour and can be 

formally diagnosed as a reversible process if  the following is observed

AEp = 30m V @ T  = 293K (3.1)

where,

AEp =
2.303RT

nF
(3.2)

and n denotes the number o f  electrons involved in the redox process. The AEp values 

found experimentally were typically in the region 28-35m V at low  scan rates and so 

the process is considered to be reversible.

Another diagnostic criterion for reversibility is that the C]/Ai peak current ratio 

should be unity. This was not observed as the reduction peak currents were greater 

than the peak currents for the oxidation process over the range o f  scan rates employed. 

This suggests that some process other than that presented in scheme 3.1 is occurring, 

and is a complicating factor in the reversibility o f  the system. Sagara and Niki [2] 

used electroreflectance spectroscopy to investigate MB adsorption processes in 

solution phase at graphite electrodes with O.IM H2SO4 as the solvent. The authors 

reported mediation o f  MB reduction by adsorbed MB species, but the reverse 

mediation o f  LMB oxidation by the adsorbed species was thermodynamically 

unfavourable. This may account for the higher reduction peak currents observed in 

figure 3.1.

A second distinct couple, assigned C2/A2, is observed at ca. 110 mV and 

corresponds to the redox activity o f  the adsorbed M B/LM B couple at the glassy 

carbon surface. This couple exhibits reversible electrochemistry over the range o f  

scan rates performed with AEp remaining constant. The Ci/Ai and C2/A2 redox couple 

potentials are in excellent agreement with those reported by Sagara and Niki [2], in 

O.IMH2SO4.

In systems that are mass-transport controlled, peak current. Ip, should vary in a 

linear manner with the square root o f  the scan rate. This is best described by the 

Randles-Sevcik equation, presented previously in Chapter 2, and a typical plot o f  the
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1,, =  0A46nFA
nF

RT
C"D' (3.3)

equation is shown in figure 3.2. Data values were taken from voltammograms shown 

in figure 3.1.

< 6 . Oe - 6

Scan direction4 . 0 e - 6

3o
- 2 . O e -6

0 . 4 0 . 2 0 . 0 0 . 2

E / V V S  A g / A g C I

F ig u r e  3 .1 ; T yp ica l C y c lic  V o ltam m ogram s d isp la y in g  the red ox  a ctiv ity  for a 1 x 10" ^ M M B , O.IM  
K Cl + O .IM  H 2 S O 4 , (p H -1 ) ,  so lu tion  at a G C electrod e . T he vo ltam m etric  scan rates ranged from ,

v =  [5 —  2 0 0 ] m V  s’'.

7e-6

6e-6 -

5e-l

< 4e-6 -

Q. 3e-6 *

2e-6 -

1e-6 -

0.2 0.30.0 0.1 0.4

(v/ Vs'Y'^
F ig u re  3 .2 ;  T yp ica l R a n d les-S ev cik  p lots for the reduction  o f  so lu tion  p h ase  M B  to L M B  (peak  C i)  at 

a G C e lectrod e . [M B ] w as 1x10"' M in O .IM  H 2 SO 4 , p H ~ l .  T he peak currents for the o x id a tio n  p rocess  
(A )) w ere  d ifficu lt to  obtain due to the p resence o f  the p receed in g  adsorption  peak  (A 2 ). D ata obta ined

from  C V ’s sh ow n  in fig  3 .1 .
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Good linearity is observed in the R-S plot, indicative o f fast charge transfer
6 2 1kinetics, and an average value for the diffusion coefficient o f 1.58±0.3 x 10' cm s ' , 

was calculated.

A series o f RDE experiments were carried out to further investigate the 

reversibility o f the MB system. Figure 3.3 shows a typical RDE voltammetric 

response for a 1 x 10'“̂ M MB solution, displaying characteristics associated with 

rapid charge transfer kinetics. The RDE voltammetric response for a mass transport 

limited process can be described by the Levich equation presented in Chapter 2;

/ ,  (3.4)

A plot o f the limiting current, II, versus the square root o f the rotation speed, co, 

should be linear through the origin. Reversibility in this case requires electron transfer 

to be rapid relative to the rate o f mass transport; hence, the redox process changes 

from reversible to quasi-reversible as the rotation is increased. This is reflected in a 

deviation from linearity in the Levich plot (figure 3.4) and may be due to electrode 

modification by adsorbed species. At rapid rotation speeds, diffusion o f MB to the 

electrode surface approaches a maximum. Thus the effective concentration in the 

diffusion layer is almost that o f the bulk, adsorption o f MB to the electrode occurs to 

the extent that the electrode is modified. This is observed in the RDE voltammogram 

for SOOOrpm shown in figure 3.3 at negative potentials. From the plot gradient, a 

diffusion coefficient in O.IM H2 SO4 was quantified. An average value o f 1.8 ± 0.2 x 

10'^ cm^ s '' was determined for the concentration 1 x 1 0 '“̂ M, and compares well to the 

values obtained using C.V. Literature values were reported by the authors Murthy and 

Reddy [3] for various phenothiazine dyes in O.IM H2 SO4 , and a calculated diffusion 

coefficient o f 0.81 x 10'^ cm^ s"' for a 5 x 10"  ̂M solution o f MB.
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SOOOrpm1 4e-5
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1.0e-5
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I. Oe-6

4.0e-6

ISOOrpm
2.0e-6

0.0

-2.0e-6
0.4 0.2 0.0 - 0.2

Ely vs Ag/AgCI
F ig u r e  3 .3 ;  T yp ica l R otating D isk  V o lta m m o g ra m s for the reduction o f  5 x  lO '* M M B  in 0.1 M  

H 2 S O 4 , at a G C electrod e . T w o  rotation sp eed s are presented . Scanned  from  0 .7  to -0 ,2  V .

7e-6

6e-6

5e-6

<  4e-6
0 .

-  3e-6

2e-6

1e-6

0 5 10 15 20 25

(co /  rad s'Y^^
F ig u r e  3 .4 ; T yp ica l L evich  p lot, Ilim v s . co'̂ ,̂ for the reduction  o f  a 1 x  lO'"* M  M B  so lu tion  at a R D E . 

D ev ia tio n  from  linearity is o b served  at rotation sp eed s >  SOOOrpm, ind icatin g  qu asi-reversib ility .

It is well established that when a redox system is Nemstian, the current potential 

response should be described by an equation o f  the form

RT

nF
(3 .5)
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Any system that obeys this equation should yield a linear Tafel plot, l n { ( l L - I ) / I }  

versus E, with the slope = nF/RT, and intercept = E 1/2 .

4

2

0

2

■4

120 140 160 180 200 220 240

E/V vs. Ag/AgCI
F ig u r e  3 .5 ;  T yp ica l T afel plot. ln[iLiM-i/i] v s . E /m V , for the reduction  o f  1x1 0 “’ M M B  in O. IM H 2 SO 4

at a G C e lectrode.

One such plot for the MB /LMB system is shown in figure 3.5 and the intercept 

(185m V) was used to calculate a value for k° o f  2.66 x 10'  ̂ cm s’'. This value 

confirms the assumption o f  facile kinetics.

An important diagnostic criterion for distinguishing the reaction mechanism  

when using CV is the variation o f  Ip/v with scan rate. For an ECE process with an 

irreversible chemical reaction Ip/v should decrease with increasing scan rate. This 

variation is presented in figure 3.6 for the reduction o f  MB. The figure indicates that 

the observed behaviour does not favour the ECE mechanism. A lso the AEp values 

suggest that it is a two-electron reversible charge-transfer process involving an EE 

type mechanism.
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Figure 3.6; Variation o f  Ip / v with scan rate, suggesting that the mechanism is not ECE. Scan rates 
were varied from 2 -  500 mV s '. [MB] = 5 x IQ"* M.

These resuUs are consistent with those reported by the authors Murthy and Reddy [3] 

for the MB/LMB system, and Archer et al. [4] for the thionine/leucothione system, 

studied at a platinum electrode. We therefore ascribe these trends to adsorption o f MB 

at the bare glassy carbon electrode, which is dealt with in more detail later in this 

chapter.

Using CV, kinetic information can also be gleaned from the variation o f
* —4anodic and cathodic peak separation, AEp. For measurements conducted on a 1x10 

mol dm ' concentration o f MB, the peak separation varied form ca. 32mV at v = 2mV 

s '',  to ca. lOOmV at v = 500mV s"'. The standard rate constant, k®, for redox process 

at the standard potential, E^, can be quantified from careful analysis o f  the variation o f 

peak separation o f voltammetric peak separation with sweep rate. The reaction is 

reversible at low scan rates but becomes quasi-reversible with increasing scan rates, 

and eventually irreversible at high scan rates. Theoretical working curves o f nAEp'^’®®'̂  

as a function o f a kinetic param eter,^, have been numerically elucidated by 

Nicholson [5], when the voltammetric response under quasi-reversible conditions was 

examined;

{RTy-k°
(nFD'„" D t n v )l ' / 2

(3.6)
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where a , v denote the transfer coefficient and scan rate respectively. If one assumes 

that Do~ Dr« D and that a  = 0.5, equation 3.6 simplifies to

{nFDnvy

The aforementioned theoretical working curve can be constructed from values 

calculated by Nicholson [5]. Values of that correlate with experimental AEp values 

can be extracted from the curve and values for the standard rate constant can be 

evaluated. The table 3.1 summarises the parameters found for a range o f [MB] using

[M B ]  
m o l L  *

(AEp)expti (n  A E p ) t h e o r y 10  ̂ k' 
c m  s 'V V

1 xlO'^ 39 78 1.346 8.269
5 xlO'^ 38 76 1.503 6.206
1 xlO'^ 39 78 1.346 5.268
5 xlO'^ 68 136 0.265 0.971
8 x  10'^ 82 164 0.184 0.538
0.010 84 168 0.169 0.493
0.012 76 152 0.210 0.456
0.015 70 140 0.247 0.575
0.018 72 144 0.234 0.487
0.020 73 146 0.225 0.487

* Assuming n = 2
T ab le 3 .1; Typical series o f  calculations to determine k“ for a range o f  [M B] at a scan rate o f  

lOOmV s'', using a theoretical working curve.

equation 3.7. A significant disadvantage of this approach to quantifying k° is that high 

voltammetric scan rates must be employed if the interfacial electron transfer process 

is rapid. That is, to measure a heterogeneous rate constant of 1cm s"', the experimental
3 1 •voltammetric scan rate used must be of the order of 10 V s' . Errors relatmg to 

uncompensated ohmic solution resistance should be carefully avoided. The magnitude 

o f the present case k° values is such that ohmic resistance can reasonably be 

neglected.
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3.3 Dependence o f Solution Electrochemistry on bulk MB 
Concentration

The solution phase electrochemistry for a range o f MB concentrations was 

investigated in O.IM H2SO4, pH~l with O.IM KCl as supporting electrolyte. Typical
5 4voitammograms for dilute (Ix 10’ - 5 x 10' M) concentrations of MB are shown in 

figure 3.7. Interesting concentration effects are observed. At the lowest concentration 

of 1 X 10'^ M, figure 3.7 (d), the adsorbed species redox couple is the dominant 

process. This can be explained in terms of available monomeric MB. The 

concentration of available monomer in solution is small and so the C|/Ai redox couple 

contribution to the current response is also small. Adsorption of MB to the GC surface 

is rapid and the C2/A2 couple is observed. As the concentration increases the Ci/Ai 

couple becomes the dominant process, figure 3.7 (a)&(b), exhibiting a well defined 

current response to the applied potential.

-3e-6

-2e-6 -

- 1 e - (

<

1e-6 -

2e-6
- 0.20.4 0.2 0.0

EN vs. Ag/AgCI

F ig u re  3 .7 ;  T yp ica l c y c lic  v o ita m m o g ra m s o f  four d ilu te M B  con cen trations at a G C e lectrode; (a ) =  5 
X  lO"* M , (b ) =  1 X  10“* M , (c )  =  5 X  10'^ M , (d ) =  1 x 10'^ M . Supporting e lectro ly te  w as O .IM  K C l in a 

O .IM  H 2 S O 4  ( p H ~ l )  so lu tion . Scan rate, v  =  2 0 m V  s'', scan n ed  from  0 .5  to -0 .2  V.

This well defined solution electrochemistry of MB at dilute concentrations is in stark 

contrast with that at high concentrations. The voitammograms have a totally different 

appearance in that only one sharp redox couple, a cathodic peak at ca. 135 mV s"' and 

corresponding anodic peak at ca. 180 mV s’', is apparent (Figure 3.8). This shift in
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1.0e-4 -

5,0e-5 -
Scan direction

<

-5,0e-5 -

-1.0e-4 -

0.4 0.3 0.2 0.1 0.0

EA/ vs. Ag/AgCI
F igure 3 .8; Typical cyclic voltam m ogram s o f  four concentrated MB solutions at a GC electrode; (a) =  
5 X 10'  ̂ M, (b) = 1 X  10‘‘ M, (c) = 1.5 X  10'  ̂ M, (d) =  2 x 10'  ̂ M. Supporting electrolyte w as O.IM KCI 

in a 0.1 M H 2 SO 4  solution (p H ~ l). Scan rate, v = 20m V  s"'.

peak potential can be justified when dimeric species and larger species are taken into 

account. Aggregation of dyes in aqueous solutions is known to occur where steric and 

electrical influences are favourable [6]. This reversible process is achieved via 

hydrogen bonding, van der Waals forces, or interaction of delocalised 7r-electrons 

between MB monomers [7J. In spectrophotometry experiments carried out by 

Bergmann and O ’Konski [8], the authors found MB to be present in solution as a 

dimer in equilibrium with the monomer. The authors concluded that the principle 

monomer axes lie parallel, so that the monomer units lie face-to-face, with the ionic 

groups of the molecule situated at opposite ends of the dimer. Scheme 3.2.

CH3 CH3I j  I j

CH3 CH3
S chem e 3 .2: Proposed structure o f  M B dimer [7] in aqueous solution. One o f  four resonance forms.

We can now assign the new redox couple at ca. +0.135 and +0.180 V to the 

reduction/oxidation, respectively, of the dimeric species. Previously observed in 

figure 3.7 was that an increase in MB solution concentration results in an increase of 

the solution phase redox peaks(Ci/ Ai), masking the redox peaks due to the adsorbed
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species(C 2/A 2 ). The new redox couple (+0.135/+0.18V ) observed at high MB solution 

concentrations, therefore, is not due to adsorption o f  monomeric MB. It may be due to 

adsorbed dimeric species activity, if  not that o f  solution phase dimers. It must be 

stated that the peak potentials for a particular concentration varied due to solubility 

difficulties. Due to the dilute concentration o f  MB in figure 3.7 voltammograms, 

dimerisation was minimal and a redox couple for the dimeric species was not 

observed. To investigate the consequences o f  dimerisation, monomer fractions for 

each concentration were elucidated and used to justify the variation in physical 

parameters quantified for MB solution electrochemistry in 0.1 M H2SO4, p H ~l.

3.3.1 Variation o f Monomer Fraction with Concentration

The solution electrochemistry o f  MB is largely dependent on the bulk 

concentration o f  the dye. The higher the bulk concentration o f  the dye, the greater the 

tendency towards aggregation, and hence, dimer formation occurs. Consider the 

monomer-dimer equilibrium

(3.8)

The monomer-dimer equilibrium constant K is then given by

[ M f
(3.9)

hence

(3.10)

Let [T] denote the total concentration o f  monomer and dimer. N ow

[r] = [M ] + 2[Z)] (3.11)

hence

(3.12)
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or

2 K [ M f  ^ [ M]  + [T] = Q (3.13)

This expression is a quadratic in [M] and may be solved to yield

[M] = y .K [ { \  + %K[T]/^ - \ \  (3.14)

Let f  = monomer fraction, then

f  = (3.15)
[r]

hence

f  = y ^ K [ T m  + m T ] / ' ^  (3-16)

If K is known then [M] can be detennined and therefore f  may be calculated. For MB 

solutions, K was taken to be 1.2 x 10"̂  dm^ mol'' in O.IM H2SO4 solution [7], and the 

monomer fraction values obtained are summarised in table 3.2.

IT] 
mol L"'

log IT] f = | M ] / |

1 X 10'-' -5.000
5 X 10'^ -4.301 0.6767
1 xlO'^ -4.000 0.4700
5 xlO"* -3.301 0.2500
1 xlO'^ -3.000 0.1844
5x10'^ -2.301 0.0872
8 x 10'̂ -2.097 0.0696
0.010 -2.000 0.0625
0.012 -1.921 0.0572
0.015 -1.824 0.0513
0.018 -1.745 0.0470
0.020 -1.699 0.0446

T ab le  3.2; M onomer fraction values for a range o f  MB concentrations in O.IM H2SO4, p H~ l .

A plot o f log [T / mol L"'] versus f  is shown in figure 3.9 and yields an interesting 

relationship.

81



0.5

_o
‘> 5  o re
i :  0.3 -

0)
E
O  0.2 - 

o 
£

0.1 -  

0.0  -

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5

log [T / mol L' ]̂

F igure 3.9; A  plot o f  m onom er fraction as a function o f  the log o f  a range o f  M B buiic concentrations 
in O.IM H2 SO 4  (p H ~ l)  at a g lassy  carbon electrode.

The monomer fraction rapidly decreases as the MB bulk solution increases due to 

dimerisation and formation o f MB oligomers. The electron-rich nature o f the aromatic 

rings in the MB structure allow for this facile aggregation. A double logarithmic plot 

was constructed, figure 3.10, and a linear relationship observed.

• • • • •

- 0 .6  -

G)
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F igure 3.10; A plot o f  log monom er fraction versus the log  [M B] for a range o f  bulk concentrations in 

O.IM H 2 SO 4  (p H ~ l)  at a glassy carbon electrode.

From the graph we can predict that monomer fraction is zero at a MB bulk 

concentration o f ca. 2.21 x 10'^ mol L"', and the slope = -0.45.
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3.3.2 Variation o f the Diffusion Coefficient with Concentration

The diffusion coefficients for a range of MB concentrations [1x10'^ -  2x10' 

^M] were calculated using CV. Peak currents obtained from the cathodic peaks (e.g. 

C|, Fig.3.1) at each scan rate were used to calculate the observed diffusion 

coefficients and the values plotted as a function of concentration. From figure 3.11 we 

observe a rapid drop in the magnitude of the diffusion coefficient as the bulk MB 

concentration increases. At bulk MB concentrations > 5 x 10'̂  mol L”' monomer 

fraction approaches zero, and this is reflected by the decreased values of D. The peak 

current values do not vary linearly with bulk concentration > ca. 2 X 10'̂  mol L"' 

because the effective bulk concentration decreases rapidly. The degree of aggregation 

in the dye increases w'ith bulk MB concentration so less monomer is available for 

reduction, and this is reflected by the rapid drop in diffusion coefficient magnitude. 

The values found for D at low [MB]oo are in good agreement with the literature value 

of 0.81 X 10'̂  cm  ̂s'', for a 5 X 10“̂ M solution in O.IM H2SO4 [3].
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Figure 3.11; A plot o f  diffusion coefficient values as a function o f  MB bulk concentrations in O.IM
H2SO4 (pH ~ l) at a glassy carbon electrode.
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3.3.3 Kinetic Variation o f  the Redox Couple M B/LM B with Concentration

The variation o f AEp with log [MB / mol L ''], when the scan rate was lOOmV

s’’, is presented graphically in figure 3.12. In the region where [MB] is between 1 x

10'^ and 1 X 10'^ mol L '', AEp is ca. 45-60mV but increases dramatically as [MB] 
2 1increases to 2 x 10' mol L' . At this concentration, f  tends towards zero (Table 3.2), 

and this is reflected in the relatively large AEp (>145mV) values. Therefore, as the 

monomer fraction decreases, electrode kinetics become sluggish. Although the peak 

separations are strongly dependent on MB concentration, we observed that for a given 

concentration, they increased with scan rate in a manner that at first suggests quasi

reversibility. Using the aforementioned Nicholson’s analysis, on a large number o f 

performed experiments (At least n > 5) over the range o f concentrations investigated, 

the average standard rate constants were calculated and found to vary with scan rate. 

This is not consistent with the finding that the MB/LMB couple is reversible at the 

bare glassy carbon RDE up to 3000rpm. The solution convection generated in 

hydrodynamic voltammetry means that a near bulk concentration o f MB is present at 

the electrode surface and adsorption occurs. Adsorption o f MB at the bare glassy 

influences the solution phase electrochemistry and we observe lower redox currents 

than expected. Archer et al have reported similar results for the thionine/leucothionine 

couple at a platinum electrode [4].
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log [MB I mol L'^]
Figure 3.12; Plot o f  the varia tion  o f  peak  po ten tia l separation  as a function  o f  [M B]. D ata taken  fi'om 

vo ltam m ogram s w ith lOOmV s ‘ scan rate in 0.1 M H 2 SO 4 .
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Using the same data for a scan rate o f lOOmV s"', the standard rate constant was 

calculated from the AEp values presented in table 3.1. The variation o f with [MB] is 

graphically presented in figure 3.13.

1.0e-2 
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0.0
0.0 5.0e-3 1.0e-2 1.5e-2 2.0e-2 2.5e-2

[MB / m ol L"*]
F igure 3 .13; Variation o f  the standard rate constant, k°, with bulk MB concentration, k” values were 

calculated from AEp values obtained at a scan rate o f  100 mV s"'.

AT [MB] concentrations < 5 mM, the rate constants are large but, due to the 

formation o f dimers and oligomers, drop drastically and at [MB] > 5mM remain 

relatively constant. This suggests that at very high MB solution concentrations, a 

dimer/oligomer saturation threshold exists, after which no more solution aggregation 

occurs. This would account for the constant values at [MB] > 5mM.

3.4 Variation o f  Surface Adsorption with Concentration

Analysis o f  the solution electrochemistry o f  MB over a range o f scan rates and 

concentrations suggest quasi-reversibility, when CV was employed, but reversibility 

was observed at a glassy carbon RDE. We ascribe this discrepancy to adsorption o f 

MB at the bare stationary electrode and have undertaken a quantitative analysis o f  this 

phenomenon using cyclic voltammetry.

Integration o f the cathodic peaks (Cj,  Fig. 3.1) at each scan rate, corresponding 

to the reduction o f adsorbed MB, for that scan rate, yields the total amount o f charge, 

Q, under the adsorption peak and is given by [9]
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where

o=a+4^BU~''

00 ~  G a d s  Q/>f;r Q d /

(3.17)

(3.18)

Qads denotes the charge due to adsorbed M B, Qbgr is the background charge and Qdi 

corresponds to the double layer charge. A is a constant dependent on the scan limits 

but not the scan rates. The adsorption peaks only, e.g. C2 figure 3.1, were analysed in

Qads quantification, while the solution redox peaks, Ci, were ignored. The plot o f  Q/C
1 1/2versus the inverse square root o f  the scan rate [u/V s’ ]' was plotted (figure 3.14)

1 4e-4

1.2e-4 -

l ,0e-4 -

8,0e-5 -O
Eo

2.0e-5

0 2 6 164 8 10 12 14

/  /  \7  \ “ 1/2 (v / V S )
F ig u r e  3 .1 4 ;  P lot o f  total charge, Q , under the peak for the reduction o f  M B  in O .IM  H 2 S O 4  ( p H ~ l )  as 

a function  o f  scan rate, w ith  intercept, Qq. 10'^[MB]o, m ol L'': (1 )  0 .1 , (2 )  0 .5 , (3 ) 1, (4 ) 5 , (5 )  8 ,
( 6 ) 12, (7 )  2 0 .

and linearity was observed for all concentrations analysed. Data was taken from 

numerous repeated experiments (5 < n < 10 repetition experiments) and averaged. 

From the intercept o f each plot a value for Qo was obtained for each concentration o f 

MB examined. From the plot we observe that as each concentration o f MB increases 

so too does the overall charge due to the adsorption species (Qads)- Equation 3.17 

predicts a linear relationship between the slopes o f  each plot in figure 3.14 and 

[MB]oo, yielding a value for the constant. From our plot in figure 3.15 the value 

obtained for the constant. A, was 7.84±0.4 x 10"  ̂ C L m ol’̂  s'*̂ ,̂ where all the 

symbols have their usual meanings.
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F igu re 3 .15; Slopes o f  Q vs. v ‘ plots versus bulk concentration for the evaluation o f  the constant. A,

in equation 3.3.1.

At [MB]a, > 1.2 X 10'^ M, the proportionality deviates from linearity due to gross 

solution aggregation, and some scatter is also observed at lower [MB]oo. It was found 

that the background charge, Qbgr, was negligible and therefore ignored. The double 

layer charge, Qai, was estimated from the examination o f CV experiments recorded in 

0.1 M H2 SO4  in the absence o f MB at the same glassy carbon electrode. The current 

variation with sweep rate in the double layer region o f the voltammogram was 

examined, and is presented graphically in figure 3.16.
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F igure 3 .16; Background current recorded in 0.1 M H2 SO 4  in the absence o f  M B, over a range o f  scan 

rates. Peak currents were taken at the potential, E =  IxlO'^V.
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The slope o f this graph corresponds to the double layer capacitance (Cdi / farads). Qdi 

was then calculated from

Q „ = C „ x E  (3.19)

•5

where E is the voltage (1x10" V) at which the peak currents were recorded. The slope 

obtained was 7.824xlO‘‘*AV's, and hence, Qdi was calculated to be 7.825xlO'^C. Then 

Qads is obtained from

Q a Us - Q o - Q„  (3.20)

and surface coverage o f MB (Fm b ) from

^ m= Qo as ! n F A  (3.21)

where n is the number o f electrons in MBajs redox behaviour, F is Faradays constant 

and A is the electrode area (0.0707cm ).

For an adsorbed monolayer o f MB, it is possible to calculate the hypothetical 

surface coverage, F m, and charge, Qm, from the area occupied by each molecule [10], 

assuming various orientations o f MB cations in the adsorbed layer [11]. These 

calculations are outlined in table 3.3. The area occupied value for the flat dimer is per 

molecule o f MB and so, although confusing, it is valid.

Possible MB Cation 
Orientation

Area per 
Molecule / 

nm^

io"’rM/
mol cm ”

Layer 
thickness / 

Nm

Q m /  ̂
)a.C cm"'

Flat monomer 1.30 1.28 0.325 24.7
Condensed layer 1.08 1.54 0.325 29.7
Flat dimer 0.65 2.56 0.65 49.4
Perpendicular 
monomer "edge on"

0.55 3.02 0.76 58.2

T able 3.3; Hypothetical charge and surface coverage values calculated when a m onolayer o f  MB  
adsorbs via four different orientations. Taken from reference [ 1 1].

It has been reported that MB adsorbs as a dimer at some interfaces [12,13], a bilayer 

o f MB was reported on mercury [14], and a monolayer made up o f  dimers has also

88



been optically detected [15], The scope for possible adsorption orientations and the 

type o f MB species involved, therefore, is quite large. The average surface coverages 

due to adsorption, F mb, calculated for each MB concentration, are summarised in 

table 3.4.

Concentration 
M B / 

mol L''

Adsorption 
Charge 

(Qads) / C

Average Surface 
Coverage 

( r m b ) / mol cm'^
1x10"^ 1.21x10'’* 8.84±0.12xl0''^
5x10'^ 6.61x10'^ 4.85±0.75xl0 '“
1x10'^ 1.42x10'"’ 1.04±0.15xl0''®
5x10'" 7.30x10''’ 5 .35±0.80xl0 '‘®
8xl0'-^ 1.27x10'' 9 .34±1.4xl0 '‘°

1.0x10'^ 1.50x10'- 1.1010.17x10'^
1.2x10'^ 1.82x10'" 1.33±0.20xl0‘‘̂
1.5x10'^ 2.00x10'" 1.47+0.23x10'“̂
1.8x10'“ 2.02x10'" 1.4810.22x10'*^
2.0x10'- 2.05x10'" 1.5110.23x10'“̂

Table 3.4; Average values calculated for adsorption charge, Qajs, and surface coverage, Fmb, for each
[MB]„ investigated.

2 1We observe that the value obtained for F mb at a 2 x 10’ mol L' concentration o f MB

is five times greater than the largest value for a monolayer in table 3.3. From this it

can be concluded that a multilayer is formed rather than a monolayer. We can define

the fraction o f surface coverage as^? = F^^g/F^ [16]. Certain assumptions cein be

made about the orientation o f adsorbed MB molecules when monomer fraction, f, is
2 1taken into account. For example when f  = 0.045, as it is for 2 x 1 0 '  mol L' MB, then

we can assume that there is a good possibility that MB adsorbs as a flat dimer. If this

were the case then F m = 2.56x10’''̂  mol cm'^ and, 0 = 1 .51x l0 '^2 .56x10“'^ = 5.9. On
10 2the other hand, if  MB was adsorbed as a flat monomer, then F m is 1.28x10' mol cm' 

and 0 = 11.8. Hence we can assume that 0 is in the region 5.9< 0 <11.8 under the 

conditions studied.

For the most dilute solution o f  MB studied, 1x1 O'"* M, monomer fraction is 

0.47, so possible adsorption species can equally be either monomer or dimer. For flat 

monomer adsorption, 0 = 0.07, for ‘edge on’ perpendicular adsorption, 0 = 0.03, and 

for flat dimer adsorption, 0 = 0.035. 0, then, is in the region 0.03< 0 <0.07.
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In general, adsorption on electrode surfaces is non-uniform in that the surface 

is not saturated with adsorption molecules. To account for this lack o f  saturation 

Langmuir [17] proposed the theory that the species on the surface forms a non- 

uniform film, that is, certain areas or patches are more densely covered than others. 

Instead o f being covered with a single film, surfaces consist o f  numerous patches o f 

varying sizes. The problem o f quantifying surface adsorbed species was simplified by 

postulating a surface which is divided up into a large number o f squares arranged in a 

checkerboard fashion. In this theory the black squares are adsorption sites, while the 

white squares are sites where adsorption does not occur. The likelihood o f adsorption 

is greatest in the centres o f the black squares, and conversely, adsorption is least likely 

at the centres o f  the white squares. In other words the black squares will have a hill of 

charge complimentary to adsorption and the white squares will have a valley. This 

simple theory accounts very well for experimental observation. It is interesting to note 

that the Langmuir isotherm is analogous to the Michaelis-Menten equation for 

enzyme kinetics, where the enzyme containing sites behave like black adsorption 

squares and non-enzyme sites are analogous to the white non-adsorption squares.

The variation o f the surface coverage with bulk concentration o f adsorbed 

species in solution is called an adsorption isotherm. One such model is the Langmuir 

adsorption isotherm, which is valid for low fraction surface coverages, that is, 6<1. 

The Langmuir adsorption isotherm is given by [16]:

where K is the equilibrium constant at low concentrations. The Langmuir adsorption 

isotherm is derived in the Appendix. The Langmuir isotherm can be linearised to give 

the following form;

+ ------- -̂------- (3.23)
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The Langmuir isotherm is vaHd for values of 0 < 1 and so is only applicable to [MB]ao 
 ̂ 1< 1x10' mol U  in this body of research. Even so, an adsorption isotherm was 

constructed for all bulk concentrations of MB studied and is shown in figure 3.17. The 

curve shape is similar to that of the Langmuir isotherm model and values for the 

maximum monolayer surface coverage, Fm, and equilibrium constant, K, were 

quantified.
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F igure 3 .17; (a) Adsorption isotlierm constructed for a range o f  [M B]„. (b) Plot o f  equation 3.23 to

quantify K and F m-

These average surface coverages do construct a nice curve when plotted against [MB], 

but it must be stressed that there was scatter and some outliers in the individual data
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calculations. The maximum surface coverage for a monolayer was found to be 4.64 + 

0.95 X 10’'*̂ mol cm'^ and K found to be 7.3+1.5 x 10'^. The value obtained for K 

compares to 5 x 10'^ found for Thionine [4], It must be stated that removal o f the 

lowest [MB] leads to a very different slope in the adsorption isotherm, figure 3.17. 

For this reason, the values calculated should be taken as estimates rather than absolute 

values. Svetlicic et al. [11] used chronocoulommetry to construct a MB isotherm at 

the dropping mercury electrode. The authors found that a discontinuous change in 

surface coverage reflects a condensation o f the adsorbed layer that can foiTnally be 

described as a Frumkin adsorption isotherm with a high lateral interaction o f LMB 

molecules [18-20], and absence o f  lateral interactions between MB cations.

3.5 Polymethylene Blue

As previously described in Chapter 1, organic molecules can be 

electropolymerised onto electrode surfaces to form conducting and semi-conducting 

films [21-23]. Methylene blue is one such organic molecule that can undergo 

electropolymerisation. The applications o f polymethylene blue films are many and 

include enzyme immobilisation [24,25] at the electrode surface, electron transfer 

mediation [26], electrocatalysis [27], and biosensors [28,29], The 

electropolymerisation is complicated and different polymerisation mechanisms have 

been proposed [30,31,35,36].

3.5.1 Electropolymerisation Process

In this study MB was electropolymerised at a glassy carbon electrode by 

repeated potential cycling from -0.4V to 1.2V. The charge carried by each film, and 

hence the surface coverage, was determined by calculating the area under the polymer 

redox peaks o f the films when cycled in a 0.1 M phosphate buffer solution. This was 

performed for films electropolymerised from three different initial concentrations o f 

MB monomer, for a range o f growth cycles.

Figure 3.18 shows the cyclic voltammogram o f 10 growth cycles PMB onto a 

GC electrode from a [MB]oo o f 2.5 x 10'^ mol L"' M. An irreversible oxidation was
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observed when the anodic switching potential reached 0.1 V, Region III, and 

corresponds to electropolymerisation o f MB.
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Figure 3.18; Consecutive voltammetric curves are observed during the electrochem ical form ation o f  
the PMB film at a glassy carbon electrode in the absence o f  a field. The initial solution was 2.5x10'^ 

mol L '' MB in 0.1 mol L '' phosphate buffer, pH = 7.0. The scan rate was v = 50 mV/s. Arrows indicate 
the increasing/decreasing nature o f  the peaks after each successive scan.

Repetitive cycling from -0.4V to 1.2V forms the polymer film. Peaks (I) and (I’) 

correspond to the oxidation and reduction, respectively, o f monomeric MB, w'hile 

peaks (II) and (IF) correspond to the redox activity o f the polymer film. The 

conducting properties o f the film can be identified from the upward extension o f 

region II. The electrode surface was covered in a green-blue film layer on inspection. 

We concur that these parameters, i.e. concentration and scan rate, are optimum 

conditions for PMB film growth [26].

The electropolymerisation process is complicated with general disagreement 

in the mechanism o f polymerisation [30,31,35,36]. The authors Lyons et al. [30] 

investigated the mechanism o f polymethylene blue fonnation and the general redox 

properties o f the polymer at a glassy carbon working electrode in O.IM phosphate 

buffer, pH 6.72. From an examination o f  the voltammetric response o f the modified 

electrode in solutions o f varying pH, a detailed mechanism for film formation and 

redox behaviour was proposed. The redox process within the polymer film was 

assumed to be reversible. They then applied the Nemst equation predicting that the 

modified electrode potential (for a known ratio o f  species in oxidised and reduced

III
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states) should vary linearly with the solution pH. The slope o f this plot gave the ratio 

o f  electrons to protons for the redox process.

The authors proposed that at pH 6.72, electropolymerisation occurred via the 

coupling o f oxidatively formed radical cations o f monomeric MB (scheme 3.3). This 

results in the carbon-carbon coupling producing the dimeric species. This process can 

be continued resulting in the eventual formation o f an insoluble oligomers coating the 

GC electrode. This proposed mechanism seems plausible as the electroactive 

heterocyclic nitrogen atoms are retained, thus the film retains its redox activity when 

deposited. The redox behaviour o f the dimeric species at pH 6.72 was reported to be a 

4e', 2H^ process (Scheme 3.4).

H,c. ^+.CH3

H 3C .+ +.CH

NH
CH:CH:CH:CH.

-2 H

+"CH:

CH.

CH, CH,

Schem e 3.3; Mechanism o f electropolymerisation proposed by Lyons and co-workers [28]. GC 
electrode, O.IM phosphate buffer pH 6.72.

This is quite different than the accepted 2e', H^ redox process but it must be stated 

that the authors did not observe two distinct redox couples but just a single broad
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peak, when the modified electrode was cycled in the O.IM phosphate buffer. It is 

likely then that the redox behaviour for both couples, in O.IM phosphate buffer pH 

6.72, is described b y  the 4e', 2H^ stoichiometry. Also the assumption that the redox 

behaviour is reversible is not true, so application of the Nemst equation is not strictly 

valid.

CH, CH3 
I

+"CH.

+ 4 e ,+ 2 H

HX.
N
CH3

CH, CH,
S

CH-

N
H

S ch em e 3 .4; R edox behaviour o f  the MB m odified GC electrode in O. IM phosphate buffer pH 6.72.

In a paper by the authors Liu et al. [31], a different electropolymerisation 

mechanism (scheme 3.5) was proposed. A methylene blue solution in sodium 

tetraborate, pH 9.19, was cycled from -0.4 to 1.1 OV at a GC electrode. The authors 

compared Raman spectra of solution phase methylene blue and polymethylene blue. 

Two main peaks at 1628 and 1392 cm'' were present in both spectra. The peak at 

1628 cm '' was attributed to phenyl ring stretching vibration. The peak at 1392 cm'' 

was attributed to the bending vibration of N-CH3 [32], or N=(CH3 )2  in methylene blue 

[33] because the wavenumber was less than 1400 cm ''. A new peak in the 

polymethylene blue spectra was observed at 1429 cm'' and attributed to -N (CH 3 )2  in 

polymethylene blue - evidence that the ring was not opened after polymerisation. The 

authors compared this to the oxidation of phenothiazine which does not have -  

N(CH3 )2  groups and only forms dimers [34]. Hence, they proposed that 

electropolymerisation must occur through nitrogen-nitrogen coupling, i.e., via the -
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N(CH 3 )2  group. In scheme 3.5, the electroactive nitrogen atoms are present so the 

polymer has the redox sites required for electroactivity.

H ,C C H .  CH

N— N

S ch em e 3.5; The N -N  coupling schem e proposed for electropolym erisation o f  MB at a GC electrode in
0.5M  sodium tetraborate pH 9.19.

Karyakin et al. [35] proposed a mixed ring-ring and nitrogen-nitrogen 

coupling shown in scheme 3.6. The authors, using CV, Visible and IR spectroscopy, 

investigated the electropolymerisation o f  different azines, which differ due to the 

absence/presence o f  primary, secondary and tertiary amine groups, at GC electrodes 

in 0.05M  phosphate buffers o f  varying pH. Direct spectroelectrochemical indication 

o f  the polymerisation mechanism was not evident, but differences observed for each 

polyazine allowed a logical hypothesis for the process. Differences in the IR spectra 

between each monomeric species and corresponding polymer alluded to a changing o f  

the substituents o f  the aromatic rings in the azine m olecules. This, in turn, suggests 

that the electropolymerisation results in a polymer chain formed by azine molecules.
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Schem e 3.6; Proposed structure o f  polymethylene blue at a GC electrode in 0.05M phosphate buffer
pH > 6.

When the polymer was oxidised by more than 50%, its redox activity was shifted to 

more positive values with respect to the monomer. In Visible spectra o f the oxidised 

polymer, the authors observed additional electron acceptor ring substituents. 

Conversely, the reduced form o f the polymer (> 50%) had a redox behaviour at 

similar negative potentials to the monomer. From this they concluded that at least one 

o f  the neighbours o f the monomer unit is positively charged in the oxidised state, and 

behaves as an electron acceptor which causing the observed potential shift.

The authors Kertesz and Van Berkel [36] proposed a third 

electropolymerisation mechanism. The authors used electrochemistry/electrospray 

mass spectrometry to elucidate mass-to-charge ratios (m/z) for dimeric and trimeric 

coupling o f MB monomers. The authors report that “nitrogen-to-ring” coupling 

dominates MB polymerisation. The mass spectra also revealed the presence o f  

demethylated “nitrogen-to-ring” and/or Azure B “ring-to-ring” coupling. The 

structures o f the postulated dimers and trimers are shown in Scheme 3.7. The Azure B 

monomer results from the demethylation o f MB and is denoted lb  in Scheme 3.7.
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Scheme 3.7; Structures o f  possible products generated due electropolymerisation o f  methylene blue. Taken from reference [36],

Monomer Charge MB 
units state “ring-to-ring’
[n] [m/z]

2 +1 567.2
2 +2 283.1
3 +1 850.3
3 +2 424.6

MB
“N-to-N”
[m/z]

MB
“N-to-ring”

[m/z]

MB + Azure B 
‘‘ring-to-ring” 

[m/z]

Azure B 
“ring-to-ring” 

[m/z]

539.2 553:2 553.2 537.2/539.2
269.1 276.1 276.1 269.1
794.3 822.2 N/A 808.3
396.6 410.6 N/A 403.6

The m/z values that were
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Table 3.5 summarises the m/z values for the possible dimers and trimers for each 

coupling mechanism. The data marked in bold were the m^z values observ'ed in the ES 

mass spectra. The authors suggest the following conclusions - 1) demethylation o f 

MB followed by “nitrogen-to-ring” coupling occurs predominantly, 2) some 

demethylation o f  the main product “nitrogen-to-ring” coupled «-mers occurs, 3) some 

“ring-to-ring” dimer coupling occurs and 4) Azure B “ring-to-ring” coupling also 

occurs.

3.5.2 Effect o f  Initial Bulk Concentration o f Methylene Blue on 
Electropolymerisation

As described previously in this chapter, the effective monomer fraction o f  a 

MB solution varies hugely with bulk concentration due to solution aggregation. 

Monomer fraction also has a large effect on the formation o f the MB polymer.
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1e-5 -
<

5e-6 -

-5e-6 -

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

E/V vs Ag/AgCI
Figure 3.19(a); Ten growth cycle voltammograms o f the electropolymerisation o f  MB at a 

GC electrode in 0.1 M phosphate buffer, O.IM KCl, pH = 7. Scan rate was v = 50 mV s''. 
Initial [MB]„ was 2.5 x 10'" mol L‘'.
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E N  vs Ag/AgCI
F igu re 3 .19(b); Ten growth cycle  voltam m ogram s o f  the electropolym erisation o f  MB at a GC 

electrode in 0.1 M phosphate buffer, O.IM KCl, pH =  7. Scan rate w as v =  50 mV s''.
Initial [MB]<„ was 2.5 x 10'  ̂ m ol L"'.

Three initial concentrations o f MB were used, [0.025, 0.25 and 2.5] x 10'^ mol L’’, to 

modify a GC electrode with the polymer. Figures 3.18, 3.19(a) and 3.19(b), show the 

voltammetric response for the electropolymerisation process from initial [MB]* o f 2.5 

X 10'^ mol L"', 2.5 x lO''* mol L‘' and 2.5 x 10'^ mol L '' respectively.

Concentration / M onomer fraction / M onomer concentration / 

mol L ' f  Mol L '

2 .5x10 '^  0.121 3 .03x10 '^

2 .5 x 1 0 '^  0.333 8.33 x 10'^

2 .5 x 1 0 '^  0.703 1.76x 10'^

T ab le  3.6; Effective concentration o f  MB m onom er calculated for different initial [M B]„.

Table 3.6 gives a summary o f the monomer concentration for each initial 

[MB]oo investigated. The currents generated due to the activity o f  the monomeric 

redox couple decreased dramatically with initial [MB]* as expected and generally the 

profiles were less well defined. Another feature to note is the thinning o f Region II. 

We observe a pronounced ‘grow th’ in Region II in figure 3.18 after each deposition 

cycle due to greater amounts o f polymer being present on the electrode. This 

increasing charge after each cycle is smaller for more dilute solutions, so in figures
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3.19{a}, {b} Region II is not as pronounced. The M B m onom er is a cation in pH 7 

and so form s ion-pairs w ith anions in the solution. The anions present are phosphate, 

H PO 4', and chloride C l' and m ay act as spacers for in the developing polym.er m atrix. 

As the concentration o f  M B m onom er increased, the am ount o f  ion-pairs should also 

increase. Consequently  the polym er is less com pact on form ation w hen polym erized 

from  a higher initial [MB]*. This allows for m ore facile diffusion o f  

electrolyte/solvent through the film  contributing to the greater charge carrying 

capacity.

3.5.3 Variation o f  Peaks I, / ’ Potentials with Deposition Cycle

A nother feature o f  the voltam m ogram  in figure 3.18 is the variation o f  the 

redox peak potentials o f  the m onom eric species w ith the deposition cycle. The M B 

reduction peak. I, is shifted m ore anodically with each deposition  cycle. The 

corresponding oxidation peak potential o f  LM B, F , is also subject to sim ilar kinetic 

constraints as illustrated in figure 3.20.

- 0.10

-0.14 - 

% -0.16 - 
<
o> -0.18

-0.24 -
-0.26
-0.28

0 2 4 6 8 10

Deposition Growth Cycle
F igure 3.20; Variation o f  the m onom eric peak potentials as a function o f  polym er deposition cycle  in 

O.IM phosphate buffer solution, pH~7. Open squares represent peak 1, w hile c losed  squares correspond  
to peak r  potentials. Data taken fi'om figure 3.18.

A s the polym er film  is form ed and the electrode is coated, the kinetics for the redox 

behaviour o f  the m onom er species becom e m ore sluggish. Interestingly, after the first 

ten deposition cycles, the redox peak potentials rem ain relatively constant. This is
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observed in the variation o f peak separation with the polymer deposition cycle, shown 

graphically in figure 3.21.

0.12

>  0.09  -

>
<  0.08  - 
Q.

L U
<  0.07  -

0.06  -

0.05  -

0.04
12 8 200 2 4 6 8 10 14 16 1

No. Polymer Growth Cycles
Figure 3.21; Variation o f  average AEp for the redox activity o f  the m onom er species (peaks I&T) as a 

function o f  polym er deposition cycle. Data taken from 20 Cycle growth polymer, L = 6.1 ±0.6 x 10'^ 
cm, in a 0 .1M phosphate buffer solution, pH~7.

3.6 Redox behaviour o f  the PMB/GC Electrodes in 0. IM  Phosphate 

Buffer, pH  7

The electrochemical activity o f the films was investigated by cycling the film 

modified electrodes in 0.1 M phosphate buffer, O.IM KCL, pH~7. Phosphate buffer 

was chosen because it is a source o f ions required for the electroneutrality process. 

Two redox couples were observed for each film as shown in figure 3.22. The couple 

at the negative potentials (1 & I’) corresponds to the monomer redox activity while the 

second redox couple (II & II’) is the activity o f the PMB film. The charge carried by 

each film was determined by calculating the area o f the polymer redox peaks in the 

voltammograms o f the films in the buffer solution. These present results agree quite 

well with the more prominent literature findings [28,29,37].

Figure 3.22 shows the voltammograms o f  a PMB/GC electrode cycled twice in 

the buffer solution. The two runs map each other closely which is indicative o f  a 

stable film with reproducible redox activity.
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Figure 3.22; Two successive cyclic voltam m ogram s o f  a glassy carbon electrode m odified with a 

PM B, L = 5.8±2.5 x 10'® cm, in 0.1 mol L '' phosphate buffer, pH = 7.0. The scan rate was v =  50 mV/s.

Karyakin et al. [25] suggest two tentative explanations for the presence o f the 

monomer species, the first being that some MB monomer is absorbed by the polymer 

during polymerisation. The second, they suggest (and think more plausible), is that 

there is some monomer-type conjugation present in the MB polymer.
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1.0e-5 -

5.0e-6 -

<
-5,0e-6 -

-1.0e-5 -

-1.5e-5 -

-2.0e-5
-0.4 - 0.2 0.0 0.2 0.4 0.6

E N  vs Ag/AgCI
Figure 3.23; Cyclic voltam m ogram s o f  10 growth cycle PM B-GC electrodes in 0.1 M phosphate 

buffer, pH = 7. Initial bulk [M B]„ was 2 .5x l0 '^ (—), 2 .5x l0"’(— ), and 2.5x10'^ (— ) mol L‘‘. Scan rates
were v = 50mV s’’, L = 4.6±1.2 x IC ’ cm.
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This feature is more evident when the PMB-GC electrodes are cycled in O.IM 

phosphate buffer containing no MB, figure 3.23. The difference in charge passing 

through each polym er is quite large, highlighting the effect o f initial [MB]^. on film 

formation.

3.6.1 Effect o f Number o f Polymer Growth Cycles on Polymer Charge

The amount o f  polymer deposited onto the GC surface, i.e. thickness, is 

governed by the number o f potential sweeps or polymer ‘grow th’ cycles. Figure 3.24 

shows four polymers o f different potential deposition cycles. The charge carried by 

each polymer visibly increases with the number o f deposition cycles. The redox 

kinetics become increasingly sluggish with increasing polymer thickness and is 

evident in anodic shifts in oxidation peak potentials, and in cathodic shifts for the 

reductive processes.
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-1e-5

-2e-5 -
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-0.4 - 0.2 0.0 0.2 0.4 0.6

E N  vs Ag/AgCI
Figure 3.24; Voltam m ogram s o f  the redox activity o f  modified GC formed with different polymer 
deposition cycles from an initial [MB]x = 2.5x10'^ mol L"'. Num ber o f  deposition cycles; 10{— ),

20{ ), 4 0 ( ' and 80( ). Data used fi-om scans performed in 0.1 M PBS at v = 50mV s '.

The charge carried by the polymers was calculated by integration under the peaks o f 

Region II, the area o f  interest. Two methods were used to quantify this charge, (1) 

automatic integration -  CH Instrument, and (2), the ‘Cut and W eigh’ method. The 

values determined were very consistent with each other for each set o f polymers
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studied. An average value for charge was then plotted against the number o f polymer 

cycles as in figure 3.25.
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Figure 3.25; The variation o f  charge carried by the polymers with the num ber o f  potential growth 

cycles. Initial [MB]* = 2.5x10'^ mol L'V Data used fi'om scans perform ed at v = 50mV s '.

We observe a dramatic increase o f charge carried by the polymer from 3 to 20 growth 

cycles. The 40 growth cycle polymer carries the maximum charge for this initial 

[MB]oo polymer, thereafter the charge remains constant. The movement o f  counter

ions through the polymer matrix reaches a threshold value at these particular 

conditions and becomes the limiting factor in polymer charge transport. If the film 

does not maintain local electroneutrality, then charge propagation is inhibited. 

Although the maximum charge is carried by the 40 growth cycle polymer, the 20 

growth cycle polymer was used for sensor research due to more facile analyte 

diffusion through the polymer layer matrix.

3.7 Charge Transfer in Redox Polymers

It has been well established that the oxidation and reduction o f  spatially 

distributed redox centres in polymeric films is accompanied by electron and ion 

transport through the layer [38,39]. Two o f the more pertinent charge transport 

diffusion models have been described by Albery and Saveant [40,41]. Charge
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transport in a redox polymer film can be described by Picks law o f diffusion as 

previously described in Chapter 2

where C is the concentration o f redox sites and D, the charge transfer diffusion 

coefficient which provides a measure o f  the facility o f electron or ion transport 

through the layer. I f  the scan rate is sufficiently low, for a layer o f finite thickness, 

then the redox centres in the layer will be reduced or oxidised by the time the 

extremity o f the perturbation potential scan is reached. The amount o f  charge required 

to change the oxidation state o f the layer is independent o f the scan rate and hence a 

linear dependence o f peak current with scan rate is observed (finite behaviour). As the 

sweep rate increases, the fraction o f the redox centres in the layer reacting in response 

to the applied potential declines as a result o f the altering balance between the facility 

o f the charge transfer kinetics and the length o f the experimental timescale. Therefore, 

as the scan rate increases, at some experimental timescale, the peak current versus the 

square root o f the scan rate will not continue to vary in a linear manner. This is termed 

semi-infinite behaviour. When the peak current is determined over a wide range o f 

scan rates, a transition should be seen from finite diffusion at low scan rates to semi- 

infinite diffusion at high scan rates. Three types o f behaviour can be found, ranging 

from (A) semi-infinite linear diffusion, to (B) the mixed case, to (C) the finite case.

Cyclic voltammetry can also be used to obtain qualitative information about 

the redox process in a PMB film. The efficiency o f charge percolation through a 

polymer film is quantified in terms o f the charge transport diffusional coefficient, 

Dct- The general subscript CT indicates that it is the diffusion coefficient for the 

overall charge transport process and no particular rate limiting mechanism is implied. 

The authors Aoki et al. [42,43] have presented a diffusion model to describe the 

process o f  charge transport through a layer o f finite thickness. From this model a 

value for the charge transport, D ct, within the polymer film can be estimated. There 

are some inaccuracies and assumptions associated with this model discussed further 

on.

Consider an oxidation process

(3.24)
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A <=> B + ne (3 .25)

with transposition to a reduction species being immediate. The boundary value 

problem may be stated as follows;

da _  d^a 
ctc'

(3 .26)

^ - O  —  
dt dx^

(3 .27)

assuming Da = Db. The initial condition in which only A is present in the layer is

a(x,o)  = C* = r  / L (3 .28)

b{x,o) = o (3.29)

where F is surface coverage (mol cm'"), L is layer thickness (cm) and A has volume 

concentration (mol cm ‘̂ ) C*. The boundary condition at the polymer-solution 

interface is

J X=L

=  0 (3 .30)

This implies that the electroactive species cannot pass through the interface between 

the film and the solution. The boundary conditions at the electrode-polymer interface

are

= exp
nF{E -  E

RT
(3.31)

= exp(^)

where
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^  = n F / R T ( E - E ° ) (3.32)

and E is the formal potential.

The other boundary condition relates the flux and the concentration gradient

j  = i t  nFA = D
da

V )  x=o
^ - D

^ db^
(3.33)

The boundary value problem is solved using the method o f the Laplace 

Transformation and the non-dimentional variables T and X.

Detailed analysis shows that the current potential relationship is

/ = (3.34)

where

= 0 , ( 0 1  X)
1 + e

dA (3.35)

Equation 3.35 cannot be evaluated analytically but the integral can be determined 

using Simpsons Rule. This procedure yields an expression for the peak current 

variation with scan rate o f the form

ip = 0A46nFA
VD.

tanh Y (3.36)

where

W = nFL-v I D..,RT (3.37)
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and

Y = 0.561V +0.05W  (3.38)

It is also possible to evaluate the scan rate dependence o f the peak w idth at ha lf height 

AEp/2.

where

PT ( \

AE,,2 = ----- |5.72 + 2.20tanh(1.384^ + 0 .4 T ') }  (3.39)
nF

p = W°^'’ - \ .6 0  (3.40)

However, given the broad nature o f the peaks obtained for polymethylene blue, the 

expression for peak current (equation 3.36) was used in preference to equation 3.39 

for the diffusion coefficient calculations. It can be shown that the expression outlined 

in equation 3.36 can yield the correct current-scan rate dependence at low  and high 

values o f the latter. For low  values o f scan rate (small W), tanh Y =Y  and equation 

3.36 can be written as

i,, = 0.446nFA
-------- 1

W^H0.56W''^ + 0.051V) (3.41)

Simplifying and substituting the expression for W into equation 3.41 gives

. n'F^A V 0.022(nF)'^^ AYL V
i,> = --------------- + -------- - T T — (3-42)

ART (RT)^^D^/^

for thin films, the second term on the r.h.s. o f  equation 3.42 is negligible and 

consequently one obtains
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={n ' ^F^AYIART)v (3.43)

This is the theoretical expression for a surface Nem stian redox reaction. 

On the other hand for large W (i.e. large v) or thick films

tanh Y  «1 (3.44)

and equation 3.36 reduces to

ip = QAA6nFA
rz). w (3.45)

or

ip = 0.446
{nFy
(RT)

A D / ^ { Y ! L ) v ' (3.46)

This latter expression is the well known Randles-Sevcik equation characteristic o f 

linear diffusion [44]. The exact regions o f  validity o f the limiting expressions outlined 

in equations 3.43 and 3.46 are given by

finite diffusion : V <\ .XRTD^,  InFL-) (3.47)

semi-infinite diffusion v>6.9{RTD^ , / nFL- ) (3.48)

Film thickness can be estimated from the relation L = F  x Vm [45], where Vm is 

the molar volume o f the methylene blue molecule and is equal to ca. 400 cm^ moF* 

[46]. A cautionary note about this estimation o f the film thickness is necessary here. 

Use o f the molar volume o f an electroactive species to obtain layer thickness is quite 

widespread in the literature [47]. However, the value o f L thus calculated should be 

considered as no more than rough estimates. This is because the molar volume 

approximation makes the following assumptions.
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1) The redox sites are closely packed.

2) There are no voids in the film due to polymer swelling (swelling ignored).

3) The layer has a uniform, thickness.

The degree o f swelling in a PMB film with oxidation state has not been reported in 

the literature to the best o f our knowledge.

Another approximation in the Aoki analysis is the quantity c (the concentration 

o f electroactive sites per unit volume) and not a true representation o f the actual 

amount o f redox species on the electrode. Such a parameter is the experimentally 

determined F, the surface coverage in moles cm ' . However, in order to insert F into 

the peak current/sweep rate expression, the substitution, c = F/L, must be made. Since 

L is calculated from essentially the same relationship and not an independent 

measurement, F/L remains a constant value.

The result o f this is that no true account o f the surface coverage is taken into 

consideration. The higher the peak current at a particular sweep rate, the larger the 

value o f D c t , irrespective o f F. Nevertheless, the estimation o f D c t  by this means can 

serve a useful purpose. W hatever the inaccuracies o f the absolute values o f D c t , the 

orders o f magnitude obtained are unlikely to be seriously in error, and so some 

information about the mechanism o f charge transport can be gained. Charge 

percolation through a redox polymer film involves various processes; charge injection 

at the polymer/electrode interface, electron hopping, charge-compensating counterion 

diffusion and possibly limited polymer segmental motion.

The cyclic voltammetric response o f  the PMB films was exam ined over a range 

o f scan rates. A plot o f equation 3.46 is shown in figure 3.26 and the slope was used 

to calculate D c t -
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Figure 3.26; V ariation o f  the oxidation peak potential with square root o f  the scan rate for a PM B/GC 

electrode, L = 6 .92±1.4 x 10'^ cm. The average slope (n=6) was used in eqn. 3.46 to calculate the 
average charge transfer diffusion coefficient, Dct, for the PM B coated GC electrode. Scan rates 10 -

500mV/s.

For 6 20cycle PM B/G C electrodes, typical show n in figure 3.26, deposited from  an

initial [MB]® o f  2.5 x lO""̂  M, the average surface coverage was calculated as F  =

1.64±0.4 X 10'*^ mol cm'^. Therefore the film  thickness, L, w as 6.56±1.6 x 10'^ cm. In

equation 3.46 we can substitute IA^m for the (F /L ) term . From  this an average

diffusion coefficient for charge transport in polym ethylene blue was calculated to be

5.38 X 10'^^ cm^ s ' \  and any the processes associated with charge percolation through
13  2 1

the layer can be rate lim iting. This com pares to a  value o f  3.7 x 10' cm s' by 

K om ura and cow orkers [48] for a PM B/G C electrode, L = 1.7 x 10'* cm in a 0.2M  

NaCl solution, pH 6. A value o f  6.5 x 10''^ cm^ s '' was reported by A lbery and co

w orkers [49] for polythionine m odified electrodes in O.IM HCl, pH 5. Both authors 

attributed the rate lim iting process to counterion m otion through the film. The value 

obtained for the PM B/G C electrodes in O.IM  phosphate buffer m ay be indicative o f  a 

m ore com pact structure o f  the PM B film in contact with phosphate buffer solutions- 

the m ore com pact polym er structure h inders m otion o f  the phosphate ions and 

consequently low ers the charge transport d iffusion coefficient. A lso, the phosphate 

counterions are larger than the Cl’ used in [48,49] and so one w ould expect the 

diffusion through the polym er m atrix to be slow er in phosphate buffer. From 

equations 3.47 and 3.48 we can predict that finite diffusion occurs at scan rates, v  < 

0.2 V s '',  w hile sem i-infinite diffusion occurs at scan rates, v > 1.09 V s ''.  From the 

typical Ip vs plot in figure 3.26 we observe deviation from  linearity, at v > 0.2 V /s'
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This confirms the limits derived for the finite diffusion but the prediction for semi- 

infinite diffusion is questionable.

3.7.1 EQCM studies on Film Formation

As described in Chapter 2, EQCM provides a means of monitoring how the 

formation o f the electroactive surface film takes place. For the electropolymerisation 

process of MB, the film formation on the gold electrode causes the frequency of the 

oscillating quartz crystal to decrease. This indicates an increase of mass on the gold 

electrode due to the polymer growth. Figure 3.27 shows the frequency fluctuations 

during the 10'*’ deposition cycle of film formation. Some of the accompanying 

frequency changes can also be attributed to the redox behaviour of the film during the 

polymerisation process.

1.2e-4

1.0e-4 -

i.Oe-5 -

i.Oe-5 -

<
4.Oe-5 -

2.0e-5 -
- 7.98176e+6

-4,Oe-5 7.981748+6
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E N  vs Ag/AgCI
Figure 3.27; EQCM response taken during the 10* eiectropolym erisation cycle o f  M B at a gold 

electrode. Two plots are shown, a cyclic voltam m ogram  and the sim ultaneous change in oscillation 
frequency o f  the crystal. Initial [MB],o was 2.5 x 10"* M in 0.1 M phosphate buffer (pH 7) + O.IM KCI.

Scan rate = 50mV s ''.  Initial scan potential is anodic (arrows).

The presence o f a new peak on the reduction sweep of the cyclic voltammogram, 

absent at the GC electrode, is observed at ca. +0.35V and corresponds to the reduction 

of gold surface oxides [28]. This peak shifts cathodically as the polymer is formed 

which indicates a catalytic effect exerted by the film on surface oxide reduction. The 

essential feature to note is at the potential o f ca. +1.1V, the irreversible oxidation of 

the MB monomer occurs to initiate film formation. The frequency response 

corresponding to this irreversible oxidation is prominent; the sharp decrease indicates
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that a significant gain in mass has accrued on the electrode surface. As film formation 

progresses, the related frequency o f the crystal oscillations decreases as expected. Our 

results are in good agreement with those reported by the authors Kertesz et al. [50]. 

The authors employed EQCM to investigate polymethylene blue film formation on 

gold electrodes in 0.0 IM  phosphate buffer, pH 7. The frequency fluctuations that 

accompany the redox process in 0.1 M phosphate buffer, pH 7, are dealt with in detail 

in section 3.7.2.

3.7.2 EQCM analysis o f the PMB Redox Process

When the redox activity o f the film modified GC electrode was investigated as 

a function o f solution pH, by the authors Lyons et al. [30], it was found to be a 4e', 

3H^ process at pH > 6. It should be noted that the authors did not observe the 

monomeric peaks (I & I’) in the voltammograms o f the modified electrodes in buffer 

solution. The stoichiometry o f the charge transfer process, therefore, required further 

investigation. In this body o f research, mass transport during the redox processes o f 

polymethylene blue in 0. IM phosphate buffer, pH s: 7, was investigated using EQCM. 

The movement o f anions, cations, solvent molecules and possibly other general 

species in and out o f the film causes the crystal oscillation frequency to fluctuate. A 

decrease in the crystal oscillation frequency is analogous to a mass increase in the 

polymer film and conversely an increase in the oscillation frequency o f the crystal 

indicates that ions have been ejected from the polymer film, and hence, the mass 

decreases. The Sauerbrey equation presented previously in Chapter 2, relates the 

frequency change to the mass change

where fo is the resonant frequency fundamental to the crystal, A is the area o f  the gold 

electrode coated onto the crystal, p is the density o f the crystal and |a is the shear 

modulus o f quartz. In the CH Instruments Model 440 system these values are, fo = 

8MHz, A = 0.196cm^, p = 2.648g/cm^, fj, = 2.947 x lO " g/cm.s^. Using these values it 

is seen that a frequency change o f IHz corresponds to a mass change o f  14ng using

(3.49)
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the CH Instruments Model 440 EQCM. The minus sign in equation 3.49 determines 

that a frequency decrease corresponds to a mass increase. The Sauerbrey equation is 

only valid if the film is rigid. Film rigidity can be investigated in terms of admittance. 

A linear plot o f film thickness V5. Amass should pertain if the films are indeed rigid. It 

should be stated that this was not performed for the EQCM analysis presented here, so 

a rather large assumption has been made in the analysis.

In this body of research the range of scan rates, 10-50mv s '', was employed to 

investigate the redox process [51]. It may have been more pertinent to have used scan 

rates < ImV s'* so that kinetic effects were minimised. Figure 3.26 shows the results 

of an EQCM voltammetric experiment on a polymethylene blue electrode in O.IM 

phosphate buffer. The plot shows the simultaneous current -  frequency response to 

the applied potential. As the polymer film is oxidised, the frequency of the crystal 

oscillations decrease corresponding to an increase in mass. This behaviour is expected 

as the ingress of an anion is required to maintain electroneutrality, and conversely, the 

reduction of the polymer film is coupled with the egress of an anion.

O xidation - 40

- 38

- 36
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Figure 3.26; Cyclic voltam m ogram s (sm ooth line) and the sim ultaneously detected EQCM  frequency 
curve o f  the A u/polym ethylene blue electrode, L = 6.27± 3.2 10'* cm, in O.IM phosphate buffer 

(pH=7). Scan rate: 50mV s"'. Initial potential scan direction is anodic.

The corresponding AMass and Charge profiles are displayed in figure 3.27. The mass 

changes can be explained as follows; the polymethylene blue oxidation process 

stoichiometry is quantified as the loss of 2e', H"̂ , to generate the reduced state.
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Therefore, the ingress o f one anion into the film is required to maintain film 

electroneutrality and this should be evident in the EQCM response as an increase o f 

mass.

- -2e-81.0e-4 -

O xidation0,0
O - -3e-8

(U
O)
L _ -1,0e-4 -

- -46-8

-2,0e-4 -

O xidation - -56-8

- 0,2 0,0 0,2 0 4 0.6

E N  vs Ag/AgCI
F igure 3 .27; Plot o f  the mass and charge profiles as a function o f  the applied potential o f  the same 

experim ental data show n in figure 3.26. When the charge increases on film  oxidation, the m ass also 
increases. Initial potential scan direction is anodic. Film thickness, L =  6 .27±  3.2 10'* cm.

Indeed we do observe an increase in mass for the oxidation process but the 

corresponding reduction is more complex and a mass gain occurs up to a potential of 

ca. +0.1V. We then observe a loss in film mass. An interesting feature o f the 

massogram is the evident hysteresis on completion o f the potential scan. The net mass 

o f the film after reduction is slightly higher than the initial mass o f the film. However, 

it was found that the film mass had returned to the initial mass value before further 

potential scans were performed - an indication that an equilibrating desorption o f 

solvent molecules occurs when no potential is applied. The hysteresis is also observed 

in the massograms when the scan rate is varied as illustrated in figure 3.28.
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Figure 3.28; Simultaneous massograms for a potential cycle o f  the P M B /A u  electrode in 0 .1M  

phosphate buffer (pH  = 7 ) +  0 .1M KCI. Hysteresis is observed over the scan rates performed, initial 
potential scan direction is anodic. Film  thickness, L  =  5 .29± 2.4 10'* cm.

A  simple method of investigating i f  the mass and charge potentials are analogous is to 

examine the Ei/2 ,q and Ei/2,m values. These are the potentials at which the total charge 

and mass changes, respectively, are half complete. The variation of the E 1/2 values 

with scan rate (figures 3.29 {a }& {b } )  measures the ability o f the charge and mass 

quantities to respond to the applied potential [52,53]
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Figure 3.29; {a} Variation o f  E i/2,q and Ei/2,m with log scan rate for a polymethylene blue film . L  =  
5 .9 1± 1.2 10'* cm, in 0.1 M  phosphate buffer solution. Oxidation process; open circles =  E i/2,q and

closed circles =  Ei/2 ,m.
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F igu re 3 .29; {b} Variation o f  Ei/2 ,q and Ei.n.m with log scan rate for a polym ethylene blue film , L =  
5 .91±  1.2 10'* cm, in O.IM phosphate buffer solution. Reduction process; open squares =  E)/2 ,q and

closed  squares =  E]/2 ,m.

For the oxidation process the figure shows that the mass lags the charge by a small but 

reasonably constant amount. There is a large discrepancy in the potentials for the 

reduction process, where the mass change lags the charge. This observation can be 

explained by the fact that the egress o f anions during reduction is more facile than the 

ingress o f  anions accompanying oxidation.

Tracking o f  AMass-Q data signifies that mobile species transfer is in

equilibrium with the instantaneous oxidation state o f the film [64]. When this is the
2case, the slope o f the Amass (g c m ' ) versus the normalised charge (mol cm'") plot 

yields the molecular weight o f the ions accompanying the redox process [65], The 

AMass-Q plot for the redox activity o f the PMB/Au electrode is shown in figure 3.30.
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F igure 3 .30; Amass-Q plot to determine i f  m ass changes and charge ‘track’. Scan rate =  50m V  s'' and

the initial scan direction is anodic.

The AMass-Q plot verifies that the charge passing through the polymer film is not 

tracked by the related changes in film mass. This suggests irreversibility and is most 

likely due to the relatively fast scan rate employed. The slopes corresponding to each 

redox process do not give values for the molecular weight changes associated with 

each redox site in the film. Therefore an alternative method must be used to determine 

these values.

We use the average surface coverage value, F = 1.64 x 10"'^ mol.cm’̂ , 

calculated for the polymethylene blue modified gold quartz crystal electrode. We can 

also determine the average mass increase for the scan rates examined as Amass = 

1.47±2.3 X lO'^g. From our surface coverage value we may then calculate the number 

o f  molecules per cm^ as:

Number Molecules/cm^ = F.Na

=> Number Molecules/cm^ = (1.64±0.35 x 10'''’mol.cm'^)(6.023 x

1 O^^molecules.mor')

=> Number Molecules/cm^ = 9.86±2.1 x lO'^

119



Thus we have determined the number o f  M B molecules on the surface o f our gold 

electrode. From the average Amass we can calculate the weight lost per redox site as 

1.49+0.11 X 10'^^ g molecule’ ', which translates (m ultip ly by Na) to a mass change o f 

molecules lost as 89.83±6.6 g m ol''.

A  publication by Bruckenstein et al. describes the redox switching 

stoichiometry for a polythionine film  over a range o f pH values. Vapour phase 

absorption studies performed at dry polythionine film s show that both H2O and HA, 

where H A  is the protonated anion, can exist in the polymer phase [56]. The film  was 

also shown, by in situ ellipsometric studies, to contain equal amounts (by volume) o f 

polymer and all other species [57]. A t a pH o f 7 the reduced form protonation state o f 

polymethylene blue is M B H 2^ and the film  stoichiometry can be described by:

M B H ^ A > ( H 2 0 ) m ’(H A )y -  +  H aO ^s +  2e  =

M BH 2̂ A'p(H2 0 )n (HA)z’ + (m ’ - n’ + 2)H2 0 s + (y ’ - z ’ )HAs (3.50)

where the subscript p represents immobile species in the polymer film  and s signifies 

mobile species in the bathing electrolyte. Thus a substantial weight change (AMass = 

(y ’ -  z ’ ) a / h a  +  ( m ’ -  n ’ )A/H20 -  a /h + )  is expected for the oxidation process. In a pH o f 

7, the phosphate ion exists as HP0 4 ' [58], and so one unsolvated molecule weighs 

95.97g m ol''. Therefore i f  HPO4' is the anion entering the film  on oxidation, the 

molecular weight gained per redox site should be at least ca. 96g m o l'', and water 

(solvent) would have no part in the oxidation process. This seems unlikely as in the 

previously presented massograms in figure 3.28 continue to equilibrate i.e. lose mass, 

probably H 2O molecules, after the reduction scan is complete. A fter an equilibration 

period, the massograms all had close in itia l mass values and so subsequent loss o f 

mass after the potential ceased, can be attributed to ejection o f  solvent molecules. 

The mobile anion, therefore, must be the chloride ion. Cl', w ith a molecular weight o f 

35.45g m ol''. This also allows, on calculation, for the ingress o f 3H2O molecules 

along w ith the chloride ion. This can be verified by repeating the same experiments 

in deuterated water. Calculated from the expected weight change, AMass = +1a/ci + 

3a/H20 - 1a/h+, the total mass gain on oxidation would be 89.45g m ol''. This compares 

to our experimental value o f 89.83±6.6g m ol''. Equation 3.5.27 may now be rewritten 

as
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MBH A ‘p(H20)4(HA) + H3O s + 2e' = M BH2 A X H jO ) + SHsOs + HAs (3.51)

The fixed ion at each active site o f the polymer is probably the HP0 4 ' ion which 

should form an ion-pair with the cationic polymer redox sites. From the equation we 

observe that one H2O molecule is also bound to each site. Experimental error and 

film imperfections would have allowed for quite a larger discrepancy than this and 

indeed further experimentation may find the need for the cushion o f  experimental 

errors.

Finally, the polymer may be classified according to a diagnostic flow chart 

developed by Hillman et al. [54,56]. The Q vs. E (figure 3.27), and AMass vs Q 

(figure 3.30), plots do not track. The non-tracking nature o f the Q vs E plot suggests 

that uncharged mobile solution species play a large part in the mass fluctuations but 

not on the charge, an observation with which we concur. The AMass vs Q plot does 

not track indicating that the mobile species transfer is not in equilibrium with the 

instantaneous oxidation state o f the film. The redox behaviour o f the polymer film, 

therefore, is under activity control and the transfer o f net neutral species is rate 

determining.

3.8 Conclusions

This chapter detailed the solution phase electrochemistry o f methylene blue 

examined via cyclic voltammetry and RDE. The reduction o f MB involves the loss o f 

two electrons and a proton to form leucomethylene blue. MB is known to form 

dimers and bigger aggregates in solution due to the molecular forces such as 

hydrogen bonding and Van der Waals interactions. The amount o f dimerisation that 

occurs in solution increases with concentration and can be quantified in terms o f 

monomer fraction. The diffusion coefficient and the electron transfer rate constants 

for MB were found to vary substantially as a function o f monomer species present in 

solution.

MB is also known to adsorb strongly and rapidly to electrode surfaces and at 

low concentrations conforms to a Langmuir adsorption isotherm. High concentrations
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w ere also analysed in term s o f  adsorption and an adsorption isotherm  was 

constructed. From  the isotherm  a m axim um  surface for a M B m onolayer was 

elucidated. W hen correlated to solution monom*er fraction, different orientations o f  

the adsorption species were discussed.

In the latter part o f  the chapter, m ethylene blue was electropolym erised onto a 

GC electrode. The polym erisation w as exam ined as a function o f  initial MB 

concentration and num ber o f  polym er grow th cycles. The properties o f  the resultant 

polym er film s varied in the am ount o f  charge carried by the polym er-m odified  GC 

electrode. Finally, charge transport in the polym er film  was quantified in term s o f  the 

charge transfer diffusion coefficient, and o f  counterion m otion, using theoretical and 

experim ental (EQCM ) techniques. Q uantifying the stoichiom etry o f  the counterion 

and solvent m ovem ent through the PM B film  has not been reported in the literature to 

the best o f  our knowledge.

3.9 Appendix

3.9.1 Derivation o f the Langmuir adsorption isotherm [16]:

We know  that:

= k [m b \

r  - FM ^ MB

Y
introducing 6 =

we get:

9
= k [m b \  

\ - 0   ̂ ^
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where K  = exp ■ AG° ads

RT

Rearranging this equation gives:

e = K[MB]^X\-e)

= K[MB]^{\ -9)

= K[MBl^-K[MB]^e

e  + k [m b \^0 = k [m b ]^

e{\ + K[MB\^)=K[MB]^  

which leads to the Langmuir adsorption isotherm:

p H\MBl
\ + k [m b ].

re-inserting 9  = —̂ , we get:

r„ 1 + k [ m b \

or

KT„ \m b \,
"  \ + k [m b \ .

The Langmuir adsorption isotherm is the simplest model of adsorption and is based on 

the following assumptions:
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1. Surface has a fixed number of adsorption sites; at coverage 0, a fraction 0 of these 

are occupied and 1 -0 are unoccupied.

2. Each site can hold up to one adsorbate atom or molecule

3. AHads is the same for all sites, and independent of 0.

4. There is no interaction between adsorbed molecules/atoms

5. An incoming atom or molecule striking the surface either encounters an empty site 

and adsorbs encounters a filled site and is reflected back to the gas phase.

6. Adsorption stops at one monolayer (defined at 0=1)
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CHAPTER 4 

THEORETICAL MODELS



4.1 Introduction

One o f the most useful applications o f polymer modified electrodes is the 

electrochemical detection o f trace quantities o f various substrates in solution. In 

particular, the ability to efficiently oxidise and reduce small biological molecules 

allows trace analysis o f  these substrates. Batch amperometric methods have been 

investigated as a potential technique for such an analysis. In the past fifteen years 

significant advances have been made in the development o f  polymer based materials 

for use in electrocatalysts and as amperometric chemical and biological sensors. Most 

biological species do not undergo clean facile electron transfer reactions at metal 

electrodes, hence the special interest in the use o f polymer modified electrodes. 

Hillman [1], Lyons [2,3], Evans [4], Wring and Hart [5], and Murray [6] provide 

useful summaries o f these advances.

The operation o f a chemically modified sensor under amperometric 

conditions is simple in concept: the substrate reacts with cataljlically active sites 

immobilised in the film rather than at the underlying support electrode. Consequently, 

the redox chemistry o f the substrate/product transformation process is governed by the 

redox properties o f the deposited layer. The immobilised redox sites within the layer 

mediate electron transfer from the substrate to the underlying electrode surface. This 

process is termed heterogeneous redox catalysis [7,8]. This is a fully recyclable 

process since the catalyst/mediator species in the film may be formed as a result o f 

electron transfer at the electrode/layer interface. The exact nature o f the interaction 

between the immobilised sites within the polymer matrix and the substrate has not 

been explored in any great detail to date. There are however, papers authored by 

Gorton and co-workers [9-11], and Burke and O ’Leary [12], which go some way to 

begin to address this issue. Work done by this group indicates that the substrate binds 

to the sites in the polymer matrix to form a complex, which subsequently decomposes 

to form the product [13-17]. O ’ Sullivan et a l  [18] have reported concurrent findings.

A detailed knowledge about the mediation mechanism is paramount to the 

application and optimisation o f electrocatalytic and electroanalytical systems. The 

processes involved are the injection o f charge and substrate at the electrode/polymer 

and polymer/solution interfaces, respectively, their diffusion within and reaction with 

the film. A number o f theoretical models o f  the mediation process have been proposed
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to describe these processes at modified electrodes. The two most notable treatments to 

date are those of Albery and Hillman [19, 20], Andrieux and Saveant [21-27], and 

Lyons et al. [28, 29]. The model developed by Lyons is based on Michaelis-Menton 

enzyme kinetics and is described in detail later in this chapter while the Andrieux- 

Saveant model is briefly summarised.

Although developed separately the Albery-Hillman and Andrieux-Saveant 

models are essentially equivalent, figure 4.1, and their conclusions are in good 

agreement. Both treatments consider the general case of a modified electrode and 

identify a number o f possible rate limiting steps. Albery and Hillman’s approach 

makes use o f reaction layer thicknesses; Xo in the case o f an electrode reaction (for 

electrons injected at the electrode/film interface diffusing into a region containing the 

mediator) and X l in the case of a surface reaction. The importance o f the reaction 

zone lies in the fact that its thickness conveys what fraction of the film is usefully 

employed, while its location reflects the relative transport rates o f charge and 

substrate. The analysis produces an effective modified electrode rate constant, k'ME, 

which can be compared with the bare electrode value, k'n.

The Andrieux-Saveant model describes the following processes occurring 

during mediated charge transfer at a modified electrode:

P 0  + e- (4.1.1)

0  + A «  P + B (4.1.2)

A B + e~ (4.1.3)

where A and B are the mediator redox couple and S and P are the substrate and 

product, respectively. The cross-exchange reaction, given by eqn. 4.1.2, can be 

irreversible or reversible with an equilibrium constant, K = kf/kb. The case of 

mediated oxidation under steady-state conditions is considered here.

The interpretive scheme used by Andrieux and Saveant is shown in Scheme 4.1. 

The following assumptions are made:

128



(1) The film is considered to be uniform, both in thickness and distribution of redox 

centers.

(2) The propagation o f electrons through the film involves a diffusion-like process 

due to the ionic self-exchange reactions of the A/B couple. This motion is 

characterised by an electron diffusion coefficient, De.

(3) Diffusion of the substrate, S, from the bulk of the solution to the film/solution 

interface occurs within a stagnant diffusion layer, whose thickness, 5, is given by 

equation 2.26.

(4) Penetration of the substrate through the film/solution interface is assumed to be 

facile, with a partition coefficient, k . The treatment of such partitioning as a 

possible rate limiting has been developed by Leddy et al. [30].

(5) The movement o f the substrate in the layer form the film/solution interface to the 

electrode surface involves only diffusion, characterised by the diffusion 

coefficient, Ds. If this is sufficiently large, substrate reaction at the electrode 

surface may occur (eqn. 4.1.3). Migration has not been considered.

(6) Activity coefficients are regarded as negligible.

Four redox situations have been identified which are of practical importance and 

can be divided into three cases.

Case A: The equilibrium constant for the cross-exchange reaction may take any value 

and the S/P electrode reaction is kinetically irreversible. Thus the first voltammetric 

wave corresponds to the mediated reaction only, and no direct oxidation of the 

substrate occurs at the electrode surface. Any P generated in the cross-exchange 

reaction cannot be re-reduced at the electrode. This case is often of relevance to 

electroanalysis.

Case B: The equilibrium constant for the cross-exchange reaction is greater or equal 

to unity and the S/P electrode reaction is sufficiently kinetically facile to allow 

immediate re-reduction o f any generated P at the electrode.
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C ase C : The equihbrium  constant for the cross-exchange reaction is greater or equal 

to unity and the S/P electrode reaction occurs at potentials m ore anodic than does the 

oxidation o f  A.

A rising from  the above assum ptions, the follow ing set o f  differential equations 

and boundary conditions are necessary to describe the kinetics o f  the m ediation 

process. The steady-state diffusion equations for B and S are

D f , d ^ c ^  I d x ^  -  k j C^Cf f  = 0  (4.1.4)

I d x ^  -  =  0 (4.1.5)

w here cb and Cs are the corresponding space dependent concentrations o f  B and S, 

respectively.

The boundary condition for B at the electrode /film  interface, x = 0, is governed 

by the potential. I f  this is sufficiently high we get

C g = r / I  (4.1.6)

At the film /electrolyte interface, x = L, the partition equilibrium ,

is valid, k  being the partition  coefficient. It is the solution o f  the above differential

equations that gives rise to the concentration profiles o f  B and S w ithin the film.
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m

Scheme 4.1; Schematic representation of the Andieux-Saveant and Albery-Hillman models, outlining 
the transport and kinetic processes occurring within an electroactive polymer film. The process of 

charge percolation via electron hopping is also illustrated. The notation is based on the Albery-Hillman 
model. Note that kg denotes the rate constant for direct, unmediated electron transport at the support 

electrode, k is the rate constant for mediator/substrate reaction within the layer and k" is a rate constant 
for substrate/mediator reaction at the layer/solution interface. Substrate partitioning is quantified in 

terms o f a partition coefficient k, and transport o f substrate and charge through the layer is quantified in 
terms o f the diffusion coefficients Ds and De, respectively. In the Andrieux-Saveant model, the three 

primary rate controlling processes are labelled S (equivalent to Ds), E (equivalent to Dg) and R 
(equivalent to k), corresponding to substrate diffusion in the film, charge percolation through the film 

and chemical reaction between the mediator and substrate.

Three primary rate controlling processes are labelled S (equivalent to Ds), E 

(equivalent to De) and R (equivalent to k), corresponding to substrate diffusion in the
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film, charge percolation through the film and chemical reaction between the mediator 

and substrate.

Andrieux and Saveant also identify four conceptual currents [25], each o f which 

represents the maximum current due to a possible rate limiting process.

i „ ^ n F A D s c " l d  (4.1.8)

where is the bulk substrate concentration. This is the substrate diffusion in the

Nernst diffusion layer and is the plateau current at a bare rotating disk electrode. The 

remaining currents are given by the following:

i s = n F A K D ^ c "  ! l  (4.1.9)

i i . - = n F A T D jL ^  (4.1.10)

=nFAKkr^Cs"  (4.1.11)

where is denotes the substrate film diffusion current, ie is the film electron diffusion

like current and it is the current characteristic o f the cross-exchange reaction with 

forward rate constant, k. Each o f these currents may be readily measured 

experimentally. The smallest characteristic current enables one to determine the rate 

limiting step. Andrieux and Saveant have constructed concentration profiles

describing the various limiting situations [24]. A wide variety o f reaction patterns

within the polymer film can develop and each depends on the ratios o f  the 

characteristic currents.

A comprehensive review by Hillman [31] contains a comparison o f the

approaches o f Albery/Hillman and Andrieux/Saveant. The two treatments are

summarised and their notations are matched, thereby emphasising their essential 

equivalence.
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In this body o f  work it was indicated that the steady state current exhibited bi- 

phasic behaviour with respect to substrate concentration for the system s under 

investigation. At low  substrate concentrations first order kinetics pertain, whereas for 

high substrate concentrations, the response is independent o f  concentration making 

the kinetics zero order by nature. This type o f  kinetic cross over is well documented in 

the study o f  enzym e kinetic studies and is described in terms o f  a M ichaelis-Menten 

mechanism [32], Barlett et al. have extended this mechanistic concept to the area o f  

amperometric enzym e electrodes [33-36]. Previous work has been concerned with 

conductive metal oxide (e.g. RUO2) particles immobilised in Nafion [37] and carbon 

paste matrices [38], and with electronically conductive polymers such as polypyrrole 

doped with counterions such as Cl' or DBS' (dodecylbenzene sulphonate ion). The 

oxidation o f  substrates such as ascorbate, glucose and catechol all exhibited biphasic 

current/concentration profiles. The systems examined do not contain redox enzymes, 

yet the behaviour observed is consistent with a Michaelis-Menten type mechanism.

In order to design the optimum polymer based amperometric sensor for a 

particular role it is necessary to understand the underlying physical processes that 

come into play during device operation. Despite the complexity o f  this undertaking, 

simple mathematical models have been developed based on the construction o f  

suitable differential equations. These equations describe coupled diffusion and 

chemical reaction processes in the layer along with associated initial and boundary 

conditions, which are physically reasonable. If the time dependent boundary value 

may be solved, the current response may eventually be obtained in an analytical form. 

In many cases, one is dealing with a time dependent diffusion and reaction process 

within a finite region. Furthermore, the chemical reaction term may be o f  a complex  

form, as pertains for the case o f  M ichaelis-Menten kinetics. Hence a non-linear time 

dependent differential equation governing the operation o f  the device is envisaged. 

With such a com plex situation a complete solution may not be possible. The 

generation o f  approximate analytical solutions valid under certain specific 

circumstances may be the best that can be achieved in the current situation. The 

following analytical derivations and figures were taken with permission form 

references [28,29].
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4.2 The Boundary Value Problem

In trying to define the operation of amperometric sensors in terms of a 

theoretical model the following assumptions are made. The chemically modified 

electrode may be thought of as a thin electroactive film deposited onto an electrode 

surface. This layer is assumed to have a uniform thickness L and a uniform 

distribution of catalytically active sites within. The entire film may be presumed to be 

electronically conductive with charge percolation from site to site not a rate- 

determining step. Initially, the only factors being considered are those arising from 

substrate diffusion and chemical reaction within the polymer film. Complicating 

factors like charge polarisation due to concentration effects associated with the 

substrate are neglected. The chemical reaction of the substrate is assumed to involve 

the formation of a complex with the immobilised catalyst, which subsequently 

decomposes to form a product while regenerating the pre-catalyst species. This two 

step reaction sequence may be outlined as follows:

S  + C >[ 5 C ] - ^ ^ P  + C  

C —

where C and C' represent the cataljlically active forms of the immobilised catalyst, 

and S, P denote substrate and product respectively. This is the Michaelis-Menten 

tight binding mechanism which is well established. Here, Km and kc denote the 

Michaelis constant and the catalytic rate constant respectively.

The differential equation quantifying the transport and kinetics within the 

polymer film may be written as:

5s(x,t) 5 's (x ,t)  k c^s(x ,t)
- = D ,----- (4 12)

di dx ' K^^+s(x, t )

where s(x,t) denotes the concentration of the substrate at any distance x in the film at 

any time t, Dj is the diffusion coefficient of the substrate in the layer and cv denotes
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the total catalyst concentration in the film (units: mol cm' ). This is the time 

dependent non-linear partial differential equation. The non-linearity arises from the 

presence o f the Michaelis-Menten kinetic term, on the right hand side o f  the equation 

4.12.

Through the introduction o f the following pseudo first order rate constant;

k ^ C j -
k = ——  equation 4.12 becomes;

K-m

ds d s 
dt  ® dx^

ks

1 +  -
K M

(4.13)

this equation must be solved with respect to the initial condition: s = 0 when t = 0.

The solution o f  equation 4.13 must also satisfy all boundary conditions; for t > 0, then

Qs ^

when X = 0, —  = 0; and when x  = L, s = k s ”  , where k  denotes the partition 
ox

coefficient and s°° represents the bulk concentration o f the substrate in solution. The 

latter boundary condition assumes that substrate diffusion effects in solution may be 

neglected.

The following parameters may be introduced to transform equation 4.13 into 

dimensionless form:

s X D t kL* , Ks"

KS L L D,

where u, x and x represent dimensionless concentration, distance and time parameters 

respectively, a  denotes a saturation parameter and y is related to the Thiele Modulus

L , . .
O. The latter quantity is given by O = , where X k, denotes a characteristic

reaction layer thickness. The fraction o f the layer that is utilised in the catalytic 

reaction may be quantified by the Thiele M odulus [37], since the characteristic 

reaction layer thickness X k provides an accurate estimate o f  the distance the substrate 

travels into the layer prior to interaction with an immobilised catalytic site within the 

polymer matrix.
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Equation 4.13 then reduces to the following dimensionless form:

5u u yu
(4.15)

dx d y j  1 + au

and the initial and boundary conditions reduce to:

1 = 0 0 < x : ^ l  u = 0

T > 0  5c =  0 —  = 0 (4.16)

The problem is defined completely in terms of equations 4.15 and 4.16. In 

order to obtain an analytical expression for the normalised current response y, the 

concentration profile u(x,t) of substrate within the layer must be solved. From this 

concentration profile an analytical expression for y may be obtained. The flux j is 

given by:

where i denotes the time dependent amperometric current response. Physically, the

time dependent current response to a step-like increase in substrate concentration. 

This would be obtained at a polymer modified electrode operating in the batch 

amperometric mode.

L

J = nFA
Jks(x,t)dx -7 ju (x , t )d x (4.17)
0 0

Hence the nonnalised current response y is given by:

nPAK,,D
(4.18)

boundary value problem described by these equations corresponds to determining the
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4.3 The Steady State Condition

4.3.1 Neglecting Concentration Polarisation o f  Substrate in Solution.

Previous work by this group included a prelim inary analysis for the steady 

state current response as i  ^  go [15], U nder steady state conditions, it has been shown 

5u
that — =0 in equation 4.15. The steady state reaction / diffusion term m ay then be

ox

w ritten as:

5 ‘ U YU
^ - - ^  = 0 (4.19)
o i  1 + a u

This is a non-linear differential equation. This expression m ay be sim plified to 

generate equations which can be integrated to yield the concentration profile u(x)- 

This depends on w hether the factor a u  «  1 or a u  »  1. The nonnalised current y is 

then given by:

^du^
y = a

dx
(4.20)

It has been shown [14] that when a u  «  1, which corresponds to unsaturated kinetics, 

equation 4.19 m ay then be integrated to yield:

u (x ) = co sh [.^ /^ ]sec  h[^/y] (4.21)

where =  O  = L / X K

Typical concentration profiles are illustrated in figure 4.1 for various values o f  

the Thiele m odulus O . Typical three-dim ensional surface plots (obtained using 

Sigm aplot) for low and high O  values are illustrated in figure 4.2.
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1.2

u

0.0
0.0 0.2 0.4 0.6 0.8 1.0

F igure 4 .1 .; T ypical norm alised  substrate  concen tra tion  p rofiles u (x) co rresp o n d in g  to  the situation  o f  
unsaturated  k inetics ( a «  1) ca lcu lated  using eq. 4.21 as a function  o f  norm alised  d istance x  =  x /  L. 
E ach pro file  co rresponds to  a specific  value o f  the T h ie le  m odulus: O . F rom  top  to bo ttom ; (I> = 0.1,

0 .5 , 1.0, 2 .0 , 5.0, 10.0, 20 .0 , 50.0.

0 4

0 2

0

F igure 4 .2 .; T hree-d im ensional surface p lo ts co rrespond ing  to  the concen tra tion  p ro files  u u (x ,0 ) .  
(a) C orrespond ing  to  low  O  values and (b ) co rresponds to  h igher fX> values.
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When O  is large, the substrate does not travel very far into the layer before it 

reacts with immobilised catalyst sites. Substantial concentration polarisation o f 

substrate is then present in the film. The catalytic kinetics are so rapid that the 

substrate is converted to product in a thin reaction layer near the film/solution 

interface. This phenomenon can be readily illustrated by examining the form o f the 

concentration profile when <J> = is large. Under these conditions, the expression 

for the concentration profile may be simplified to yield:

and sec h [ ^ |  » 2 exp [- 

and so u s ; exp[^- -Jy (1 -  x)

This expression corresponds to an exponential decay in concentration from an
11")initial value o f u = 1 at x “  U with a time constant given by y in a direction going

into the film. On the other hand, when O is small, then.

sech[7y]cosh[7i^] Y
2A 2 y

1. As a result, there is little concentration

polarization o f substrate within the film, therefore it is only necessary to consider the 

unsaturated catalytic kinetics and substrate diffusional effects may be neglected due to 

the fact that the latter are rapid. On the other hand, when a u  «  1, corresponding to 

the case where the catalyst is saturated by substrate, equation 4.19 integrates to yield:

This expression is valid for y / 2 a  < 1. For values greater than this the 

concentration profile will be negative, which is physically unreasonable. The 

concentration profiles calculated from equation 4.22, for various O values are 

presented in figure 4.14. Figure 4.15 displays the corresponding three dimensional 

surface plot.
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Using equation 4.20 and equation 4.21, it may be shown that au «  1, the 

normalised steady state current is given by:

y = a-y7tanh[y] (4.23)

this expression is the normalised current response for the situation where the catalyst 

is not saturated by the substrate.

U

0.0
0.8 1.00.0 0.2 0.4 0.6

X

Figure 4.3.; Typical normaised substrate concentration profiles u (x) corresponding to the case o f 
saturated kinetics, as calculated from equation 4.22 as a function o f normalised distance x for various 

values o f O. From top to bottom; O = 0.1, 1.0, 2.0, 3.0, 4.0, 5.0.

Figure 4.5 (a) illustrates a plot o f equation 4.23 for a  = 0.5. When this plot is 

expressed in double logarithmic format, as in figure 4.5 (b), dog leg behaviour is 

observed. A  slope o f  unity is observed for small y, changing to a slope o f 0.5 at high y.

When y is small (i.e. y < 0.33), then tanh|.y7] ~ y / j  ̂^^d so:

y = ay (4.24)

This expression describes rate determining unsaturated catalyst kinetics under 

conditions where diffusion o f  the substrate through the film  is facile. The current
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response expected for a case I situation is given by equation 4.13. When y is large (i.e. 

y > 3) then tanh M y a 1 and so equation 4.23 reduces to:

(4.25)

Equation 4.25 corresponds to a case II situation and defines the current 

response expected for thick film s and unsaturated catalytic kinetics. The expressions 

given in equations 4.24 and 4.25 are in good agreement w ith fig. 4.5 (b). Furthermore, 

for au »  1, and using equation 4.20 and equation 4.22 it can be shown that:

This result means that the rate lim iting process is the changeover o f  the saturated 

catalyst. Equation 4.26 defines a case III situation. As previously noted, this 

expression is only valid for y < 2a. It w ill not be valid for large y values. A  different 

approach must be taken for this situation. This w ill be termed the case IV  situation.

Thick film s correspond to larger values for the Thiele modulus (t>. In this 

situation when a  »  1, it can be assumed that the outermost regions o f  the film  are 

completely saturated, whereas the inner regions o f  the polymer film  w ill remain 

unsaturated. This is tenned a “ mixed case”  situation and is illustrated in fig. 4.6, 

which describes two regions: an inner region R I, and an outer region R II. The 

differentiation line between R I and R II is set at some value x = X*- Clearly, when 

= 0, the entire layer is saturated, whereas when x *  = 1 the entire layer is unsaturated.

In R 1 au < 1, whereas in RII: au > 1, at x * '  au = 1. Furthermore, when x = 0, 

du
—  = 0 and when x = 1, u = 1 as before.

In region R I, au < 1 and so: T ^ - y u  = 0 must be solved. This is a standard

A and B are constants which are determined via the boundary conditions. 

Differentiating this expression yields:

y  =  y (4.26)

dx

differential equation which has as solution: u = A  cosh x + B s in h l-^  x l^  where
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F igure 4.4.; A three-dim ensional plot corresponding to u(x,^*) in fig. 4.3

In R I it is noted that

u =  1/ a ,  hence: A

d l l

\dxJ
=  0 ,  and so B =  0. A lso  when % =  a u  =  1 and

x=0

acosh[7y5C*]
7T . From this result the fo llow ing may be obtained:

d̂û  I -  . . r  I -  ,1 Vy
= 7YAsinh[7yx*] = —  tanh[7yx*] (4.27)

x=x

d^u Y
N ext, region R II must be examined. Here a u  >  1 and so: —^  -  — =  0 must be

dx a

du Y Y
—  = — 5(̂ -1- C and u = +  C x + D, where C and D denote integration

solved. This m ay be integrated to yield:

X
2 adx a  

constants. Thus:

1 4 2



vdx; = - X  + C  a
(4.28)

The fluxes must balance at x = X* ^̂ id so from equation 4.27 and 4.28 the following 

expression arises:

C = — ta n h [V y x * ] - -x ‘n L ’ J ry
(4.29)

Furthermore, the normalised current is given by:

' '  du^
y = a vdxy = y + aC = y + -yjy tanh[^ x* ]' ■YX (4.30)

Hence in order to solve for the normalised current y, x* must be evaluated. This is

y
done as follows. When y  = 1, u = \ in R II and so: 1 = —  + C + D . Also when y  =

2a

1 y ,2
/* , u = 1 /  a. and so: D = — -  —  x ~C x*- from the latter two expressions on

a  2a

elimination o f D, the following expression is obtained; 

y 1 y
—  X ' + C x * + 1 -  — -  —  - C  = 0,  which is a quadratic in /* .  Recalling the result 
2a  a  2a

for C in equation 4.29 and noting that for large y, t a n h |^ x *  ~ I? equation 4.29

reduces to: C « ~ X  * •
a  a
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Figure 4.5.; (a) A plot o f steady state current response y (where y is defined in equation 4.20) 
expressed in normalised form as a function o f  the kinetic parameter y obtained from equation 4.23. This 
plot is valid for au «  1. In this plot a = 0.5. (b) A plot o f  equation 4.23 in double logarithmic format. 

The limiting forms o f  equation 4.23 for low and high y values are outlined as inserts.

1/2 , , ,  1/2 . y = ay tanh{y } slope = 0.5y = ay tanh{y }

1/2y = ay
e“

slope = 1

a  = 0.5 a  =  0.5

10 20 30 40 50 60

Y

Substituting this approximate expression for C into the quadratic equation in and 

simplifying yields:

(4.31)

This expression may be readily solved for x* to obtain:

1 +
2a ■

1 +
2a  ̂ l2a
y V y

(4.32)

where 2a »  1 and y »  1. From equation 4.32, the condition for complete saturation 

within the film, when y is large, may be defined. Complete saturation occurs when x* 

= 0. Under such conditions: y = 2a. Hence for the “mixed kinetics” case, the range of 

validity is 1 < a  < y / 2.

Substituting the result obtained for x* in equation 4.32 into the normalised 

current expression defined in equation 4.30 and again taking the large y limit, yields:

y + yfr - y i  = + |̂2ay (4.33)
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which will be valid when one has thick film s (corresponding to y »  1), i.e. when 1 < 

a  < y  / 2 and w hen part o f  the layer is saturated and part unsaturated. Equation 4.33 

therefore defines the current response expected for a IV situation.

A sim ilar result m ay be obtained by a direct integration o f  equation 4.19. If

du
both sides o f  this equation are m ultiplied by — , and noting the follow ing identity :

dx

d j d u |  ^ du

dxldxj dxVdx̂ , then the follow ing is obtained:

dx = ddxvdx; Vdxy
2yu 

1 + a u
du (4.34)

Integrating then yields:

vdxy
= 2y j

udu f u 1
 = 2ys — r l n ( a u  + 1)^ + C
1 + a u  a  a '

(4.35)

du
w here C is a constant o f  integration. It m ay be assum ed that — = 0 when u = 0 and so

dx
C = 0, and therefore equation 4.35 reduces to:

du

dx
= J 2 y |  — -  — ln(l + a u ) |  = J 2 ^ { a u  -  ln(l + a u ) |  (4.36)

This expression m ay not be further sim plified to obtain an expression for the 

concentration profile, due to the fact that the integral m ay not be expressed in closed 

form.
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Electrode

Moving Boundary

au = 1 Layer Solution

Unsaturated

au < 1

RII

Saturated 

au  > 1

X = X* FJux balance condition pertains

y :

0

35

y = {2y(a -ln (l+a ))}

20
y

10

y = ay

20 30 40 50 600 10

a

Figure 4.6; (a) The declination o f the two region approach used to obtain equation 4.33 which 
corresponds to the complex situation where y > 1 and a  > 1. R 1 signifies the unsaturated inner region 
whereas R II signifies the saturated outer region. The separation lines between these two regions is set 
at some value x *  > 1 -(2a / as in equation 4.32. When x *  = 0, complete saturation occurs. (B) A 

plot o f the normalised current response y as a function o f the saturation parameter a  for y = 10.
Equation 4.37 was used to obtain this plot. Inserts display the lim iting expressions for a  « l  and a

» 1.
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H ow ever, equation 4.36 m ay be used to evaluate the norm alised current response y as 

follow s. N oting that w hen x  1, u = 1, then:

^du^
y = a

Vdx.
= -^2y {a -  In(l + a)} (4.37)

x = i

This is the expression for the current response w hen the saturation param eter a  «  1 

and w hen y »  1. This expression is illustrated in figure 4.6 for the case where y = 10.

W hen a  «  1 then, ln (l + a )  »  a  - —  and so equation 4.37 reduces to: y «

a-s[y as derived previously in equation 4.25. On the other hand, w hen a  »  1 it m ay be 

seen that In (1 + a )  «  In a ,  and i f  it is assum ed that a  »  in a ,  then equation 4.37

reduces to: y  ^ - .J l y a  , as predicted in equation 4.33. Hence it can be seen that

equation 4.37 connects the two previous approxim ate solutions presented in equation 

4.25 and equation 4.33. Equation 4.37 can be seen as a connecting equation, which 

jo in s kinetic cases II and IV. The two lim iting regions are illustrated in figure 4.6.

Next, the situation with very thin film s is considered. In such a situation, 

substrate depletion in the m atrix m ay be neglected and one can assum e that u = 1 for 

all values o f  x- In other words, substrate diffusion is very rapid and no reaction layers 

exist w ithin the film. U nder such circum stances, equation 4.19 reduces to:

d ‘ u Y
(4.38)

dx 1 + a

W hich m ay be integrated to yield:

ay
y = - f -  (4.39)

1 + a
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Figure 4.7; A schematic representation o f  the steady state current response y as a function o f  the 
Michaelis-iVlenten expression presented in equation 4.39.

This is simply a normalised form of the Michaelis-Menten equation, and 

corresponds to the situation where the chemical kinetics of the substrate reaction at 

the catalyst surface are rate detennining. Equation 4.39 is illustrated in figure 4.7 for 

various y values. Furthermore, when a  «  1 then y « ay, as previously deduced in 

equation 4.24 (case I). Also when a  »  1 then y y as deduced in equation 4.26 (case 

111). Hence equation 4.39 connects these two limiting cases. The changeover from first 

order to zero order kinetics as a  increases is readily apparent from figure 4.7. 

Equation 4.39 will be used in Chapter 5 of this thesis to obtain values o f Km and kc for 

the oxidation of different neurotransmitters at polymethylene blue modified 

electrodes.

Albery, Cass and Shu [37], have examined the kinetics o f bound enzyme 

systems, and have developed an analysis which may be applied to the present system. 

These workers have constructed an expression which describes the current response 

when a and y are close to unity. Using the notation outlined here, the expression 

derived by Albery and co-workers [37] is given by:
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y = ^ 2 y [a  -  ln(l + a )] tanh (4.40)
(1 + a)-72[a ^ ^ T n (T T a ^

this function y (a )  is presented figure 4.8 for different y values (corresponding 

to different layer thicknesses). It may be seen from these curves that a transition from 

first order to zero order kinetics is predicted as the normalised saturation parameter a  

is increased. This biphasic kinetic behaviour is characteristic o f Michaelis-Menten 

kinetics. Also, when y is large, the transition between the two regions is more 

extended. Hence, M ichaelis-M enten type biphasic behaviour is also to be expected 

when substrate diffusion effects, as well as the catalytic reaction, are considered.

It is interesting to note from figure 4.8 that the general expression, equation 

4.40, which accounts fully for diffusion o f substrate in the polymer matrix, is similar 

in form to the simpler M ichaelis-Menten expression for thin films presented in 

equation 4.39. The expressions presented in equation 4.39 and equation 4.40 are 

directly compared in figure 4.9. For y = 0.1, 1.0 and 10 respectively. The parameter y 

can be defined as the ratio o f the pseudo first order rate constant k and the diffusional

kinetics are slower than the diffusion o f  substrate, making the effect o f the reaction 

kinetics on the overall current response negligible.

Hence, for y = 0.1 corresponding to rapid substrate diffusion, the two expressions (i.e. 

the Michaelis-M enten approximation, equation 4.39 and the Albery expression, 

equation 4.40) cannot be distinguished. Reasonable agreement is observed for y = 1, 

whereas for large y values (y =10), the simple Michaelis-Menten equation 

overestimates the current. Under these conditions substrate diffusion becomes much 

slower than chemical reaction, and so cannot be neglected. The true current response 

will be lower than the predicted via use o f  the Michaelis-Menten expression. The data 

presented in figure 4.9 are transformed into Lineweaver-Burk form in figure 4.10.

frequency o f the substrate within the film, When y is small, the reaction
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Figure 4.8; A schematic representation o f the Aibery-Cass-Shu expression (equation 4.40) for the 
current response for different values of the icinetic parameter y.

The important point to note from this figure is that Lineweaver-Burk behaviour ( 1/y 

proportional to 1/a) may be expected regardless of whether or not substrate diffusion 

in the film influences the reaction kinetics. It should be noted that the intercept of the 

Lineweaver-Burk plot is not sensitive to substrate diffusion effects, but the slope of 

the plot generally depends on the latter, especially when y is large.

Figure 4.11 illustrates the variation o f the normalised current response y (as 

predicted from equation 4.40) with the parameter y for two different a  values. In both 

the unsaturated and saturated situations (low and high a  values respectively), the 

current response increases as y increases. This is to be expected since the reaction 

kinetics (quantified via the rate constant k) becomes more facile.

Equation 4.40 reproduces the various limiting expressions already derived if 

suitable limiting values for a  and y are chosen and as such is fundamental to the entire 

theory. In particular, for a  »  1 and for all y values up to an upper limit o f y = 2a, one 

can show using equation 4.40 that:
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This expression is not readily derived via direct integration o f the differential 

equation, and is illustrated in figure 4.23. Equation 4.41 connects cases III and IV. 

This can be shown by noting that when y is small, equation 4.41 reduces to y = y 

which defines the current response for case III. Also when y is large equation 4.41 

reduces to y » ^ 2 y a  which defines the current response for case I. This prediction is

confirmed from figure 4.23.

The simple expressions obtained for the normalised flux for each o f  the four 

kinetic cases as follows. Firstly, for a  «  1 and y «  1, then y = ay (case I). In 

contrast for a  «  1 and y »  1, y = (case II). Furthermore for a  »  1 and y «  1

it may be seen that y = y (case III). Finally, for a  »  1 and y »  1 then y ^ 2 y a

(case IV). When the specific expressions for y, y and a  are introduced into these 

limiting forms o f the flux, a clear relationship between the current response and the 

fundamental experimental variables c v ,  L and s“ are obtained.

An unusual half order dependence with respect to bulk substrate 

concentrations s°° is predicted for the case IV situation where one has a situation of 

thick films and high substrate concentrations. Furthermore each case corresponds to a 

particular set o f dependencies with respect to the experimentally viable parameters Cv, 

L and s*. It is important to note from this is that an approximate mathematical 

analysis enables one to make unambiguous predictions as to the expected current 

response, which may subsequently checked experimentally. These results may be 

presented in temis o f a kinetic case diagram shown in figure 4.13.
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Figure 4.9; The generalised Albery-Cass-Shu expression for the normalised current response presented 
in equation 4.40 as a function o f the saturation parameter a ,  compared with a simpler Michaelis- 

Menten expression. (A) and (B) When y is small good agreement is obtained. (C) When y is large
marked deviations occur.
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F igure 4.11; Variation o f  the normalised current response y calculated from eqn. 4 .40  with the 
parameter y for (a) =  50 and (b) a  = 0 .! .

Equation 4.19 may alternatively be solved using the following approximation:

a  + u
(4.42)

1 + a u  (1 + a)^ 

where 0 < u > 1.

This approximation will only be valid for certain values o f a  and y. In appendix I it is 

shown that the approximation presented in equation 4.42 will be valid for all values o f  

u when the Michaelis - M enten kinetics are unsaturated (i.e. when a  < 1). For 

saturated M ichaelis-M enten kinetics, the approximation becomes inaccurate if  

significant substrate depletion occurs, i.e. if  u falls to less than 0.8 at any point in the 

film. This will o f  course depend to the y value. The approximation will be poor for 

large y values.
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y = (2ay)'^^tanh{(Y/2a)’^̂}
30 -

a  = 25y  =

600 10 20 30 40 50

Y

F ig u re  4 .12 ; Plot o f  equation 4 .42  obtained as a substrate o f  the general expression for the current 
response presented in equation 4 .41. The expression is valid for a  »  I and for all y up to a limit o f  y =

2 a .

Using equation 4.42 it is noted that the steady state reaction diffusion equation 

presented in equation 4.19 reduces to:

d-u _ Y(« + u) _Q 
d x ’ (1 + a ) -

(4.43)

Hence the resultant reaction diffusion is transformed into linear form which may be 

readily solved (see appendix II) to yield:

u()c) = (1 + ot)cosh
y f n

sech ^  1
(1 + a ) (1 + a )

-  a (4.44)
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logy IV  J  a  »  l ,y  »  1

y = { 2 y ( a - ln ( l  + a))}''^a y
2 a - y

y = {2ay}’'̂  tanh[(y / 2a)'^^y = a y t a n h y

III
log a

a  »  l , y «  1

y = ay / (1 + a ) y = Y

y = normalised current 
a  = saturation parameter 
y = parameter quantifying 

balance between 
substrate reaction and 
diffusion

Figure 4.13; The kinetic case for the steady state reaction difftjsion problem. The diagram consists o f a 
plot o f log Y vs log a . The approximate analytical expressions for the normalised current for various 

limiting values o f a and y are also included as insets.
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Figure 4.14; The correspondence between the current response as outlined in equation 4.45 and the 
sim pler M ichaelis-M enten expression (equation 4.39) for the current response.

It may readily be shown that the normalised current response is given by:

y = a
vdx.

= a-Jy tanh
x=i

JL
(1 + a )

(4.45)

When a  «  1, then equation 4.45 reduces to:

a^y tanhlTy] (4.46)

which is identical in form to equation 4.23 (see figure 4.5(a)). Hence this expression 

connects cases 1 and II. Furthermore when y is small and for all values of a, it can be

shown that tanh JL
(1 + a )

JL
(1 + a)

, and so equation 4.45 reduces to:
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ay

^ " ( 1 + a )
(4.47)

This is the simple Michaelis-M enten equation (connecting cases I and III) previously 

outlined in equation 4.39. The correspondence between equation 4.45 and equation 

4.39 is presented in figure 4.14.

Alternatively when a  »  1, equation 4.45 reduces to:

This expression differs from equation 4.41 (which connects cases III and IV), but for 

small y it can be seen that equation 4.48 reduces to y = y which is case III. Equation 

4.41 also reduces to the same result under the same conditions. Finally, it is useful to 

compare equation 4.45 with the expression presented in equation 4.37 which connects 

cases II and IV. This is done in figure 4.15 for y = 50. It is clear that the agreement 

between the two expressions is very poor. This is to be expected since the 

approximation given in equation 4.42 breaks down when substrate depletion within 

the film becomes appreciable, which will happen when y is large.

4.3.2 Inclusion of Concentration Polarisation of Substrate in Solution.

To consider the effect o f substrate diffusion in solution as well as inside the 

polymer film it is necessary to extend the analysis o f the steady state current response. 

In this case the boundary conditions are given by:

(4.48)

dx

x = L s = kSl (4.49)
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Figure 4 .15; illustration o f  the breakdown o f  the approximation given  in equation 4 .42 compared to 
the response predicted using equation 4 .37 , for larger values o f  y.

The first boundary condition is the same as previously outHned. The second 

differs from that given in the previous discussion since s“ , the bulk concentration of 

substrate has been replaced with sl the concentration o f  substrate at the film / solution 

interface. It is also necessary to introduce a third boundary condition o f flux balance 

at film / solution interface. In the last boundary condition expressed in equation 4.49, 

Ds and Dp denote the diffusion coefficients o f the substrate S in the solution and film 

respectively, and Xd represents the diffusion layer thickness. The normalised steady 

state current response y and the parameter y may be redefined via differentiation

iL kL'
between Dp and Ds, as: y = -----------------  y = -. A diffusional rate constant konFAK^^Dp Dp

Ds
may be introduced as follows: k^ . This parameter quantifies the rate o f

Xo

substrate transport in the solution.
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N ow  to introduce the B iot num ber v as follows:

u  =
k D .

(4.50)

This dim ensionless param eter com pares the rate o f  substrate diffusion in the 

solution to the rate o f  diffusion o f  substrate w ithin the film. The boundary conditions 

can now  be expressed in dim ensionless term s as follows:

dux = o

^du^
y =  1

 ̂ -dxJ

X = \ u = u,

=  D ( 1 - U | ) (4.51)

The steady state reaction diffusion problem  defined by equation 4.19 and equation 

4.51 may now  be solved. To do this the approxim ation introduced in equation 4.42 is 

used.

As outlined in appendix 111 the approxim ate solution for the concentration 

profile is given by:

u (x ) = u, cosh
V y x

(1 + a )
sech JL

(1 + a )
+ a cosh

V y x
( 1 + a )

sech JL
(1 + a )

(4.52)

where û  is given by:

u, =

Vya
u -   ̂ tanh 1

(1 + a) (1 + a)

u + tanh ^  1
(1 + a) _(l + a)

(4.53)
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H ence it is clear that the ui factor contains the effect o f  external m ass transfer. 

The steady state current response y is given by:

y = a u ( l  -  u ,)  = au" 1

u

(1 + a )  

(1 + a )

tanh

tanh

VL’
(1 + a )

ZT
(1 + a )

(4.54)

w hich sim plifies to:

a  ̂  tanh JL"
(1 + a )

y  =  ■

1 + VL
u ( l  + a )

■tanh
(1 + a )

(4.55)

This function is illustrated in figure 4.16 where y is plotted as a function o f  a  

for a given value o f  y (y=0.1) and for various values o f  the Biot num ber [37,38]. W hen 

u  is sm all, the effect o f  external diffusion is m ost pertinent, but w hen u  is large ( i.e. 

>50) the observed norm alised current response is indistinguishable from  the 

M ichaelis-M enten expression (equation 4.39) or from  the A lbery  equation (equation 

4.40). Hence w hen v is large concentration polarisation in the solution m ay be 

neglected. This m ay also be noted from  exam ination o f  equation 4.55. W hen u  is 

large then o ’’ —>• 0 and equation 4.55 reduces to equation 4.45.

Equation 4.55 may then be inverted to obtain the follow ing expression:

1 1
— = — 1=  coth 
y a^y

This allow s a clear separation betw een substrate diffusion / reaction in the polym er 

film and substrate diffusion in the N em st diffusion layer adjacent to the polym er film. 

It m ust be noted that equation 4.55 will be valid for all a  values provided that y is not 

too large. An upper lim it o f  y is ca. 2.

S
(1 + a )

1
+  ■

a ( l  + a ) u
(4.56)
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When y is small and «  a  and a  «  1 then equation 4.56 reduces to a case 

I situation:

1 1 1
-  = — + —  (4.57)
y ay au

Transforming into dimensioned quantities results in the fo llow ing expression: 

nFA 1 K^, 1
—  = . ;  T o o + p  . a  ( 4 . 5 8 )

1 K j , C j . L k s  k p S  k j . C 5. L K S  F l S  CO

In this expression it is assumed that mass transport in solution is controlled via 

use o f a rotating disc electrode, and the mass transport rate constant ko is defined in 

terms o f this electrode configuration. It is recalled that for a RDE configuration 

kp = 1.55Dj''^v''''^co'■. The rotation speed m is expressed in Hertz (Hz). Equation

4.58 is a simple Koutecky - Levich type expression, where the Levich factor, Fl [Fl = 

(where v denotes the kinematic viscosity o f  the solution)] has been 

introduced. On the other hand when y is large then equation 4.56 reduces to:

1 1 1
-  = - ^  + —  (4.59)
y a ^ y  au

This corresponds to a case II situation. Translating to dimensioned parameters this 

becomes:

nFA 1 1 K I I

1 y k ^ C j - D p  K S  k p S  y k ^ C j - D p  k s  F ^ s  co

1 1 / 9This predicts linear Koutecky - Levich behaviour ( i' linear w ith co' ). It is interesting
1/2  • •to note that as y becomes very large (assuming that a  « 1 )  then y' —> 0 m equation

4.59 and the observed current response becomes totally dominated by external 

diffusion. This w ill become clear in a Koutecky - Levich plot which exhibits a zero 

intercept. When a  »  1, and for small y (case III)  it is noted that equation 4.56
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F igure 4.16; Plot o f  the norm alised  cu rren t response  y as a function  o f  the satu ration  param eter a  form  
various values o f  the B iot num ber u  w hich quan tifies substrate  d iffusion  in the N em st d iffusion  layer 

ad jacen t to  the po lym er film . E quation  4 .55  w as used to  com pute the curves illustrated .

reduces to:

y y a  u 

In terms o f  dimensioned parameters this becomes:

1 1 1
= -  + T 2 -  (4.61)

nFA 1 K
+ (4-62)1 T T '  1/2

1 KS F l ®

1 1 / 9In this case the variation o f i' with co' is linear, but the slope o f the latter plot varies
' )  I

as a" rather than a '  as would be predicted from a simple Koutecky - Levich

expression.
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As previously outlined, the approximation given in equation 4.42 does not 

work for the range o f a  and y values. This analysis has therefore not considered the 

case IV situation corresponding to the case of large y and a  > 1.

For the steady state situation it is assumed that the diffusion coefficients of 

reactant and product within the film are equal for simplicity

5 ' u yu
§X 1 + au 

5'co

=  0

av5-
yu 

1 + au

(4.63)
=  0

p
where co denotes the normalised product concentration given by co = — ^  and p

KS

represents the concentration of product in the film. The boundary conditions for a 

potentiometric sensor are given by:

du dco
Y = 0, ~  = 0 and —— = 0

dX dx (4.64)
X = 1, u = 1 and co = 1 

Adding the two expressions in equation 4.63 the following is obtained

d 'u  d^co
V T  + 7 ^  = 0 (4.65)dx dx

This expression may be readily integrated twice, using the boundary conditions 

presented in equation 4.64, to obtain the following relationship between u and co:

co(x) = l - u ( x )  (4.66)

Hence the concentration profile o f product through the film may be readily evaluated. 

It can be shown that:
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® ( x )  =

(1 + a)

(1 -  a )  cosh
1 + a

/  /~ A

1 -  sec h
f \ f

sech
vl + ay

sech

V 7

y l  + a y
a

vl + ay

(4.67)

In particular, the sensor device measures the product concentration coq at x=0 and so it 

is noted that:

( O q =  ( 1  +  a ) 1 -  sec h
vl + ay

(4.68)

When a « l ,  equation 4.68 reduces to:

(Oq ss 1 - sech(y) (4.69)

whereas when a » l , the following is obtained

cO q =  a 1 -  sec h (4.70)

When examining amperometric responses at high substrate concentrations, to 

maintain experimental/theoretical correlation the following general equation is used

= aV 2Jb - I n 1 + -
V c y

tanh
s
—  - I n  
c

00s
1 +  —  

c y

(4.71)

where a, b and c are given by: a =
nFAK^^Ds

b = V r, ’ c = K^^.Li s the

polymer layer thickness and cj; is the bulk substrate concentration.
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4.4 Conclusions

The steady state amperometric response for a polymer modified electrode 

system which exhibits M ichaelis-M enten kinetics has been discussed in some detail. 

Approximate analytical solutions to the non-linear reaction diffusion equation have 

been presented and the limits o f validity o f each solution evaluated. Finally the 

concentration polarisation o f substrate in solution was considered.

Chapter 5 exhibits the experimental verification o f some o f  the above analysis, 

using the electro-oxidation o f different neurotransmitters at a PMB modified glassy 

carbon electrode as a model electrode process. The theoretical model presented for the 

steady state amperometric response is used to quantify the steady state current 

response profiles, recorded under batch amperometric conditions. Experimental batch 

amperometry data was compared to theoretical current responses given by equation 

4.40. Non-linear least squares fitting o f  equation 4.40 to the experimental data yielded 

numerical values for the fundamental kinetic parameters defining the Michaelis- 

Menten mechanism.
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CHAPTER 5

REDOX CATALYSIS 

AT THE 

PMB/GC ELECTRODE



5.1 Introduction

In mammalian tissue ascorbic acid (AA) is vital to immune response and 

wound healing but cannot be synthesised by some mammals including humans. It has 

been shown that AA is an antioxidant, aids in detoxification and improves iron 

absorption [1], Ascorbic acid was also found to play an important role in the body as a 

free-radical scavenger, which may help to prevent free-radical induced diseases such 

as cancer and Parkinson’s disease. The content o f ascorbic acid in biological fluids 

can be used to asses the oxidative stress in human metabolism [2].

Dopamine (DA), norepinephrine (NE), and epinephrine (EP) are very 

important catecholamine neurotransmitters in the mammalian central nervous system 

(CNS). Abnormal catecholamine levels in the CNS have been linked to many brain 

disorders, such as Parkinson’s disease [2] and schizophrenia [3]. Information 

regarding the action o f antipsychotic drugs can be gleaned from its concentration flux 

analysis. Therefore, the accurate quantitative determination o f catecholamine levels in 

biological fluids provides important information on its physiological functions and the 

diagnosis o f some diseases in clinical medicine. Yuan et al. [4] have reported on the 

use o f a poly(2-picolinic acid) modified glassy carbon electrode for the detection o f 

dopamine. The electrochemical behaviour o f  epinephrine at a modified electrode [5,6] 

and the electrocatalytic oxidation o f norepinephrine by a Nafion® chemically 

modified electrode has been reported [7,8].

In reality though, AA coexists in excess with catecholamines in the 

extracellular fluid o f the CNS. It can be oxidised at a potential close to that o f 

catecholamines at most solid bare electrodes, resulting in overlapping voltammetric 

responses. Therefore it is a challenging task to detect and quantify catecholamine 

concentrations in the presence o f AA. Many authors have reported the successful 

quantitative determination o f AA using polymer modified electrodes [9-11]. Polymer 

modified electrodes have been widely used in the development o f electrochemical 

biosensors, as techniques used for film fabrication are advantageous for their 

applications [12,13]. Electropolymerisafion o f  conducting polymers generally results 

in polymer films which are uniform and adhere strongly to the electrode surface. In 

addition, polymer films can be deposited onto a small area with a high degree o f 

conformity, this aspect being particularly important in manufacturing microsensors.
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Advantages o f conducting polymers include their wide potential window for 

interfacial electron transfer, controllable thickness, and controllable level o f doping.

The permselective properties o f many polymers towards negatively charged 

compounds, have allowed their use as a barrier in the detection o f different 

catecholamines, in the presence o f AA. The efficiency o f some polymeric films to 

effectively reject the negatively charged ascorbic acid (AA) and 3,4- 

dihydroxyphenylacetic acid (dopac) has been widely demonstrated [14-19], Wu et al.

[15] have shown the selective determination o f DA at glassy carbon electrodes 

modified with an over-oxidized poly (N-acetylaniline). The authors Ogorevc and Mo

[16] have recently proposed the use o f carbon fiber microelectrodes coated with 

overoxidized poly-(l,2-phenylenediamine) to obtain a highly sensitive and selective 

DA quantification. Rubianes et al. reported on the use o f a glassy carbon electrode 

modified with a melanin-type polymer electrogenerated from L-dopa for the highly 

selective DA quantification [17], The authors Chen and Link have shown the 

electrocatalytic activity o f polymerized luminal film-modified electrodes that allows 

the selective measurement o f DA and AA [18], Ohsaka et al. have reported on the use 

o f a glassy carbon electrode modified with an electropolymerized film o f N,N- 

dimethylaniline for the sensitive and selective quantification o f  DA [19].

Films can also be deactivated deliberately [20-24], and can greatly improve 

selectivity and sensitivity o f voltammetric analyses o f ionic analytes. In polypyrrole 

films, negative charges and porosity are introduced into the film during deactivation 

which enables the permeation o f cationic analytes [21-24]. In essence, deactivation o f 

conducting polymer films converts them into selective ion-exchange polymer films. 

Redox polymers can form charged films when polymerised from the ionic monomeric 

form, and hence can also act as selective barriers to particular analytes. Many authors 

have published their findings on redox polymer modified electrodes [25-30]. The 

phenothiazine derivatives azur A and methylene blue, polymerised on platinum and 

gold electrodes, have been used to achieve a quasi-reversible electrochemistry o f 

haemoglobin [26,29]. Karyakin et al. reported on a dehydrogenase electrode based on 

the electropolymerisation o f methylene blue (PMB) on a glassy carbon electrode [30].

There are certain criteria that should be met when considering the value o f a 

good biosensor:

1) Do enough people want or need to have a sensor for the analyte o f interest?
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2) Does the sensor present clearly defined advantages over the older technology, or is 

it simply a small variation on a well established theme? Unless this new sensor is so 

innovative that it is interesting for its conception alone, the following five issues 

should be addressed.

3) The chemical stability o f  each component used to prepare the sensor must be 

considered.

4) The stability o f the sensor itself needs to be thoroughly tested both in use and in 

storage at a range o f temperatures. The prepared sensor should be stabile for at least 

six months for any practical commercial application.

5) If the sensor is intended for biological samples, it should be tested in biological 

samples and not just aqueous buffers.

6) If a sensor is intended to be used in tissue it must be bioconipatible. The tissue 

reaction to the foreign implant must be considered both for its effect on the sensor and 

on the organism.

7) The dynamic range o f  the sensor must be tested appropriate to the anticipated 

analyte concentration in real samples. The concentration o f catecholamines in brain 

tissue is o f the order o f  nanomoles.

Polymethylene blue is a redox polymer, easily electropolymerised to electrode 

surfaces. This alone is not a sufficient criterion for developing a sensor for ascorbic 

acid and catecholamines. In order for catalytic oxidation o f said analytes by the 

PMB/GC electrode to occur, the Eo value o f the modified electrode must be less 

anodic than those o f the analytes o f interest. The values o f  the analytes, therefore, 

have to be elucidated and compared to that o f the PMB/GC electrode. Table 5.1 

shows the E° values for the PMB/GC electrode, AA, DA, EP and NE in 0.1 M

PMB/GC AA(Ep,ox) DA EP NE

e“/ v 0.115 0.321 0.292 0.312 0.391

Table 5.1;E values determ ined using cyclic voltammetry (Data shown in Section 5.3) for 
PMB/GC (film thicknesses, L = 6.77±0.36 x 10'* cm) electrode and for the redox behaviour o f  

Dopamine(DA), Epinephrine(EP), Norepinephrine(NE) and the oxidation potential for Ascorbic 
Acid(AA) at a GC electrode in 0 .1 phosphate buffer, pH 7.
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phosphate buffer obtained at a bare GC electrode using cyclic voltammetry. Data for 

AA and catecholamine redox behaviour at the bare GC electrode is presented in 

Section 5.3. We observe that the value for the PMB/GC electrode is less anodic 

than those o f the analytes. Catalysis o f analyte oxidation by the modified electrode is 

possible and so developing the PMB/GC sensor for ascorbic acid and catecholamine 

detection is worth pursuing.

Having decided to investigate the PMB/GC electrode as a sensor for 

catecholamines, the parameters for the best modified electrode were determined. 

Polymer coatings can tune the selectivity o f the electrodes as sensors but conversely, 

the response time o f the sensors can decrease. Diffusion coefficients o f molecules in 

the polymers tend to be much slower than those in the solution, and the resultant delay 

in response time can result in distortions in the cyclic voltammograms. Therefore 

polymer layer thickness can play a vital part in sensor perfomiance. As previously 

determined, the optimum layer thickness for the sensing qualities o f a PMB modified 

GC electrode, was 20 potential deposition cycles

In this body o f research we report on the sensing properties o f 

electrogenerated poly(methylene blue) modified glassy carbon (PMB/GC) electrodes 

to the catecholamines, DA, E and NE, in addition to AA. Figure 5.1 shows the typical 

voltammetric response o f the PMB/GC electrode to each o f the analytes. AA has a 

different oxidation potential than the catecholamines at the PMB/GC electrode and so 

selective determination may be possible. The analytical applications o f these 

polymeric layers were evaluated in connection with the selective detection o f DA over 

AA.

5.2 Cyclic Voltammetric analysis o f  Ascorbic Acid at a PMB/GC 
electrode

The electrochemical oxidation o f AA, at pH 7, involves the net loss o f two 

electrons and two protons [31]. At a bare glassy carbon electrode the potentially 

driven oxidation is irreversible (Scheme 5.1)
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Schem e 5.1; The irreversible 2e‘ oxidation o f  ascorbic acid at a bare glassy carbon electrode.

Typical cyclic voltammograms for a range o f  scan rates, o f  ImM  AA in O.IM 

phosphate buffer solution (PBS), pH 7, at a GC electrode are shown in figure 5.2. The 

AA irreversible oxidation peak potential (Ep,ox) at the bare GC electrode is ca. +0.26 

V at V = 20 mV, a potential that correlates well with literature values [32]. The 

oxidation potential remains relatively constant with increasing scan rate up to v = 200 

mV s ''. This observation is indicative o f  a system with kinetics that is under mass

Figure 5.2; Cyclic voltammograms o f  I x 10'  ̂ M Ascorbic Acid in 0.1 M PBS (pH 7) at a bare GC 
electrode. Scan rates, v = (X ) 20, ( + )  40, (★ ) 60, (■»■) 80, (>!') 100, (■ ) 150 and ( • )  200 mV s''.

transport control, and not limited by electron transfer at the electrode surface.

When the PMB/GC is cycled in O.IM PBS the oxidation peak potentials for 

the monomeric LMB/MB and polymeric LMB/MB redox couples are evident at, -0.1 

and +0.1 V, respectively (Figure 5.3).

3.2

Potential I  \
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F igure 5.3; C yclic voltam m ogram s of, (— ) 2mM  A scorbic A cid + 0.1 M PBS at the bare GC, (- -) 
2m M  A scorbic A cid + 0.1 M PBS at the PM B/GC electrode, and ( • )  0.1 M PBS, at the PM B/GC  
electrode. Scan rate, v = 20 m V s'', and pH =  7. PMB film thicknesses, L =  6 .35± 0 .27  x 10'* cm.

Similar peak potentials for the MB/LMB and PMB redox couples are observed in a 

2mM AA solution, with the oxidation o f AA occurring at a potential o f ca. +0.3 V. 

The solid line CV in Figure 5.3 is the oxidative response o f 2mM AA at a bare GC 

electrode, with an oxidation potential ca. 0.08V less anodic than at the PMB/GC. The 

AA oxidation currents are greatly diminished at the modified GC and the more anodic 

oxidation potential suggests a kinetic inhibition. However a small catalytic effect is 

evident at the PMB/GC electrode, with the AA oxidation starting at the same potential 

as the polymer film oxidation.

The cyclic voltammograms for a range o f scan rates, o f 2mM AA in O.IM 

phosphate buffer solution (pH 7) at the PMB modified GC electrode, are shown in 

Figure 5.4. The Ep,ox o f AA at the PMB/GC electrode increased with increasing scan 

rate from, ca. +0.3 V (at v = 20 mV s '') , to ca. +0.44 V (at v = 200 mV s '') .
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Figure 5.4; Cyclic voltammograms using a PMB/GC electrodes (film thicknesses in the range, L = 

6.12+0.6 X 10'® cm) in 2 x 10'  ̂ M Ascorbic Acid and 0.1 M PBS (pH 7). Scan rates, v = (X )  20, ( + )  
40, ( * ) 6 0 , ( > - )  80, ( * )  100, (■ )  1 5 0 a n d ( * )2 0 0 m V s ' ' .

Positive shifts in Ep,ox with increasing scan rate indicate a kinetic Hmitation in the 

reaction between AA and the PMB modified GC electrode. The observed shift for 

Ep,ox at the PMB/GC electrode was ca. +0.13 V, over the range o f scan rates 

performed. The electron transfer kinetics o f the AA oxidation can thus be classified as 

a mass transport governed process, occurring via the permeation o f  AA through the 

PMB film to the electrode surface. It is likely then that the electron exchange occurs 

either at the electrode/polymer interface or tliroughout the PMB film, and not at the 

polymer/solution interface. The cation MB, when polymerised, is thought to form a 

film exhibiting a slightly positive environment. One might expect a catalytic effect 

through the ionic attraction between the AA anion and the film to occur. This may 

indeed be the case to a certain extent, refiected in the anodic oxidation potentials 

exhibited at the PMB/GC electrode. But overall an inhibiting effect on the current 

response is observed. This inhibition comes about from the slight ionic attraction 

between the AA anions and the cationic film redox centers, retarding diffusion of 

analyte to the electrode surface.
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F igure 5.5; R andles-Sevcik plots for 2m M  A scorbic A cid + O.IM PBS at the (— ) bare GC and the 

error corrected at the (- -) PM B/GC electrode. Linearity is observed form the range 10-200 niV s'', for 
the bare GC but som e deviation occurs at 200  mV s'', for the PM B/GC electrode. Data taken from  

averaged (n =  5) oxidation currents with typical C V s shown in figures 5.2 and 5.4.

The Randles-Sevcik plot for the oxidation o f 2mM AA at the bare GC electrode

(Figure 5.5), linear and passing through the origin, yields a diffusion coefficient o f

1.67 X 10'^ cm^ s'* which is comparable with the literature values o f  5.3 x 10’̂  cm^ s'' 
6 2 1[33] and 6.5 x 10' cm s' [34]. The error corrected (n = 5) Randles-Sevcik plot for 

the oxidation o f 2mM AA at the PMB/GC electrode is also displayed in figure 5.5. 

The peak currents vary linearly with square root o f the scan rate in the range 10-100 

mV s'*, indicating the electrode reaction is indeed diffusion controlled [35(a)], A 

kinetic limitation is evident in the small non-zero intercept. At 200mV/s, the current 

output due to AA oxidation, on average, is diminished, as the experimental timescale 

is too rapid for diffusion o f fresh AA to the polymer/electrode interface or for 

oxidation to occur in the film reaction layer.

Ignoring the outliers at 200 mV s '',  the R-S slope for AA at the PMB/GC 

electrode is smaller than that for the bare GC electrode. By dividing the R-S slope of 

the PMB oxidised AA by the R-S slope at the bare GC electrode, we can determine an 

average (n = 5 experiments) partition coefficient o f  0.467±0.13. Experimental 

evidence therefore suggests that the PMB/GC electrode does exhibit a slight catalytic 

oxidation o f AA. The PMB film either behaves as a permeable membrane, allowing 

AA oxidation to occur at the polymer/electrode interface, or AA oxidation occurs in a
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reaction layer throughout the polymer film. Preconcentration of the AA in the film is 

also a possibility, and is taken into account when calculating the kinetic parameters 

later in this chapter.

Another point to note is the effect of pH on AA oxidation in a phosphate 

buffer solution. At pH > 6.5, the low proton availability for MB redox process has a 

retardation effect on AA oxidation [36]. Conversely, above AA’s pKa value {ca. 4.5), 

the oxidation process only involves the loss o f one proton as AA exists as AH' not 

AH2 [37],

5.3 Cyclic Voltammetric behaviour o f Catecholamines

Adams and co-workers [38] characterised the electrochemical oxidation of 

catecholamines in aqueous solution at carbon paste electrodes. The overall reaction is 

assigned an ECE mechanism [39] shown in scheme 5.2. Direct electrochemical 

oxidation of the catecholamine (CA) to the o-quinone (OQ) form at an electrode 

occurs via the loss o f two electrons and two protons (reaction 1). This anodic 

oxidation peak was assigned Aj in the cyclic voltammograms. The corresponding 

peak Cl, in the voltammograms, describes the reduction of o-quinone back to the 

catecholamine. The o-quinone has an electron deficient ring and an electron donating 

amine group. If the amine group is deprotonated, a 1,4 Michael addition resulting in a 

cyclization reaction (reaction 2) can occur, forming the leucoaminochrome (LAC) 

species. The leucoaminochrome is easily oxidised to the aminochrome (AC) form 

(reaction 3). This oxidation is a homogeneous electron transfer reaction with the o- 

quinone in solution [39]. The aminochrome can then be reduced at the electrode back 

to leucoaminochrome and is identified as a second, more cathodic voltammetric peak, 

assigned Cj [38],

The rate for the cyclization reaction for each catecholamine varies and follows 

the order dopamine < norepinephrine < epinephrine. The apparent rate constants 

calculated for the intracyclisation reaction are; dopamine, 0.13±05 s '', norepinephrine, 

0.98±0.52 s '', and epinephrine, 87±10 s'' [40]. These differences in rate can be 

observed through cyclic voltammetry measurements of catecholamines at scan rates 

under 300 V/s [39], and the results obtained are outlined in this section.
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S ch em e 5.2; M echanism  o f  catecholam ine disproportionation. For each o f  the catecholam ines, R and 

R ’ are, respectively, as follow s: Dopam ine, H, H, Norepinephrine, OH, H, Epinephrine, OH, CH3.  
CA =  catecholam ine, OQ =  o-quinone, LAC =  leucoam inochrom e, AC = am inochrom e.

5.3.1 Cyclic Voltammetric analysis o f  Dopamine at a PMB/GC electrode

The anodic oxidation of dopamine to dopamine-quinone corresponds to a two- 

electron, two proton process (reaction 1, Scheme 5.2), and the oxidation peak is 

assigned Ai in figure 5.6. The cyclic voltammogram of dopamine (DA) shows a 

quasi-reversible character. The anodic peak potential is +0.34V at v = lOmV/s, and 

shifts slightly positively to ca. +0.36V at v = 200mV/s, indicating only a subtle kinetic 

constraint. The corresponding reduction of DA-quinone, peak C|, back to dopamine 

occurs at ca. +0.28 V. A second reduction peak is observed at ca. -0.1 V. This peak is 

due to the reduction of dopachrome to leuco-dopachrome and is assigned C2. This 

peak is more pronounced at lower scan rates and becomes less prominent as the scan
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rate reaches 200m V s ''.  The redox potentials com pare to those found in the literature 

for a bare glassy carbon electrode [39].
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F igure 5 .6; Cyclic voltam m ogram s using a bare GC electrode in 2 x 10'  ̂ M Dopam ine and 0.1 M PBS  
(pH 7). Scan rates, v = (X )  20, ( + )  40, (★ ) 60, ( ^  ) 80, ( * )  100, (■ )  150 and ( • )  200 mV s''.

This can be rationalised in term s o f  experim ental tim escale. At slow  scan rates the 

intracyclisation reaction has tim e to occur unhindered, but at faster scan rates, 

experim ental tim e constraints govern the am ount o f  dopachrom e produced. The AEp 

values for the redox process rem ain constant at ca. 70-80 m V for the range o f  scan 

rates, but the Ip,a/Ip,c ratio, A ]/C i, approaches unity at higher scan rates. The 

sum m ation o f  both reductive peaks yields a Ip,a/Ip,c ratio, A 1/C 1+C 2 , ju st short o f  

unity, for all scan rates. R andles-Sevcik analysis o f  the dopam ine oxidation data 

yields a linear plot through the origin. A typical p lot for a 2m M  solution o f  DA in 

O.IM PBS is displayed in figure 5.9.

The electrochem ical behaviour o f  DA oxidation at the PM B/G C electrode was 

investigated in 0.1 M PBS and a com parison cyclic voltam m ogram  (v =  20 m V s '') ,  is 

presented in Figure 5.7. A t the PM B/G C electrode, a DA oxidation peak is observed 

at, Ep,ox ^  +0.43 V, and like AA , a slight catalytic effect by the film  is observed. A 

well defined D A -quinone reduction peak occurs at +0.16 V. The second reduction, if  

present, m ay go at the sam e potential as the m onom eric M B/LM B reduction peak.

179



3.0e-5

2.0e-5 -

1.0e-5 -
<
Q.

-lOe-5 -

-2.0e-5
- 0.2 0.0 0.2 0.4 0.6

E N  vs Ag/AgCI
Figure 5.7; Cyclic voltammograms of, (— ) 2mM Dopamine + 0.1 M PBS at a bare GC electrode, (- -) 
2mM Dopamine + 0.1 M PBS and (•) 0.1 M PBS, at the PMB/GC electrode (L = 6.55±0.15 x 10'* cm.

Scan rate, v = 20 mV s’’, and pH = 7.

The DA oxidation peak current output is diminished at the PMB/GC electrode by ca. 

40%. E p,ox  is shifted anodically while E p,red is more cathodic, suggesting more facile 

kinetics at the bare electrode.

The presence of 2mM DA does not impede the mobility of electrolyte through 

the film, and hence charge passed through the polymer is relatively unaffected. This 

can be rationalised in that DA exists as a cation in pH 7, so is not ionically bound to 

the sites throughout the polymer film. While some coulombic repulsion may exist 

between the polymer charged sites and the DA cations, it is offset by the greater ionic 

attraction of the DA cations to the electrode surface. The effect of scan rate can be 

seen in Figure 5.8. The E p,ox  becomes slightly more anodic as the scan rate increases. 

Again this suggests some, but not major, kinetic limitations of the PMB/GC electrode. 

Permeation o f the DA through the film to the electrode surface is governed by a slight 

steric hindrance between the DA ions and the polymer matrix, and some coloumbic 

repulsion between DA cations and the charged sites in the film.
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Figure 5.8; Cyclic voltammograms o f  the PMB/GC electrode (L in the range 5.88±0.92 x 10'* cm) in 2 
X 10'̂  M Dopamine in 0.1 M PBS (pH=7). Scan rates, v = (— ) 10, ( + )  20, ( * )  40, ) 60, (>♦') 80,

(■ ) 100 a n d (« )2 0 0  mV s''.

Therefore, one would expect the electron transfer kinetics to be diffusion controlled. 

Figure 5.9 displays plots o f oxidation peak current versus square root o f the scan rate 

for 2mM DA at the bare and modified [error corrected (n = 5)] GC electrodes. The 

diffusion coefficient for DA at the bare electrode at 20 was calculated to be 

3.17±1.13 X 10' cm s' . This is in good agreement with values found in the literature
ft  0  1[32,41-43], which range from, 2.7-6.9 x 10' cm s' , in various aqueous m edia and 

temperatures.

The Randles-Sevcik plot for the PMB/GC electrode exhibits excellent 

linearity, thus confirming the observation that the electron transfer kinetics is 

diffusion controlled. The small non-zero intercept, however, does indicate some 

kinetic constraint. The R-S slope {Sr-s = 6.99+2.37 x 10'^ A / (V'^^ s'*^^)}, for the 

modified electrode was over two times smaller than that for the bare GC electrode. 

Therefore the catalytic effect on the DA oxidation exhibited by the film is o f 

negligible magnitude. This yields a partition coefficient o f 0.362±0.67, which is 

indicates that only one third o f the bulk [DA] is present in the film. A partition 

coefficient less than unity would suggest the polymer film extends into the solution, 

so some degree o f  DA catalysis does occur.
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F igure 5.9. Randles-Sevcik error plot for 2mM  D opam ine in O.IM PBS at the PM B/GC electrode. 
Oxidation peak current varies linearly with scan rates, v  = 10 -  100 m V s'', but deviation occurs at the 

PM B/GC electrode at 200  mV s‘‘. Data taken from averaged (n =  5) oxidation currents with typical
C V s shown in figures 5.6 and 5.8.

A linear plot passing through the origin proves the electron transfer kinetics is under 

mass transport control. Like AA, at v = 200mV/s, deviation from linearity is observ'ed 

with the PMB/GC electrode for the same reason, that is, the experimental timescale is 

too rapid to allow for either diffusion o f  fresh analyte to the electrode surface, or 

oxidation to occur at the redox sites within the film. The resultant current response of 

the modified electrode is, therefore, smaller than the mass transport dictated ideal.

5.3.2 Cyclic Voltammetric analysis o f  Norepinephrine at the PMB/GC electrode

Like Dopamine, the neurotransmitter Norepinephrine (NE) (also known as 

Noradrenaline), is thought to oxidise to NE-quinone with the loss o f two electrons and 

two protons. At a bare GC electrode NE shows quasi-reversible behaviour (Figure
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Figure 5.10; Typical cyclic voltarnmograms using a bare GC electrode o f  1x10'^ M Norepinephrine + 
0.1 M PBS (pH=7). Scan rates, v = (— ) 10, ( • )  20, (★ ) 40, ( - )  60, ( * )  80, (■ ) 100 and ( + )  200 mV

s"’.

The NE oxidation peak, Ai, Ues in the narrow potential window o f +0.31 to +0.34 V 

over the range o f scan rates performed, which suggests facile electron transfer 

kinetics. The first reduction peak. Ci, can be seen at ca. +0.22 V, and is assigned to 

the reduction o f NE-quinone to NE. The AEp values for the NE/NE-quinone redox 

couple, range from 70mV at v = 20mV/s, to ca. 115mV at v = 200mV/s. The second 

reduction peak, C2, is found at ca. -0.09 V, and can be attributed to the reduction o f  

the aminochrome species, generating leucoaminochrome. This redox behaviour is 

very similar to that o f DA. The authors Chen et al. [44] found the NE redox potentials 

at a bare glassy carbon electrode to be Ep,ox = +0.48 V and Ep,red = -0.15 V vs a 

Ag/AgCl reference electrode.

The cyclic voltammetric response o f NE at the PMB/GC was studied and a 

comparison o f the modified electrode in 0.1 M PBS and in 2mM NE at, v = 20mV/s, 

is presented in Figure 5.11. The monomeric and polymeric LMB/MB redox couples 

are maintained at the same potentials in the NE solution. The NE oxidation peak 

begins after the LMB/MB polymer oxidation potential indicating no catalysis occurs 

due to the film. The Ep,ox lies at ca. +0.48 V and the corresponding reduction o f NE- 

quinone occurs at a potentials o f ca. +0.1. The reduction o f the aminochrome form
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occurs at ca. -0.2 V. The effect o f  scan rate on the current output is shown in Figure 

5.12.
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Figure 5.11; Cyclic voitam m ogram s of, (— ) 2mlVI Norepinephrine + 0.1 M PBS at a bare GC 
electrode, (- -) 2mM N orepinephrine + 0.1 M PBS and (•) 0.1 M PBS, at the PM B/GC electrode, L = 

5.8±0.66 X 10'® cm. Scan rate, v = 20 mV s'‘, and pH = 7.
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Figure 5.12; Typical cyclic voitam m ogram s using a PM B/GC electrode (L in the range 6.08±0.78 x 
10'* cm) o f2 x l0 '^  M N orepinephrine in 0.1 M PBS (pH 7). Scan rates, v = (— ) 20, (★ ) 40, (■»■) 60,

( * )  80, (■ ) 100 and ( + )  200 mV s ''.
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Like DA, NE is o f similar structure and is also cationic at pH 7, so it should therefore, 

experience a similar degree of coloumbic repulsion within the PMB film. This is 

observed in the Ep,ox values shifting anodically, from +0.31 at the bare GC to 

electrode +0.48V at the PMB/GC electrode. With increasing scan rate, the oxidation 

potential shifts from +0.48V at 20mV/s to +0.5 IV at 200mV/s, as expected with this 

type o f mass transport limitation. A notable feature is that the AEp increases from ca. 

400mV at V = lOmV/s, to 500mV at v = 200mV/s.

The associated Randles-Sevcik plots, for the voltammetric behaviour of NE at 

the bare and modified electrodes, are shown in figure 5.13. This is typical data 

obtained for NE oxidation at the bare GC electrode and the diffusion coefficient was
f t  9 1calculated as, D = 1.97x10’ cm s' , which is in good agreement with the literature

6 2 1values o f ~10’ cm s‘ for catecholamines [42,45]. The oxidation peak current 

response of the PMB/GC electrode also vary in a linear manner with square root of 

scan rate and a partition coefficient of 0.356±1.9 calculated from the ratio of Randles- 

Sevcik slopes. The magnitude of this partition coefficient again can be attributed to 

the process of NE permeation through the polymer film and is roughly one third of the 

bulk [NE].
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Figure 5.13; Randles-Sevcik error plot for 2mM  Norepinephrine in 0.1 M PBS at the PM B/GC 
electrode. Scan rates vary in the range, v = 10 -  200 mV s‘‘. Data taken from averaged (n = 5) 

oxidation currents with typical CVs shown in figures 5.10 and 5.12.
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A notable difference between NE and DA is that the current response versus square 

root o f scan rate relationship remains linear for NE at rapid scan rates. Diffusion o f 

NE through the polymer matrix to the electrode surface, therefore, is rapid and 

relatively unhindered even at high scan rates.

5.3.3 Cyclic Voltammetric analysis o f Epinephrine at the PMB/GC electrode

The redox behaviour o f  Epinephrine (EP) contrasts to that o f  NE at the bare 

GC electrode in that only one well defined reduction peak is observed at -0.085 V 

over the range o f scan rates performed (Figure 5.14). This corresponds to the 

reduction o f the aminochrome form to leucoaminochrome. The Ep,ox varies from 

+0.34 to +0.42 V over the same range o f scan rates, and describes the oxidation o f 

epinephrine to epineplirine-quinone. These redox potentials compare to Ep,red = -0.15 

V and Ep,ox = +0.35 V found by the authors Chen et a/. [44], at a bare glassy carbon 

electrode, pH 7. The reduction peak, Cj, is not evident in the voltammograms. This is 

due to the rapid rate o f the intracyclisation reaction followed by the oxidation o f the 

leucoaminochrome form to aminochrome. This oxidation proceeds via an 

homogeneous electron transfer with epinephrine in solution.
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Figure 5.14; Typical cyclic voltam m ogram s o f  Ix lO ’’ M Epinephrine + 0.1 M PBS (pH 7) at a bare 
GC electrode. Scan rates, v = (— ) 10, ( • )  20, (★ ) 40, (■»■) 60, ( ’I') 80, (■ ) 100 and (-I-) 200 mV s’'.
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A  typical voltammogram for the EP oxidation at the PM B/GC electrode is presented 

in figure 5.15, while the effect o f scan rate is outlined in figure 5.16.

3.0e-5 -

2.0e-5 -

1.0e-5 -

<

-1.0e-5 -

-2.0e-5
- 0.2 0 0 0.2 0.4 0.6 0.8

E N  vs Ag/AgCI

Figure 5.15; Cyclic voltammograms of, (— ) 2mM Epinephrine + 0.1 M PBS at a bare GC electrode, 
(- -) 2mM Epinephrine + 0.1 M PBS and (•) 0.1 M PBS, at the PMB/GC electrode (L = 6.22+0.77 x 10

* cm). Scan rate, v = 20 mV s‘ ‘, and pH = 7.
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Figure 5.16; Cyclic voltammograms, using a PMB/GC electrode, L = 6.05±0.29 x 10'* cm, of2xl0 '^ 
M Epinephrine in 0.1 M PBS (pH 7). Scan rates, v = (— ) 10, ( • )  20, ( * )  40, (-^ ) 60, (^)  80, (■) 100

and (+ )  200 mV s'*.
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The resuhant vohammograms (figures 5.15 and 5.16) are very similar to NE oxidation 

at the PMB/GC electrode, with the EP oxidation process also starting at potentials 

more anodic than the film redox potentials. The corresponding peak currents for EP 

oxidation at both the bare and modified electrodes were used to construct a Randles-

Sevcik plot (figure 5.17). Analysis of the R-S slope yield a diffusion coefficient, for
6 2 1EP at the bare GC electrode, of D = 2.11 x 10’ cm s' , which concurs reasonably well 

with the literature values [42,46],
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F igure 5.17; R andles-Sevcik error plot for 2mM  Epinephrine in 0. IM PBS at the PM B/GC electrode.
PiVlB film thickness was, L = 6 .73± 0 .62  x 10'* cm. Scan rates vary in the range, v =  10 -  200  mV s''.
Data taken from averaged (n = 5) oxidation currents with typical CVs shown in figures 5 .14 and 5.16.

The R-S plot for the PMB/GC electrode also yields a straight line. From the ratios of 

the bare and modified R-S slopes, a partition coefficient of 0.307+0.88 was 

calculated. Again this provides supporting evidence that electron transfer occurs 

throughout the polymer film or at the polymer/electrode interface.

The diffusion coefficients and partition coefficients calculated for each analyte 

studied via cyclic voltammetry at the bare and PMB modified GC electrodes 

respectively, are summarised in Table 5.2. All values elucidated for the bare GC 

electrode are in reasonable agreement with those found in the literature (recorded at T 

> 30 °C), but are slightly smaller due to our experimental temperature o f 20±1 °C. All 

values are quoted with associated errors calculated using the standard deviation
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(minimum, n = 5) o f the Randles-Sevcik regression lines. Literature values for 

diffusion coefficients o f the analytes at modified electrodes are quoted between 10'^ 

and 10"* cm^ s ' [46] and depend on the experimental temperature, diffusion layer 

thickness, and the catalytic properties o f the modifying films.

Analyte
Diffusion 

Coefficient / 
cm  ̂s '

Diffusion 
Coefficient at 

PMB/GC / 
cm  ̂s '

Partition
Coefficient

Ascorbic Acid 1.67±0.33 X lO'"’ 3.41±0.53 x 10'^ 0.467±0.13

Dopamine 3.17±0.42x 10'^ 4.68±0.47x 10'' 0.362±0.67

Norepinephrine 1.97±0.21 X 10''’ 2 .4U 0.43 X 10-' 0.35611.9

Epinephrine 2.11±0.35x 10'" 1.99±0.23 X 10-' 0.307±0.88

Table. 5.2; Diffusion coefficients with associated enors calculated for AA, DA, NE and EP, at tlie bare 
GC and PMB/GC electrodes, using cyclic voltammetry. Film thicknesses w'ere in the range, L = 

6.56±0.6 X 10 ® cm. Solution tem perature was 20±1°C.

5.4 Determination o f  Diffusion Coefficients for A A, DA, NE and EP 
Solutions, in O.IM Phosphate Buffer pH  7, at a bare GC electrode 
using Rotating Disk Electrode Voltammetry

RDE voltammetry, to eliminate mass-transfer effects, was employed to 

determine the diffusion coefficients o f AA, DA, NE and EP at the bare GC electrode. 

Typical RDE voltammograms for the oxidation o f AA, DA, NE and EP are outlined 

in figures 5.18(a)-5.21(a). Each displays well defined oxidation current plateaus for 

the rotation speeds performed. The oxidation currents obtained from the plateaus were 

used to draw Levich plots. The relationship between the oxidation current and rotation 

speed, if mass-transfer controlled, should obey the Levich equation [35(b)].

(5.1)

2  1where D, v, co, and Co are the diffusion coefficient (cm s' ), kinematic viscosity (1.1
2 2 - 1  3X 10' cm s' [45]), rotation speed(s) and the bulk concentration (Mol cm ' ) o f the 

reactant in solution, respectively. Plotting I q x  vs co''"̂  in equation (5.1) should yield a
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straight line that passes through the origin {Figures 5.18(b)-5.21(b)}. A ll Levich plots 

display excellent linearity and intersect the origin, which is indicative o f  mass 

transport governed kinetics.

Ascorbic Acid

2.5e-4

1.5e-4 -

1.0e-4 -

5.0e-5 -

0.0

-5.0e-5
800 10000 200 400 600 1200

E/mV vs. Ag/AgCl

2,5e-4

2.0e-4 -

<
Xo

1 .Oe-4 -

5.0e-5 -

0.0
10 20 250 5 15

Figure 5.18; (a) Typical RDE voltammograms for the oxidation o f2m M  Ascorbic Acid in O.IM PBS 
at the bare GC electrode (pH 7.0). The rotation speeds are (a, — )500, (b, )I000, (c, )1500,

(d, )2000, (e ,— )2500, (f, )3000, (g, )3500, and (h ,— )4000 rpm at a scan rate of, v = 20 mV s ',
(b) The corresponding Levich plot for the oxidation o f 2mM Ascorbic Acid at the bare GC electrode.
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Dopamine
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Figure 5.19; (a) Typical RDE voltam m ogram s for the oxidation of2m M  Dopamine in 0.1 M PBS at 
the bare GC electrode (pH 7.0). The rotation speeds are (a, — )500, (b, )1000, (c, )1500, (d,

)2000, (e, — )2500, (f, )3000, (g, )3500 and (h, — )4000 rpm at a scan rate of, v = 20 mV s ',
(b) The corresponding Levich plot for the oxidation o f  2mM Dopamine at the bare GC electrode.
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Norepinephrine
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F ig u re  5.20; (a) Typical RDE voltammogram s for the oxidation o f  2mM N orepinephrine in 0 .1M PBS 

at the bare GC electrode (pH 7.0). The rotation speeds are (a, — )500, (b, )I000, (c, )1500,
(d, )2000, ( e ,— )2500, (f, )3000, (g, )3500 and ( h ,— )4000 rpm at a scan rate of, v =  20 mV s ',
(b) The corresponding Levich plot for the oxidation o f  2mM Norepinephrine at the bare GC electrode.
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Epinephrine

2.0e-4

1.5e-4 -

1.0e-4 -

-5.0e-5
200 400 600 800

E/mV V5. Ag/AgCl

1.8e-4

1.6e-4 -

1.4e-4 -

1.2e-4 -

<
X
P  S.Oe-5 -

6.0e-5 -

4.0e-5 -

2.0e-5 -

0.0
0 20 255 10 15

Figure 5.21; (a) RDE voltam m ogram s for the oxidation o f  2mM Epinephrine in 0 .1M PBS at the bare 
GC electrode (pH 7.0). The rotation speeds are ( a ,— )500, (b, )1000, (c, )I500, (d, )2000,

(e, — )2500, (f, )3000, (g, )3500 and (h, — )4000 rpm at a scan rate of, v =  20 mV s '.
(a) The corresponding Levich plot for the oxidation o f  2mM Epinephrine at the bare GC electrode.

From the Levich slope the diffusion coefficients o f  all analytes were calculated, and 

are summarised in Table 5.2. The values are quoted with their associated errors, 

calculated as standard deviations (n = 5) o f  the Levich plot regression lines. They
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compare very well with the literature values and are o f similar magnitude with one 

another. This is to be expected as the structures are closely related.

5.5 Determination o f  A A, DA, NE and EP Substrate Diffusion 
Coefficients through the PMB Modified GC Electrode, in 

O.IM Phosphate Buffer pH  7, using Rotating Disk Electrode
Voltammetry

The electrochemical response o f the PMB/GC electrode towards AA, DA, NE, 

EP oxidation was investigated using rotating disk electrode (RDE) voltammetry. 

Figures 5.22(a)-5.25(a) shows the typical RDE responses o f  the analytes at the 

PMB/GC electrode, scanned from 0 to +1.2 V at 500-4000 rpm with a scan rate o f  20 

mV s '. The limiting currents obtained from the plateau (at +0.7 V) were used to 

construct Levich plots {Figures 5.22(b)- 5.25(b)}, and the Levich slopes used to 

calculate the substrate diffusion coefficients through the polymer film. All Levich 

plots were background corrected and are linear passing through the origin, indicating 

the electrode kinetics are mass-transport controlled. A comparison o f diffusion 

coefficients found at the bare and PMB/GC electrodes are summarised in Table.5.3.

Diffusion
Coefficients

Ep,ox 
Bare GC

Bare GC 
cm  ̂s '

Ep,ox
PMB/GC

PMB/GC 
cm  ̂s ’

Ascorbic Acid 0.42V 3.61 ±0.36 X lO '’ 0.5V 5.55±0.S6 X 10'̂
Dopamine 0.42V 3.82±0.58 X 10'̂ 0.6V 5.02±0.58 X 10 ^

Norepinephrine 0.40V 3.01±0.38x lO ** 0.65V 4.15±0.28x 10'̂
Epinephrine 0.46V 3.06±0.21 X lO'*’ 0.65V 6.23±0.43 X 10 ’

Table 5.3; Diffusion coefficients with associated errors calculated for A A, DA, NE and EP, at the bare 
GC and PM B/GC electrodes, using RDE voltammetry. Film thicknesses were in the range, L =

6.31 ±0.73 X 10 ® cm. Solution temperature was 20±1"C.

The fact that the values are quite similar in magnitude is reasonable as the substrates 

are o f similar size. The diffusion coefficients calculated at the PMB/GC electrodes are 

about an order o f magnitude smaller than those found at the bare GC electrodes. This 

is indicative o f  a permeation process o f analyte through the polym er film. The 

location o f the reaction layer for each o f  the analytes is diagnosed in Section 5.8.
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Ascorbic Acid at a PMB/GC electrode
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Figure 5.22; (a) Typical RDE voltam m ogram s for the oxidation o f  2mM Ascorbic Acid in 0.1 M PBS 
at the PM B/GC electrode (pH 7.0). The rotation speeds are (a, — ) 500, (b, ) 1000, (c, )1500,

(d, ) 2000, (e, — ) 2500, (f, ) 3000, (g, ) 3500 and (h, ) 4000 rpm with a scan rate of, v =  20
mV s ', (b) The Levich plot for the oxidation o f  2mM Ascorbic Acid at the PM B/GC electrode. For 

each AA oxidation experim ent a new PM B/GC electrode was prepared with film thickness in the range,
L = 6.21 ±0.66 X 10'* cm.
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Dopamine at a PMB/GC electrode
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Figure 5.23; (a) Typical RDE voltammograms for the oxidation of2m M  Dopamine in 0.1 M PBS at 
the PMB/GC electrode (pH=7). The rotation speeds are (a, — )500, (b, )1000, (c, - )1500,

(d, )2000, (e, —)2500, (f, )3000, (g, )3500 and (h, — )4000 rpm with a scan rate of, v = 20mV
s ', (b) The corresponding Levich plot for the oxidation o f 2mM Dopamine at the PMB/GC electrode. 
For each DA oxidation experiment a new PMB/GC electrode was prepared with film thickness in the

range, L = 6.57±0.82 x 10 * cm.
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Norepinephrine at a PMB/GC electrode
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F ig u re  5.24; (a) Typical RDE voltam m ogram s for the oxidation o f2m M  Norepinephrine in O.IM PBS 

at the PMB/GC electrode (pH 7,0). The rotation speeds are (a, — )500, (b, -  )1000, (c, )1500,
(d, )2000, (e, — )2500, (f, )3000, (g, )3500 and (h, — )4000 rpm with a scan rate of, v = 20 mV

s ', (b) The corresponding Levich plot for the oxidation o f  2mM Norepinephrine at the PM B/GC 
electrode. For each NE oxidation experim ent a new PM B/GC electrode was prepared with film 

thickness in the range, L = 5.98±0.49 x 1 O'* cm.
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Epinephrine at a PMB/GC electrode
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F ig u re  5.25; (a) Typical RDE voltam m ogram s for the oxidation of2m M  Epinephrine in O.IM PBS at 
the PM B/GC electrode (pH 7.0). The rotation speeds are (a, — )500, (b, )1000, (c, )1500,

(d, )2000, ( e ,— )2500, (f, )3000, (g, )3500 and ( h ,— )4000 rpm with a scan rate of, v=20m V  s ',
(b) The corresponding Levich plot for the oxidation o f  2mlVI Epinephrine at the PM B/GC electrode. 
For each AA oxidation experim ent a new  PM B/GC electrode was prepared with film thickness in the

range, L =  6.4410.63 x 1 O'* cm.
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5.6 Tafel analysis o f AA, DA, NE, and EP at the PMB/GC electrode

In RDE voltammetry, the observed current is not limited by the transport of 

reactants to the electrode surface. Therefore, theory is required to describe interfacial 

kinetics, where the observed current is dependant on applied potential. Tafel found 

that current can be related exponentially to the overpotential, r\. A  Tafel plot is the 

plot o f log (iL-io/io) vs. r\ in Equation 5.2, and from it kinetic parameters of interfacial 

redox processes can be determined. For the irreversible/quasi-reversible oxidation 

processes studied in this report, the anodic branch with slope (l-a)F/2.3RT was used 

to calculate the reaction transfer coefficient, a. The transfer coefficient is a measure of 

the symmetry of the energy barrier, that is, the geometry of the intersection region. If 

a = 'A, then the intersection is symmetrical [35(d)].

log
‘0 J

anF
23RT

(5.2)

where overpotential, ri= (E-E'*). Typical Tafel plots for AA, DA, NE and EP obtained 

at the PMB/GC electrode are illustrated in Figure 5.26. The Tafel slopes yielded 

transfer coefficients of a  = 1 for all analytes examined. This implies that the solvent 

distribution function, AGs, is equal to AG, the overall free energy change for the 

reaction. Therefore almost all the applied overvoltage is being used in generation of 

the transition state. This occurs so close to the electrode surface that the transition 

state has a structure much closer to the product than to the reactant [35(d)].
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Figure 5.26; Tafel plots for the electro-oxidation o f  2mM  (a) Ascorbic Acid, (b) Dopamine, (c) 
Norepinephrine and (d) Epinephrine in O.IM PBS at the PM B/GC ( film thicknesses, L = 6.021.98 x 

10‘* cm) rotating disk electrode with rotation speed o f  lOOOrpm.

200



5.7 Koutecky-Levich analysis at a PMB/GC electrode

Kinetic parameters for the analyte oxidation at the PMB/GC modified 

electrodes were determined via Koutecky-Levich analysis. A method for the 

determination o f  values for the limiting currents for AA and the catecholamines DA, 

NE and EP at rotation speeds 0-4,000 rpm was outlined in the pervious section. 

Confirmation o f this data was obtained by monitoring the current response to stepped 

increments in the rotation speed o f the electrode while an oxidative potential was 

being applied. Figures 5.27 -  5.30 illustrate typical responses obtained at the 

PMB/GC electrodes for oxidative applied potentials for AA, DA, NE and EP, 

respectively. All experiments were conducted in a 2 mM solution o f  analyte. The 

latter concentration value was chosen since it is well established that a Koutecky- 

Levich analysis requires that the substrate reaction kinetics be first order. Good steady 

state responses were recorded at all rotation speeds and analyte concentrations with 

excellent reproducibility being achieved.

Kinetic information can be gleaned form the RDE data in the absence o f any 

mass-transfer effects, by applying the Koutecky-Levich equation [35(c)], equation 

(5.3)

1 1  ̂ 1.61

where kME is the heterogeneous rate constant (cm s"') for analyte oxidation at the 

PMB/GC electrode. Koutecky-Levich analysis was employed to analyse the raw 

experimental data. This analysis, as was discussed in Chapter 2, involves plotting l / i t  

versus 1 / c o ’ ^̂  according to the expression. The intercept, I k - l ,  and slope, S k - l ,  were 

used to calculate kivie and diffusion coefficient respectively. These plots should be 

linear where the slope is independent o f potential.

201



8e+4

7e+4

Xo

6e+4

5e+4

4e+4

3e+4

2e+4 ---------------------------------1---------------------------------1--------------------------------1------------------------------T ------------------------------1--------------------------------

0.04 0.06 0.08 0.10 0.12 0.14 0.16

(co/s)
F igure  5.27. The Koutecky-Levich plot for the oxidation o f2m M  Ascorbic Acid in 0.1 M PBS, pH 7, at

the PM B/GC electrode. L = 6 .1 1±0.78 x 10'* cm.
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F igure  5.28; The K outecky-Levich plot for the oxidation o f  2mM Dopamine in 0 .1M PBS, pH 7, at the
PM B/GC electrode. L = 6.68±0.53 x 10'* cm.
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F igu re  5.29; The Koutecky-Levich plots for the oxidation o f2m M  N orepinephrine in 0.1 M PBS, pH 7, 
at the PM B/GC electrode, at +0.6 V. L = 5.97±0.86 x 10'* cm.
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F igu re  5.30; The Koutecky-Levich plots for the oxidation o f2m M  Epinephrine, in 0.1 M PBS, pH 7, 

at the PM B/GC electrode, at +0.6 V. L = 6.43±0.46 x 10'* cm.
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Table 5.4 summarises the values obtained for the diffusion coefficient, heterogeneous 

electrochemical rate constant (obtained from the Koutecky-Levich plot) and 

diffusional rate constant (obtained via the relationship ) at the

PMB modified electrodes for the four analytes, when oxidative potentials were 

applied. The substrate diffusion coefficients compare well to those presented in Table
7 2 15.3, which also are o f the order ~10' cm s’ .

Analyte Rme/ cm s'* D / cm  ̂ s ' kti / cm s'*

Ascorbic Acid 119 4.28±0.86 X 10 ’ 5.4x10"*

Dopamine 140 5.31±0.58 X 10 ’ 6.2 X lO"*
Norepinephrine 97 7.60±0.28 X 10'^ 7.9 X 10 ■'

Epinephrine 102 7.27±0.43 X 10 ’ 7.7 X 10"*
T ab le 5.4; Parameters from K outecky-L evich analysis o f  analyte oxidation at the PM B/GC electrode. 

The substrate diffusion coefficients compare quite w ell with those quoted in Table 5.3

5.8 Diagnosis o f  the PMB reaction layer in the oxidation o f  AA, DA, 
NE and EP

5.8.1 A ndrieux-Saveant Analysis

As outlined in Chapter 4, the Andrieux-Saveant model uses four characteristic 

currents to determine the rate limiting steps:

i ^ = n F A D s c " I S  (5.4)

i g = n F A K D ^ c " / l  (5.5)

i , = n F A F D j L ^  (5.6)

i,, =nFA/dFi ,c ,"  (5.7)

The current due to substrate reaction at the bare electrode, io, has been quantified.

Determination o f is, however, is problematic. When two distinct waves (ii and ij) are
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observed at a modified electrode, the first wave corresponds to a direct electrode 

substrate reaction, while the second wave is due to the mediated substrate reaction. 

Location of reaction zone:

L Layer
LS Layer/Surface
LE La>>e.r/£fccEr(Kk;
S Surface
E EJcctfodc
LRZ Layer Reaction Zone

Icaiiiicig kinetics.
ts. transport of substrate

iraBSfKWt of electrons
surface reaction)

k layer teaction
direct electrode reaciion

Limiting expressions for k'ME

Case notatirCHi ^ ‘mIi LocatioQ
sr Surfaoc reaction at
St, Saycr/clcclrolyie

Ijfc
interface

LSJk(SR) Reaction layer close
L&,(E) to film/clcClrtjIyie 

interface

U(R> kA*[>L lliroughcHJl layer
LRZ^ets(S + E) Narrow reaction 7onc

4- ---- layer
L

LH;s(S> kD* Reaction layerclose to
LFJk(ER>

T "

ylD^k 
V ------

Jo

clcctrodc

Kfee DircctreaKrtion on

L

e]e«to<ie

Table 5.5; Albery-Hillm an case notation (with Andrieux-Saveant case notation in brackets) for
electroactive polymers.
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These waves can be used to determine is using the relation 1/ii = 1/io + 1/is- In the 

RDE voltammograms, obtained at the PMB/GC electrodes, only one wave was 

observed. In this case an electroinactive film should have been used to determine is. 

In the present system the film itself, not a dopant species, is the mediator. A summary 

o f  the rate limiting cases (in brackets) are shown in Table 5.5. According to Andrieux- 

Saveant diagnostic criteria [47], the absence o f a second wave in the RDE 

voltammograms eliminates the (R) and (HR) cases. The polymer charge transfer 

diffusion coefficient, Dct, calculated in Chapter 3 most likely represents the limiting 

rate due to counter ion motion through the film and not the electron diffusion 

coefficient required to determine ie. A value o f 10 ''“̂ cm^ s '' is very slow when
9 2 1compared to the ~10' cm s’ value usually obtained for De. De should have been 

experimentally determined using rotating ring-disk electrode voltammetry.

However, we can eliminate the (S+E), and (E) cases as the K-L slopes vary 

inversely with substrate concentration. We can narrow it down to two possible 

limiting cases, (S) and (SR) [47], as the intercept o f the K-L plots vary also inversely 

with analyte concentration.

The (SR) limiting case is typical o f a substrate reaction layer close to the 

film/electrolyte interface and the (S) case denotes a reaction layer close to the 

electrode surface. The calculated substrate diffusion coefficients through the PMB 

film ~10'^ cm^ s'* is reladvely fast which suggests that the (S) case pertains.

5.8.2 Albery-Hillman Diagnosis

The Albery-Hillman approach is based on the relative rates o f charge and 

substrate transport through the layer, expressed in terms o f the reaction layers, Xo and 

X l, i.e., the fraction o f the film usefully employed in catalysis. The transport and 

kinetic processes are quantified in terms o f the modified rate constant k'ME, obtained 

via Koutecky-Levich analysis. The two general expressions for k^E  developed in the 

Albery-Hillman model are complex but simpler more convenient expressions may be 

obtained for a number o f physically reasonable specific situations. These limiting 

expressions are presented in Table 5.5, from which the rate limiting process and 

reaction zone location can be determined. The corresponding Andrieux-Saveant 

notation is also shown (in brackets).
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The dependence o f the limiting current on the rotation rate as well as the 

dependence o f R'me on the layer thickness can diagnose the location o f the reaction. 

Figures 5.27 -  5.30 clearly show that the limiting current does depend on the rotation 

speed. This behaviour is not consistent with the surface case, Stg. The case where the 

reaction occurs at the electrode/film interface, LEk, can be eliminated because the K- 

L plots are linear. Also, the K-L gradients are less than the inverse Levich constant, B' 

*, found from direct oxidation o f the substrate at the bare electrode. This indicates, 

using the Albery-Hillman diagnostic scheme [48] that the LRZtets limiting case 

pertains. The LRZ case describes a catalysic reaction that occurs in the layer reaction 

zone in the centre o f the polymer film, with the transport o f electrons/substrate rate 

limiting. The corresponding case in the Andrieux-Saveant model is the (S+E) case, 

which we have previously eliminated! The Albery-Hillman diagnosis is consistent 

with the redox site-substrate complex theory in the Michaelis-Menten analysis, in 

which, the reaction layer is throughout the polymer film. We therefore decided to use 

the Michaelis-Menten analysis to quantify the kinetic parameters for the catalytic 

oxidation o f ascorbic acid and the catecholamines at the PMB/GC electrode.

5.9 Amperometric analysis o f  AA, DA, NE, and EP detection at the 
PMB/GC Rotating Disk Electrode

When the anodic peak current response for the couple is measured under 

constant reaction conditions, it is found that amperometric current response varies 

with the concentration o f supplied substrate [S]. The constant conditions referred to 

are the applied potential, typically held at approximately 0.7 V (elucidated via 

voltammetry) to ensure maximal oxidation o f substrate at the electrode interface and 

the substrate flow patterns are governed by the rotating disc (typical speed. 3,000 

rpm).

It is found that the steady state current ( I m a x )  varies with the concentration o f 

supplied substrate [S], this substrate being the injections o f a series o f aliquots o f a 

analyte solution to the phosphate buffered cell solution. Typical amperometric 

responses obtained at a PMB/GC electrode clearly depicted the Imax values obtained 

after each injection o f analyte. When these values o f Imax are plotted against the
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corresponding values of [S], a characteristic rectangular hyperbolic plot is usually 

obtained. This effect is illustrated in figure 4.11.

A number o f features are noteworthy. Low concentrations of the analyte may 

be detected amperometrically because a very small background current (<3 jiA) is 

exhibited for the electrolyte in the absence of substrate. The response of the modified 

electrode is rapid and steady state current responses easily obtained. At low values of 

concentration, the observed current peaks rise in a manner directly proportional to the 

substrate concentration (linear profile), but at larger values of [S] the current 

responses become independent of the actual substrate concentrations. That is, at very 

low concentrations of substrate the reaction is first order with respect to substrate. At 

higher concentrations the current reaches a maximum value, Imax, where the current is 

independent of substrate concentration and the reaction is zero order with respect to 

the substrate. This change in reaction order suggests the operation of a Michaelis- 

Menten type mechanism, involving the formation of an intermediate substrate 

complex, which subsequently decomposes to yield a product.

All experiments were carried out in phosphate buffer at a constant pH of 7 

with the disc electrode rotating at a constant 3,000 rpm. The electro-oxidation of 

ascorbic acid and the three catecholamines were examined at the PMB/GC electrode. 

Calibration curves for each analyte and the associated kinetic parameters were 

elucidated (Figures 5.31 - 5.34). From the calibration curves for AA and DA at the 

PMB/GC electrode, we observe electrode fouling. After addition of ca 6.5mM AA 

and 0.3mM DA, the respective PMB/GC electrode current response reached a plateau. 

The distinctive zero to first order dependency of current response on analyte 

concentration was not evident. Therefore, a true limiting current was not observed.
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F ig u re  5.31; Calibration curve for Ascorbic Acid in 0.1 M PBS at the PM B/GC electrode at a rotation 

speed o f  3000rpm and holding potential o f  +0.6 V. Layer thickness, L = 6.06±0.8 x 10'* cm.
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F igu re  5.33; (a) Calibration curve for Dopamine in 0.1 M PBS at the PM B/GC electrode at a rotation 

speed o f  3000rpm and holding potential o f  +0.7 V. Layer thickness, L = 6.57±0.31 x 10'* cm.

The amperometric voltammetry studies carried out on NE and E at the 

PMB/GC electrode returned some excellent data (Figures 5.34, 5.35) without 

electrode fouling.
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Figure 5.34; Calibration curve for Norepinephrine in 0 .1M PBS at the PMB/GC electrode at a rotation 

speed o f SOOOrpm and holding potential o f +0.7 V. Layer thickness, L = 6.96+0.74 x 10'* cm.
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Figure 5.35; Calibration curve for Epinephrine in O.IM PBS at the PMB/GC electrode at a rotation 
speed o f 3000rpm and holding potential o f +0.7 V. Layer thickness, L  = 6.0±0.22 x 10'* cm.
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5.9.1 Michaelis-Menten Analysis

The change in order o f the amperometric responses with respect to substrate 

concentration from first order at low substrate concentrations to zero order at higher 

values o f  concentration suggests the operation o f M ichaelis-Menten kinetics. 

Michaelis-M enten kinetics offers an analysis o f the mediation process within the 

polymer layer or at the polymer/electrode interface. A fundamental characteristic o f 

the amperometric response is that a transition from first order to zero order kinetics is 

observed near a critical substrate concentration termed the Michaelis-Menten 

constant. Km.

The kinetics o f AA, DA, NE, and EP oxidation can be described in terms o f a 

Michaelis-Menten or ‘saturation kinetics’ reaction scheme. This involves the 

formation o f  a complex between the catalytic surface species and the analyte. This 

complex decomposes to generate the pre-catalyst and the product. This may be 

described by:

, , I;
S+Pol — -  [S Pol P+Pol

Pol ________^  P o f

where S and P denote the substrate and product and P o r  and Pol the 

oxidised(catalytically active) and reduced forms o f  the immobilised polymer. The 

term kg represents the first order catalytic rate constant for the decomposition o f the 

substrate-catalyst intermediate [SPol^]. If it is assumed that substrate diffusion 

through the polymer layer is fast, then one only considers the chemical reaction 

between substrate and site. It can be shown that the kinetic parameters kc and Km can 

be evaluated using the following equation which relates the rate o f the chemical 

reaction (expressed as a current) to the bulk concentration o f the substrate, s*.

n F A k T s ’̂  i s ’̂  
+ 5  K„+ s

wiiere Y  denotes the surface coverage o f  the polymer active sites, im represents the 

maximum current observed at high substrate concentrations. This expression is an
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electrochemical form of the Michaelis-Menten equation and can be transformed into a 

linear form termed the Lineweaver-Burk (LB) [35] equation, given by

i nFAk^Fs nF A k^r s
(5.9)

where Slb and Ilb denote the slope and intercept of the LB plot(plot of 1/i versus 

1/[S]) and are given by

The Lineweaver-Burk plot is a useful diagnostic tool to confirm the operation 

of Michaelis-Menten kinetics. Simple manipulation of the equations for the slope and 

intercept allow quick evaluation of the Michaelis constant Km. A low value 

signifies higher substrate affinity for the active sites. The value for the catalytic rate 

constant kc is also easily elucidated provided the value for the surface coverage of 

active sites for the polymer layer can be determined. A small value for kc indicates 

that the polymer substrate complex dissociates rapidly into product, resulting in a 

quick turnover. The surface coverage is evaluated via integration of the cyclic 

voltammetric peak obtained from cyclic voltammetry recorded under conditions of 

low sweep rate and in the absence o f substrate.

Typical LB plots for the four analyte oxidation calibration curves at the 

polymer modified electrodes are illustrated in figures 5.36 -  5.39. Accurate values for 

I l b  and S l b  were determined via least squares curve fitting software (Sigmaplot). 

From these values, Km and kc were determined for each analyte and are illustrated in

Table 5.6.
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F ig u re  5.36; Lineweaver-Burk o f  AA calibration curves with associated error bars ( n = 3). Layer

thickness, L = 6.0610.8 x 10'* cm
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Fig. 5.37; Lineweaver-Burk analysis o f  the data gleaned from the calibration plots (n = 3) o f  Dopamine 
in 0.1 M PBS at the PMB/GC electrode at a rotation speed o f  3000rpm and holding potential o f  +0.7 V.

Layer thickness, L = 6.57±0.3I x 10'* cm.
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F ig u re  5.38; Lineweaver-Burk analysis o f  the data gleaned from the calibration plots (n = 3) o f 

Norepinephrine in 0.1 M PBS at the PM B/GC electrode at a rotation speed o f  SOOOrpm and holding 
potential o f  +0.7 V. Layer thickness, L = 6.96±0.74 x 10 * cm.
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F igu re  5.39; Lineweaver-Burk analysis o f  the data gleaned from the calibration plots (n = 3) o f  
Epinephrine in 0.1 M PBS at the PM B/GC electrode at a rotation speed o f  SOOOrpm and holding 

potential o f  +0.7 V. Layer thickness, L = 6.0±0.22 x 10'* cm.
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The data may also be examined using the Eadie-Hofstee (EH) plot which arises from 

the following equation

i u F A k T  i
(5.11)

A plot o f  the inverse o f the substrate equation should be linear with slope, S h e , and 

intercept, I e h , given by.

S eh =  - K

n F A k J
(5.12)

Figures 5.40 -  5.43 show the resultant plots from the batch amperometry experiments 

using the Eadie-Hofstee analysis and the parameter values are summarised in Table 

5.6.
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Figure 5.40; Eadie-Hofstee plot for Ascorbic Acid oxidation at the PM B/GC electrode. Layer
thickness, L = 6.08±0.08 x 10'* cm.

All Eadie-Hofstee plots were constructed with associated errors for each data point.
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Figure 5.41; Eadie-Hofstee plot for Dopamine oxidation in O.IM PBS at the PMB/GC electrode. Layer
thickness, L = 6.57±0.31 x 10'* cm.
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Figure 5.42; Eadie-Hofstee plot with error bars for Norepinephrine oxidation in 0.1M PBS at 
the PMB/GC electrode. Layer thickness, L = 6.9610.74 x 10'* cm.
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Figure 5.43; Eadie-Hofstee plot with error bars for Epinephrine oxidation in 0.1 M  PBS at the 
PMB/GC electrode. Layer thickness, L = 6.0±0.22 x 10'** cm.

For many years these methods o f analysis was the only ones available for 

detemiination o f values for Km and kc. However there are limitations to this method o f 

analysis. Firstly no kinetic values other than Km and k  ̂can be gleaned from LB or EH 

data. Also both analysis techniques attempt to express an intrinsically non-linear 

expression in a linear form. This results in compression o f experimental data and 

therefore the inevitable generation o f inaccuracies in the estimation o f the kinetic 

parameters Km and kc. Finally LB and EH analysis does not account fo r substrate 

diffusion w ith in the layer but assumes in fin ite ly fast diffusion kinetics. It was 

therefore concluded that a non-linear analysis o f batch amperometry was needed and 

that data elucidated from LB and EH analysis only be used to provide estimates o f the 

kinetic parameters.

Non-linear reaction/diffusion equations describing the substrate transport and 

reaction kinetics w ith in the film  were formulated and developed in chapter 4. Four 

distinct lim iting cases were derived and are schematically illustrated in figure 4.13. 

This allows the use o f specific non-linear equations to examine and characterise 

amperometric profiles for thin and thick film s while saturated or during saturation. 

Therefore the first issue to be assessed was what specific reaction/diffusion equations 

i.e. Case I, II, III or IV, were the correct ones to apply to measured responses or in 

simple terms are the layers classed as ‘ thin, ‘ th ick’ , ‘saturated’ or ‘unsaturated’ .
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A reaction occurring at a polymer electrode interface can in theory occur at 

three separate areas: the film /solution interface, the electrode/film interface or 

alternatively throughout the entire film . Typical results o f the NLLS fitting  to 

equation 4.47 are outlined in figures 5.44 - 5.47 and all elucidated kinetic data is 

given in Table 5.6.
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Figure 5.44; Typical batch amperometric responses obtained and the NLLS fit curve obtained from 

Simple Michaelis-Menten equation for Ascorbic Acid oxidation in O.IM PBS at the PMB/GC 
electrode. Layer thickness, L = 6.06±0.8 x 10'* cm.
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Figure 5.45; Typical batch amperometric responses and the NLLS fit curve obtained from Simple 

Michaelis-Menten equation obtained for Dopamine oxidation in O.IM PBS at the PMB/GC electrode.
Layer thickness, L = 6.57±0.31 x 10 * cm.
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Figure 5.46; Typical batch amperometric responses obtained for Norepinephrine oxidation in 0.1 M 
PBS at the PMB/GC electrode. The discrete data points represent the batch amperometric results and 

the line represents the NLLS fit curve obtained from Simple Michaelis-Menten equation. Layer
thickness, L = 6.96±0.74 x 10'® cm.
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Figure 5.47; Typical batch amperometric responses obtained for Epinephrine oxidation in 0.1 M PBS at 

the PMB/GC electrode. The discrete data points represent the batch amperometric results and the line 
represents the NLLS fit curve obtained from Simple Michaelis-Menten equation. Layer thickness, L =

6.0±0.22 X 10 * cm.

The criteria for fitting  the theoretical simple Michaelis-Menten model to the 

experimental data involved inputting two values, one for K m and the other for kc.
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Analyte Km l b  

(mM)
k c  LB

(s-')
Km e h  

(mM)
k c  EH

(s-')
Km ivi-M 
(mM)

k c  IM-M 

(S'*)
Ascorbic Acid 0.93 1.93 1.25 2.16 5.32 5.65

Dopamine 0.133 0.225 0.284 0.39 0.52 0.45

Norepinephrine 2.39 4.76 2.98 5.7 3.07 6.99

Epinephrine 1.33 3.42 1.93 4.49 1.86 4.39
Table 5.6; Summary o f  the kinetic data gleaned from the Lineweaver-Burk, Eadie-Hofstee and Simple

M ichaelis-M enton methods o f  analysis.

It should be noted that the determined value for Km is given with the partition 

coefficient k  remaining unknown (K ’m = Km/K). Initial comparisons between the 

kinetic parameters determined via LB, EH analysis and via simple Michaelis-Menten 

analysis reveal similar values. The electrode fouling that occurred during AA 

oxidation meant that true Michaelis-Menton behaviour was not observed. The values 

calculated via the Michaelis-Menton fit are very poor. The Michaelis-Menton fit for 

NE and EP oxidation is reasonably accurate and this is reflected in the similar kinetic 

parameters elucidated from the data. In general the Km values are quite large which is 

indicative o f  low analyte affinity for the active sites in the PMB/GC electrode. The 

differences in the values obtained for Km can be explained in the fact that non-linear 

data was linearised to facilitate LB and EH analysis. The high values for kc imply that 

a slow dissociation o f the polymer substrate complex occurs. The polymer film, 

therefore, only acts as a permeable membrane through which the analyte can diffuse 

to undergo oxidation at the polymer/electrode interface. This means that the electrode 

itself is the catalyst for the analyte oxidation. Although the values obtained for the 

kinetic parameters using the simple Michaelis-Menten equation for DA, NE and EP 

are reasonable, the fitted lines do not describe the experimental data perfectly. This 

may be explained by the fact that the complicating effect o f substrate diffusion within 

the film is ignored.

The more complicated full Michaelis-Menten fit for three parameters (a, b and 

c in equation 4.71) proved to be extremely difficult when applying the full Michaelis- 

Menten fit, due to the difficulties to obtain consistently reasonable results when using 

three as opposed to two fitting parameters. Unfortunately a successful reasonable fit
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was not obtained. This is probably due to the polymer nature in that no obvious 

catalysis is observed in the oxidation o f each analyte. Substrate polarisation o f the 

polymer film, therefore, probably has little bearing on the kinetic parameters 

evaluated.

5.10 Detection Limits

A concentration detection limit ( C dl) was determined for each o f the analytes 

at the PMB/GC electrode using the data collected from successive determinations o f 

individual samples. The formula used for this calculation is, C dl = ts/zw, and the 

values are presented in Table 5.7.

t is the level o f confidence detemiined from the signal to noise ratio = 3.

5 is the signal deviation o f  individual subsamples = 7 x 10'^ A. 

m is the mean value for the slope o f the calibration curv'e.

Analyte C d l / M

Ascorbic Acid 1.2 X 10 '̂
Dopamine 1 X lO *'

Norepinephrine 1.1 X lO **
Epinephrine 1.5 X 10 "

T able 5.7; Concentration detection limits at the PM B/GC electrode.

5.11 Selectivity o f  the PMB/GC electrode

Figure 5.48 compares the differential pulse voltammograms o f the PMB/GC 

electrode in ImM AA and in O.IM PBS. The oxidation peak for the AA is not present 

or maybe masked by the PMB/GC redox activity. Certainly no catalysis is evident, 

and so the PMB acts a permeable membrane for AA to diffuse through, allowing 

oxidation to occur at the electrode surface.
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Figure 5.48; Differential pulse voltammograms comparing the PMB/GC in ( ) Im M  Ascorbic Acid +

0 .1M PBS. and in (— ) 0 .1M PBS. Pulse amplitude and width were, 0.05 V  and 0.08 s, respectively.
Layer thickness, L = 6.72+0.37 x 10'* cm.

For analysis, differential pulse voltammetry (DPV) can be superior to CV, as 

A A  and DA oxidation peaks can be more defined and have been shown to be 

distinctly separate at an unmodified graphite electrode [49], A t the PMB/GC electrode 

a well defined peak is observed for DA oxidation, in the absence and presence o f AA  

(Figure 5.49).
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Figure 5.49; Differential pulse voltammograms comparing the PMB/GC in ( ) Im M  Dopamine +
0 .1M PBS and ( ) I mM Ascorbic Acid + 1 mM Dopamine in 0.1M PBS. Pulse amplitude and width

were, 0.05 V and 0.08 s respectively. Layer thickness, L = 6.04±0.96 x 10'* cm.
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The DA oxidation peak current does not decrease and peak potential is not 

affected by the presence o f AA. This result also held true for smaller DA 

concentrations tested and a mathematical subtraction o f  the AA in PBS yielded well 

defined DA oxidation voltammograms (Figure 5.50).
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Figure 5.50; Background subtracted ( Im M  A A in 0.1 M PBS) differential pulse voltammograms o f  the 
PMB/GC in (— ) ImM , ( ) SxlG'^M and ( ) SxlO'^M Dopamine. Pulse amplitude and width were,

0.05 V and 0.08 s respectively. Layer thickness, L =  6.97±0.61 x 10 * cm.

The PMB/GC exhibited the same selectivity for NE in the presence o f AA and 

the combined DPV results for a ImM  concentration are outlined in figure 5.51. A 

notable feature is that the monomeric LMB oxidation peak diminishes on the addition 

o f AA and the catecholamines.

The epinephrine oxidation peak was also separated from the AA oxidation 

peak and was shifted to a slightly more positive anodic potential than DA and NE. 

The background corrected voltammograms for ImM DA, NE and E are shown in 

figure 5.52 to highlight their different oxidation potentials at the PMB/GC electrode.
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Figure 5.51. Differential pulse voltammograms o f the PMB/GC in ( - - )  O.IM PBS, ( ) Im M  AA+NE
in 0.1M PBS, ( ) 1 mM NE in 0.1M PBS, (— ) 1 mM NE background subtracted (1 mM AA  in 0.1M

PBS). Pulse amplitude and width were, 0.05 V  and 0.08 s respectively. Layer thickness, L  = 6.88±0.95
X 10 ® cm.
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Figure 5.52; Background subtracted (Im M  Ascorbic Acid in O.IM PBS) differential pulse 
voltammograms for Im M  ( -) Dopamine, ( ) Norepinephrine and (— ) Epinephrine at the PMB/GC

electrode. Pulse amplitude and width were, 0.05 V  and 0.08 s, respectively. Layer thickness, L =
6.27±0.54x 10'* cm.

In the case o f the PMB/GC electrode, separate peaks for DA, NE and E are 

observed in the presence o f AA  using DPV. The selectivity o f the PMB/GC electrode
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is due in part to the experimental timescale employed by DPV and also to the affinity 

that the anionic AA has for the cationic redox sites throughout the polymer. This AA- 

redox site complex is rendered electro-inactive during the course o f the DPV 

experiment. This effect may be tentatively rationalised in that a threshold level of 

voltage must be applied to the PMB/GC electrode for dissociation of AA from the 

redox sites to be thermodynamically favourable. By the time this threshold has been 

applied, diffusion o f the AA to the polymer/electrode interface is too slow for 

oxidation to occur before the pulse has ran its sweep. In any event the AA and 

catecholamine signals do not overlap allowing for determination of the catecholamine 

concentration.

5.12 Conclusions

The electrochemical oxidation of Ascorbic Acid, Dopamine, Norepinephrine, 

and Epinephrine was analysed at unmodified glassy carbon electrodes and at 

polymethylene blue polymer modified electrodes using cyclic voltammetry. The 

redox diffusion coefficient for AA and the catecholamines at both the bare and 

PMB/GC electrodes was subsequently elucidated.

Rotating disc voltammetric studies were also performed to quantify diffusion 

coefficients for the analytes at the bare and PMB modified electrodes. The 

amperometric data was analysed using the mass transport corrected Tafel equation 

and it was noted that much of the applied potential is required, thermodynamically, to 

oxidise the analytes. The oxidation kinetics o f each of the analytes was investigated at 

the rotating disc electrode via linear sweep voltammograms and subsequently via 

Koutecky-Levich analysis. An attempt to locate the reaction zones using the Albery- 

Hillman and Andrieux-Saveant models proved difficult. The models predicted 

different reaction zones even though both models are essentially equivalent.

Calibration curves o f ascorbic acid and the catecholamines (at constant pH) at 

modified electrodes were constructed from batch amperometric data. Kinetic 

parameters. Km and kc, were quantified using the linear Lineweaver-Burk and Eadie- 

Hofstee equations. The theoretical analysis of steady-state amperometric responses for 

a polymer modified electrode that exhibits Michaelis-Menten kinetics was applied. 

Non-linear least square analysis of the amperometric data in tandem with the LB and

225



EH expressions produced reasonable values for the Michaelis-Menten constant Km, 

the catalytic rate constant kc- Analyte detection limits were also calculated.

Finally, the selectivity of the PMB/GC was investigated using DPV. The ionic 

association between the cationic polymer redox sites and the anionic AA, coupled 

with the short experimental timescale, made the selective detection of the 

catecholamines possible in the presence of AA.

As a redox catalytic sensor for AA and the catecholamines, the PMB/GC 

electrode exhibits many shortcomings. Electrode fouling occurs in high 

concentrations of AA and DA, and the actual catalytic oxidation of the analytes is 

minimal at best. However, the permselective properties of the PMB/GC using DPV 

are excellent and could be exploited as part of an improved sensor system.
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CHAPTER 6

THE

MAGNETOHYDRODYNAMIC

EFFECT



6.1 The Magnetohydrodynamic Effect

When a magnetic field is coupled to an electric field in a perpendicular 

direction, a force is generated at right angles to both. As outlined in Chapter 1, this 

force is called the Lorentz force and causes convection in solution. Thus for 

electrochemical systems limited by mass transfer, an enhanced current due to the 

magnetic field. Ib, is observed. Much research has pushed the development o f 

equations relating the mass transport limited current, Ib, with the parameters that 

control the magnetohydrodynamic (MHD) convection [1-6]. Analyses o f experimental 

results however, vary to large extent. This is due in part to the nonlinear character o f 

the hydrodynamic equations, coupled with the fact that neither the velocity nor 

concentration profile near the electrode is known a priori. In the most comprehensive 

relationship to date, proposed by the authors Legeai et al. [6] investigating the 

oxidation o f ferrocycanide, Ib can be expressed as the function:

/ / ,  (6 . 1)

C represents the electroactive species concentration (mol m'^), D the diffusion
9  1coefficient o f the electroactive species (m s' ), d the working electrode diameter, v 

the kinematic viscosity o f the electrolyte (cS), s the dielectric constant o f the solution, 

B the magnetic field strength (T), n the number o f electrons involved in the redox 

process and K is a proportionality constant [K = (1.2 ± 0.1) x 10^ Amol"^^^ m'^^s cŜ ^̂  

T'*'̂ ]̂. The two most important variables for each system researched are field strength 

and concentration o f the redox species o f interest. Much o f the research performed has 

predicted conflicting exponential dependencies o f Ib on each parameter varied.

The bulk o f most recent findings though, predict that the following 

relationship holds true, for systems involving both macro- and microelectrodes [7].

/^C” oc(5*C” )'^ (6.2)
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where C* is bulk concentration.

Using cyclic voltammetry to explore these equations, the effect o f  an applied 

magnetic field on the reduction o f ferricyanide, was investigated at macro- and 

microelectrodes for a range o f  ferricyanide concentrations. The main aim was to 

quantify the exponential dependency o f  Ib on, (a) the applied magnetic field strength 

and, (b) the bulk concentration o f the redox species. Gold, Glassy Carbon and 

Platinum macroelectrodes (diameter = 3mm) and a platinum microelectrode (diameter 

= 10|am) were used. The anodic current was assigned a positive polarity so that the 

experiments yielded positive reduction currents.

Visual evidence for the magnetic field induced solution convection is

presented in the voltammogram for a O.IM ferri/ ferrocyanide solution, scan rate 

5mV/s, in figure 6.1. A marked increase o f redox currents is observed in the 

voltammograms performed in a 1 Tesla magnetic field. The solution convection 

induced by the magnetic field serves to replenish fresh analyte at the electrode 

surface, effectively causing a narrowing o f the depletion layer. The resultant

voltammograms exhibit well defined, sharp redox peaks approaching limiting current 

behaviour in the 1 Tesla magnetic field. Indeed the S-shaped redox waves in a 1 Tesla 

magnetic field voltammogram are similar to what one might expect from RDE 

voltammetry.

6.2 Dependence o f  Ig on Magnetic Field Strength

It has been shown that over a narrow range o f B, a wide variety o f exponential

dependencies o f le on (e.g., y = 1, 1/3, and 1/2), can all be statisfically justifiable 

with the same set o f  experimental data o f  Ib [8]. For this reason, the double 

logarithmic plot is an appropriate method for the elucidation o f  the dependence o f Ib 

on B [9].

230



Cu
rr

en
t 

I A

Gold Glassy Carbon

6. Oe-4 6,Oe-4

B = 1 TeslaB = 1 Tesla4.00-4 - 4.Oe-4 -

2.0e-4 - 2.08-4 -<

B = 0 Tesla
B = 0 Tesla 3o

-2.0e-4 - -2.Oe-4 -

-4.0e-4 - -4.0e-4 -

-6.0e-4 -6.0e-4
-0.4 -0.2 0.2 0.4 0.6 0.80.0 0.2 0.4 0.6 0.8 - 0.2 0 0

E ly  vs Ag/AgCI EA/ vs Ag/AgCI

Platinum
6.0e-4

B = 1 Tesla
4.0e-4 -

^  2 Oe-4 -

c
0) B = 0 Tesla
3
^  -2.00-4 -

^.Oe-4 -

-6.0e-4
0.6 0.8- 0.2 0.0 0.2 0.4

EA/ vs Ag/AgCI

Figure 6.1; Typical voltammograms for a 0 .1 M ferri/ferrocyanide solution in the presence ( 1 Tesla)
and absence ( -  0 Tesla) o f a magnetic field. Working electrodes were Gold, Glassy Carbon and

Platinum. Scan rate = 5mV/s.
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The reduction o f ferricyanide was investigated over a range o f concentrations 

in the presence o f varying magnetic field strengths. A  log (1b / A ) vs. log (B / Tesla) 

plot was then constructed for each concentration. Figure 6.2 shows two such double 

logarithmic plots for O.IM and IM  ferricyanide reduction at Gold, Glassy Carbon and 

Platinum macroelectrodes.

- 2.0

(B)

CQ

U)o

(A)

- 3.6
1.2 1.0 - 0.6 - 0.4 - 0.2■0.8 0 0

log (B)
Figure 6.2; Dependence o f log Ib on log B for the reduction o f (.A) 0.1M and (B) 1M Ferricyanide at 

Gold ( • ) ,  GC (■ ) and Platinum (▲) macroelectrodes. The magnetic field was varied form 0 . 1 - 1
Tesla and the C V ’s swept at 5mV/s.

The plots are linear indicating a simple power-law dependence o f Ib on B, in 

agreement w ith equation (6.1). The ferricyanide concentration was varied from Im M  

to IM  and all double logarithmic plots exhibit good linearity (correlation > 0.99). For 

all electrodes the slopes were very close to 1/3 for both concentrations and are parallel 

for each electrode type. This result is in agreement w ith literature values [1,4,5] and 

confirms the Ib dependence on B in equation 6.1. One notable feature is that at low B 

values, the lim iting current generated by ferricyanide reduction, is larger at the 

platinum electrode than at the gold and glassy carbon electrodes. A t the highest value 

o f B (i.e. B = IT ), the lim iting current is lower at platinum than at the gold and glassy 

carbon electrodes. This is reflected in the slopes - the gold and glassy carbon 

electrodes have parallel slopes, whereas the platinum electrode is somewhere in 

between. A  difference in the surface morphology o f  the electrodes could be the reason 

for this observation as the Ib has been shown to depend on A^^''[4], where A  = 

electrode area.
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T he Ib d ep en d en ce  on w as a lso  tm e  for the p la tinum  m icroe lec trode  (r^ > 

0 .99). A  p lo t o f  Ib v s . fo r the  reduction  o f  O .IM  fe rricy an id e  at a p latinum  

m icro e lec tro d e  is p resen ted  in fig u re  6.3. T hree  d iffe ren t scan rates are show n and 

co n cu r w ith  resu lts  p u b lish ed  b y  the au thors Lee et al at a 50|^m  platinum  

m icro e lec tro d e  [10].
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(B I  7)^'^
F igure 6.3; Evolution vs. B ’ ’’ o f  limiting current for the reduction o f O . lM  ferricyanide at a lO^m 

Platinum microelectrode. Scan rates were 5 m V /s  ( • ) ,  70m V /s  (■ ) ,  and 300m V /s  ( A ) .

A n o th er im portan t re la tio n sh ip  ex am in ed  w as the p ercen tage cu rren t enhancem en t 

due to  the m ag n etic  field , / g - / „ / / ( ,  . W hite  and co -w o rk ers  claim  the fo llow ing

re la tionsh ip  b etw een  B and  the  stead y  state  lim iting  cu rren ts  at m icro e lec tro d es to be 

true [5 ,10 ,11],

(6 .3)

T his is d isp u ted  by  the au tho rs A aoubi and  C ho p art [3 ,12,13] at bo th  com m on size 

and m icroe lec trodes. A p lo t o f  the en h an cem en t o f  the v o ltam m etric  reduction  

curren t, |1b-Io|, v s . Iq*B is p resen ted  in figu re  6.4 fo r a O. IM fe rricy an id e  so lu tion . T he 

en h an cem en t is no t linear o v er the  ran g e  o f  B, bu t the lim iting  cu rren t enhancem en t 

app roaches a p la teau  as the so lu tion  convection  increases. T h is  can  be ra tiona lised  in 

that the lim iting  cu rren t m ax im u m  value is gov ern ed  by  the  bu lk  fe rricyan ide
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concentration, irrespective o f the magnitude o f solution convection. Thus current 

enhancement cannot be in fin ite ly  linear. Deviation from linearity occurs at B > 0.5 

Tesla for the 0.1M ferricyanide solution for each o f the electrode types.
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0.0 1.0e-4 1.5e-4 2 .0 e ^ 2.5e-4 a.Oe-4
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Figure 6.4; Plot o f enhancement o f voltammetric current | I b - I oI for the reduction o f 0.1 M ferricyanide 
as a function o f Iq*B at a scan rate o f 5mV/s. The electrodes used were Gold ( • ) ,  Glassy Carbon (■ ),

and Platinum (A ) .

6.3 Dependence o f  I  g on Analyte Concentration

The dependence o f Ib on the concentration o f ferricyanide was investigated by 

cyclic voltammetry over six concentrations. The double logarithmic plot o f  log 1b v s . 

log C* was again utilised to quantify this dependency and is shown in figure 6.5. The 

three macroelectrodes used exhibit very sim ilar slopes, the average being 1.296 ± 

0.015, (r" > 0.995). This value is in good agreement with the average slope o f  1.34 ± 

0.01 found by Leventis and co-workers [4], and confirms the term in equation 

6.1.
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Figure 6.5; Effect o f the concentration on the limiting current for the reduction o f ferricyanide. The 

electrodes used were Gold ( • ) ,  Glassy Carbon (■), and Platinum (A ).

Equation 6.2 considers the dependence o f Ib on both variables, analyte concentration 

and magnetic field strength. W ith the exponential dependencies o f 1b on B and C* 

quantified, verification o f this relationship was tested. The 1b/C*^ v s . plots

for the reduction o f 0.1 M ferricyanide are shown in figure 6.6 at gold, glassy carbon 

and platinum macroelectrodes and a platinum microelectrode. The proportionality is 

valid for the three macroelectrodes and the platinum microelectrode used. This is in 

good agreement w ith literature results obtained at both macro- and microelectrodes 

[3,7]. The results obtained in this body o f research show, that when the electroactive 

species concentration is high enough, the magnetic field B effects are o f similar 

magnitude at both macro- and microelectrodes.

235



Gold macroelectrode Glassy Carbon macroelectrode
i.Oe-3

9 Oe-3 -

8.00-3 -
8 Oe-3 -

7:  7 Oe-3 -
7.0e-3 -

j  6 Oe-3 - _ l

5 Oe-3 -
5 Oe-3 -

CD 4 Oe-3 11

3.0e-3 - 3.0e-3 -

2.0e-3
0.1 0.2 0.3 0.5 0.0 0.1 0.2 0.3 0.4 0.5

(B.C*)^'^(T.mol (B.C*)^'^(T.mol

Platinum macroelectrode Platinum microelectrode
2.5e-(9.0e-3

i.Oe-3 2 4e 6 -

7.0e-3 -
2.4e-6 -

■ 6.0e-3 - _ l
^  2 4e-6 -

5.0e-3 -

O  2 4e-6 -

2.4e-6 -3.0e-3 -

2.0e-3 2 3e-6
0.1 02 0.3 0.4 0 .50.0 0.2 0.3 0.4 0.5 0.0

(B.C*)^'^(T.mol L (B.C*)^'^(T.mol
Figure 6.6; The lim iting current for the reduction o f ferricyanide as a function o f analyte concentration 

and field strength. The electrodes used were Gold ( • ) ,  Glassy Carbon (■ ), and Platinum (▲ ) 
macroelectrodes; Platinum microelectrode (T). Scan rate. 5mV/s.

In some cases, at low B value actually results in smaller Ib than the non-field lo 

equivalent. The authors Aaboubi el al. [7] showed that these deviations can be 

attributed to the bidimentional flow  o f electrolyte at the electrode surface. The initial 

Lorentz force at low B values actually repels ions form the electrode surface. It is not 

powerful enough to cause a solution convection that narrows the depletion layer, but 

instead, a slight inhibition o f the lim iting current occurs. According to M HD theory, 

kinetic parameters corresponding to the influence o f this perpendicular component o f 

the electrolyte flux, should be included in the steady-state equation. Deviations 

attributed to this behaviour at low redox species concentration at the macroelectrodes 

are particularly evident in figure 6.7.
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m acroelectrode for a range o f  concentrations o f  Fe(CN)6^" ions.

For low concentrations o f  redox active species at macroelectrodes, the relationship o f 

equation 6.2 breaks down, the resultant plot for a 2 mM concentration o f ferricyanide 

displayed in figure 6.8.
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F igure 6.8; Reduced experimental lim iting current 1b/C* v s . obtained at a Platinum

m acroelectrode for a 2 mM concentration o f  Fe(CN)6''‘ ions at three different scan rates.

From figure 6.8, it can be seen that the slopes o f the three plots approach zero at 2 

mM analyte concentration. The reason for this can be assigned to the aforementioned 

bidimentional flow o f the electrolyte at the electrode surface. So this effect occurs at

237



low values o f B and C“ at macroelectrodes. The same plot was constructed for the 

platinum microelectrode (Figure 6.9). The microelectrode has a radial distribution and 

so, relatively, a 2mM concentration o f ferricyanide, is not a low concentration. Hencc, 

the relationship remains valid.
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F igure 6.9; Reduced experimental lim iting current Ib/C* v s . (B.C*)'^^ obtained at a Platinum  

m icroeiectrode for a 2 mM concentration o f  Fe(CN)6^‘ ions at three different scan rates.

The unusual aspect o f this plot is that the largest current enhancement occurs at a scan 

rate o f  300mV/s. The largest enhancement is expected to occur at the lowest scan rate 

as this increases the experimental timescale, thus, allowing time for the manifestation 

o f  field induced convection.

6.4 Effect o f Experimental Timescale on 1b

The effect o f  experimental timescale on 1b has not been given much attention 

with respect to published research. All MHD effects reported in the literature have 

been investigated using a low scan rate because the action o f  solution convection 

requires some time to take effect. Some aspects o f increasing the voltammetry scan 

rate need to be highlighted as there is a change in the exponential dependency o f  Ib on 

C” and B.

Firstly, the percentage current enhancement decreases as the scan rate 

increases, and indeed, as the non-field limiting current, Iq, increases. This scan rate/Io 

duality is presented in figure 6.10. In the absence o f the magnetic field an increase in
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the scan rate results in an increase o f lo. Conversely in the presence o f a magnetic 

field, Ib decreases as scan rate increases, due to a decrease in the experimental 

timescale. This results in a decrease in percentage current enhancement.

(v / V s )
0.0 0.1 0 2  0 3  0 4  0.5 0.6 0 7  0.8
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o
■
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0.0 5.0e-4 1 Oe-3 2 Oe-3 2.5e-31 5e-3 3 0e-3

io/A
Figure 6.10; Reduced experimental percentage current enhancement (1b-1ô Io) w - Io and obtained at 

a platinum macroelectrode for a 0,1 M concentration o f Fe(CN)(,^‘ ions.

in figure 6.10, the variation o f percentage current enhancement as a function o f lo and 

o f scan rate is described. A plot o f the inverse square root o f the scan rate V5. the 

percentage current enhancement yields a straight line (Figure 6.1 l , r ^ >  0.995).
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Figure 6.11; Typical plot o f percentage current enhancement due to a 1 Tesla field vi. inverse square 

root scan rate, for a 0.1 M concentration o f ferricyanide at a platinum macroelectrode.
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Some deviations from linearity start to occur at the high scan rates (typically, v > 

lOOmV/s). Indeed the current enhancement has negative values in some cases and so 

the magnetic field actually inhibits Ib, when compared to its lo analogue. These 

deviations can be attributed to the perpendicular electrolye flux, but instead o f a low 

concentration or low B value, experimental timescale limits solution convection.

The aim to quantify the exponential dependency o f  Ib on C* and B was 

successful and were in excellent agreement with some o f the more prominent 

literature findings. At low scan rates Ib is proportional to and B'^^. At low B 

values and analyte concentration, deviations from these dependencies are observed. 

The deviations attributed to the experimental timescale were also outlined. The effect 

o f  scan rate on the dependency o f ( I b - I o )  on (Io*B) can be seen in figure 6.12.
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4.0e-4

<  3.0e-4

o
m

S : ,  2.0e-4

1.0e-4 

0.0
0.0 5.0e-4 1.0e-3 1.5e-3 2.0e-3

(Io* B ) / A . T

F ig u re  6.12; Plot o f  enhancem ent o f  voltammetric current |Ib-IoI for the reduction o f  0 ,1M ferricyanide 
as a function o f  1q*B at a Platinum macroelectrode. Scan rates o f  5mV/s ( • ) ,  70mV/s (■ ) and

3 0 0 m V /s(A ).

At a scan rate of, v > 70mV/s, from the double reciprocal plot in figure 6.13, the slope 

= 1, therefore, Ib is proportional to C^. This dependency o f log ( I b ) on log C“ has 

increasingly sub-unity values for scan rates greater than 70mV/s.
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Figure 6.13; Effect o f the concentration on the limiting current for the reduction o f  ferricyanide at a 

Glassy Carbon macroelectrode. Scan rate, 70mV/s.

These findings were very similar for the three different macroelectrodes for all 

concentrations o f ferricyanide examined. The basic proportionality o f Ib/C“  o c

00 1/3(B.C ) was shown to be valid for both macro- and microelectrodes and the 

deviations from this relationship occurred at low values o f B. Low values o f  C” (C“ < 

2mM) at macroelectrodes deviated from linearity but not at the microelectrode. This, 

we concluded, was due to the radial diffusion associated with microelectrodes.

6.5 Effect o f  Magnetic Field Strength on the Reduction Kinetics

The magnetic field had no observable effect on the kinetics o f the reduction o f  

ferricyanide. The reduction peak potentials varied with scan rate in the same manner 

in the absence and in the presence o f an applied magnetic field. Instead a 

homogeneous catalytic system was studied, and the, magnetic field versus no field, 

reaction rates compared.
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6.6 Homogeneous Catalysis

In this section cyclic voltamnietry and rotating disk electrode (RDE) 

voltammetry were used to study the reduction o f methylene blue (MB) to 

leucomethylene blue (LMB), at a glassy carbon electrode and in the presence o f Ferri- 

/Ferrous Ammonuim Sulphate. The rates for a homogeneous catalytic reaction were 

easily calculated. The catalysis was performed in a magnetic field varied from 0 . 1 - 1  

Tesla and the rates compared.

Homogeneous catalytic reactions follow the general scheme:

0  + e' — ► R E (6.4)

K

R + Z ^  0  + Y C ’ (6.5)

This is a specific reaction and overall is ascribed an EC’ mechanism. “E” represents 

an electron transfer at the electrode surface in equation 6.4, and “C” represents a 

following homogeneous chemical reaction. Homogeneous catalysis, denoted by the 

“prime”, describes the mediated oxidation o f species R, by species Z, regenerating the 

starting material O. The reverse reaction o f equation 6.5 does not occur. The reaction 

would be second-order due to diffusion o f species Z and the rate o f electron transfer, 

K. However, the rate o f  equation 6.5 is considered to be pseudo-first-order when 

species Z is present in large excess (Cz“» C o “). The kinetic parameter o f interest is;

V

RT
nF

(6 .6)

An example o f this type o f  reaction, (equation 6.7), is the mediated oxidation of 

Ti(III) to Ti(IV):

Ti(IV) + e  ► Ti(I|I) (6.7)

CIOs', NH2OH
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T he rates o f  reduction o f  the hydroxylam ine and chloride ion at a m ercury electrode 

are small and so these species are not reduced at the potential required to drive the 

Ti(III) reduction.

Typical cyclic voltam m ogram s o f  hom ogeneous catalytic reactions tend 

tow ard a lim iting current, ioo, at sufficiently negative values, w hich is independent o f  

the scan rate:

U = n F A C ;^ D ^  (6 8̂)

Also, the anodic/cathodic peak ratio, ipg/ ipc , is unity and independent o f  X .  The 

system  exam ined in this study was the iron m ediated oxidation o f  leucom ethylene 

blue to m ethylene blue. The catalytic current was used to obtain  the pseudo-first-order 

rate constant o f  this reaction both in the absence and presence o f  an applied m agnetic 

field.

The specific catal>tic oxidation o f  LM B by is described by the follow ing tw o 

equations; 1) the reduction o f  m ethylene blue (M B) to leucom ethylene blue (LM B), 

reaction 6.9, at a glassy carbon electrode and 2) the oxidation o f  LMB to M B in the 

presence o f  Ferri-/Ferrous A m m onuim  Sulphate, reaction 6.10:

M B + 2 e  ^ ^ LM B E  6.9

K

LM B + 2Fe^^  ► 2F e^^+ M B  C ’ 6.10

Reaction 6.9 describes the charge transfer process o f  the tw o electron reduction o f  

m ethylene blue to leucom ethylene blue. The second equation 6.10, describes the 

irreversible catalytic reaction betw een LM B and Fe^^, and this reaction increases the 

concentration o f  M B at the electrode surface. The overall reaction schem e is classed 

the aforem entioned E C ’ m echanism . W hen this high concentration o f  M B is reduced.
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the current produced is greater than the simple charge transfer current o f equation 6.9. 

The difference in magnitude o f  these currents is termed the catalytic current and can 

be defined as the observed current due to the chemical reaction between LMB and the 

Fe^^. This catalytic current can be quantified, and from a relationship (equation 6.11) 

developed by Saveant and Vianello [14], the rate constant (k ) for reaction 6.10 can be 

determined. The reaction rate has been shown, by spectral investigations, to follow 

pseudo-first order kinetics [15], and indeed is assumed to follow first order kinetics 

when the concentration o f Fê '*̂  is greater than the concentration o f MB.

For analysis o f the homogeneous catalytic reaction via cyclic voltammetry, the 

following equation was used

0.447 V V nF

where ( io o ) c  is the catalytic current, (ip)d is the diffusion peak current, a  is a 

stoichiometric factor, k  is the rate constant, C°z is the concentration o f Fê "̂  and v is 

the scan rate.

In order to obtain the values required to calculate the catalytic rate constant for 

reaction 6.9, cyclic and rotating disk voltammetry techniques were employed. The 

experimental conditions were taken from a paper by Murthy and Reddy [16]. In their 

paper, the authors claim to have obtained results examining the above system at a 

platinum electrode. Initially the aim o f this study was to repeat and confirm their 

findings, but after careful experimentation it was discovered that this was not yielding 

the required results. The reason, we have concluded, is that the charge transfer process 

o f the MB/LMB redox couple at a platinum electrode is too facile to require 

mediation by the Fe^VFe^^ redox couple. This can clearly be seen from the 

voltammogram in figure 6.14. The stoichiometry in equation 6.10 requires two
9 +  ^ - 1-equivalents Fe /Fe to one equivalent MB/LMB, and this was satisfied. Scan rate, v 

= 40 mV/s.
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F ig u r e  6 .1 4 ; C y c lic  V oltam m ogram  o f  5x10''' m ol dm'^ M B , 1x10'^ m ol dm'^ Fe^^, in 0.1 m ol dm'^
H 2 SO 4  at a platinum  electrode.

A cathodic peak at Ep = +340 mV and anodic peak at Ep = +550 mV correspond to 

the reduction o f Fe^^ and oxidation o f Fe^^ respectively. Ep = 190 mV corresponds to 

the reduction o f MB to LMB, and the oxidation peak at Ep = +224 mV is the reverse 

conversion o f LMB to MB. Clearly there is no mediation o f the oxidation o f  MB to 

LMB by the Fe^^, but two independent processes can be seen. For this reason the 

platinum electrode was neglected in favour o f the glassy carbon electrode where 

electron transfer kinetics o f the MB/LMB redox couple are known to be sluggish.

Cyclic Voltammetry experiments were performed for four different 

concentrations o f MB-Iron system to quantify the catalytic currents and hence rate 

constants for reaction 6.10. The cyclic voltammograms o f MB (5.0 x 10'^ mol dm'^) in 

0.1 mol dm'^ H2SO4 at a glassy carbon electrode are shown in figure 6.15. Scan rate, v 

= 40 mV/s. It can be clearly seen from voltammograms {a-d} that there is a change in 

the anodic and cathodic peaks. In {a} there is no Iron present and both reduction and 

oxidation peaks corresponding to reaction 6.9 are seen. The cathodic peak current has
—6 3+ 4increased from 2.1 x 10 A in {a}, when no Fe was present, to 1.48 x 10' A in {d}, 

when 1x10'  mol dm ' Fe was present. This is due to the chemical reaction between 

LMB and Fe^^ that increases the concentration o f  MB in the diffusion layer. In {b}, 

both cathodic and anodic peaks can be seen but the anodic peak has diminished, as the 

reaction o f LMB and Fê "̂  is irreversible. In {c}, the anodic peak has diminished 

further and has eventually disappeared in {d}.
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The diffusion peak current (ip)d is obtained form the voltammogram with no 

Iron present while the cathodic peak current (ip)c is obtained from the voltammogram 

with Iron present, in which all the LMB has been converted to MB, i.e., the anodic 

peak is no longer present. The catalytic current (ioo)c is quantified by subtracting (ip)d 

from (ip)c Thus the cathodic peak current represents the total current from the charge 

transfer and the catalytic current. Table 6.1 summarises the values obtained for 

diffusion peak currents, cathodic peak currents, catalytic currents and rate constants 

for reaction 6.10 at different scan rates for the 5 x 1 0 ' mol dm ' MB, 1x10 ' mol dm' 

Fe^^ system.
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F ig u re  6 .1 5 ; C y c lic  V o ltam m ogram s {a -d } o f  5 x 1 0 ' m oi dm ' M B  in 0.1 m ol dm" H 2 SO 4  w ith: {a} no  
Fe^^, {b} IxlO"'* m ol dm ‘  ̂ F e ^ \ {c }  5 x 1 0 “* m ol dm ‘̂  Fê "" and {d} 1x10 '“ m ol dm'^ Fe"*̂ . T he scan rate

w as V =  4 0  m V /s.
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Scan 
rate, v 
(mV/s)

Cathodic peak 
current, 
( ip ) c (A ) .  
SxlO^M MB, 
1x10  ̂M Fe  ̂ .

Diffusion peak 
current, (ip)d
(A ),
5xlO^M MB

Catalytic current
(ioo)c =  (ip)d-(ip)c (A ) ( i J c

O p ) d

Rate
Constant, k  

(L mol ' s'*)

5 5.49e-5 4.66e-6 5.45e-5 11.7 5.39e+2
10 7.51e-5 6.58e-6 7.44e-5 11.3 l.Ole+3
20 1.04e-4 9.92e-6 1.03e-4 10.4 1.71e+3
30 1.23e-4 1.26e-5 1.22e-4 9.7 2.23e+3
40 1.43e-4 1.53e-5 1.42e-4 9.3 2.70e+3
50 1.62e-4 1.83e-5 1,60e-4 8.8 3.03e+3
60 1.70e-4 1.79e-5 1.69e-4 9.4 4.22e+3
70 1.87e-4 2.11e-5 1.85e-4 8.8 4.26e+3
80 1.61e-4 2.21e-5 1.59e-4 7.2 3.27e+3
90 1.93e-4 2.49e-5 1.91e-4 7.7 4.18e+3
100 2.19e-4 2.52e-5 2.16e-4 8.6 5.81e+3
200 2.69e-4 3.83e-5 2.65e-4 6.9 7.55e+3
300 3.Ole-4 6.91e-5 2.95e-4 4.3 4.31e+3
400 3.68e-4 7.68e-5 3.60e-4 4.7 6.94e+3
500 3.87e-4 9.56e-5 3.78e-4 4.0 6.15e+3

T able 6.1; D iffusion peak currents obtained for a [M B] 5 x 1 0 '  M and the catalytic currents generated  
in the presence o f  0 .0 1 M Fe^", used to calculate rate constants over a range o f  scan rates.

The rotating disk electrode (RDE) voltammetric behaviour o f MB and o f the 

MB-Fe^^ system was studied for the same concentrations investigated using cyclic 

Voltanmietry. The scan rate was kept constant (v> = 20 mV/s), but the rotation speed 

was  ̂aried. The rate constants o f reaction 6.10 were determined using the following 

relationship, developed by Lyons [17]:

‘/.,c

D
5 6.12

m

K = K [Fe^^Jo 6.13

where iL,c is the catalytic limiting current, 1l,d is the diffusion limiting current, [Fe^^]® 

is the bulk concentration o f Fe^^ when no LMB remains in the system, Dmb is the 

diffusion coefficient o f MB and 6 is the diffusion layer thickness. The diffusion layer 

thickness was calculated using the following equation:
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(6.14)

• • • • 2where D is the diffusion coefficient, u  is the kinematic viscosity o f  the solution (~ 10'
9  1cm s ' ) and co is the rotation speed o f the electrode in Hertz. The RDE 

voltammograms (figure 6.16) show the plateau regions at the negative potentials used 

to determine the catalytic limiting current. The diffusion coefficients were calculated
I /2using the slope o f  the linear graph o f iL,o versus co . Figure 6.17 shows the plot for 5 

xlO'^ mol dm'^ MB, from which the diffusion coefficient. D m b  = 8.15 x  10'^ cm^ s '', 

was obtained. Diffusion peak, catalytic currents and calculated rate constants are 

summarised in table 6.2.
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F igure 6.16; RDE V oltam m ogram s o f  {a} 1x10’̂  m ol dm'^ M B, 1 x 1 0 ''mol dm'^ Fe^*, {b} 5x10'^ mol 

dm ’ M B, 1x10’  ̂mol dm'^ Fe^^, {c} IxlO'^* mol dm'^ M B, 1x10 " mol dm'^ Fe^^ and {d} 5x10 “̂  mol dm' 
 ̂ M B, 1x10'' m ol dm'^ Fe^  ̂ in 0.1 mol dm'^ H2 SO 4 , 0.1 mol dm'^ KCI at a g lassy  carbon electrode. The 

catalytic lim iting current, Il.c, value was obtained form the plateau in the negative potential region. The 
current increase after the potential o f  800 mV is due to hydrogen evolution. The rotation speed was

1000 rpm and the scan rate 20 mV/s.
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Figure 6.17; A typical plot o f  diffusion limiting current ( I l d )  values vs co''*̂  for 5x10'^ mol dm'^ MB. 

The slope is proportional to the diffusion coefficient.

(co'Hertz)'^^ T K (L mol ' s ') (co Hertz) '̂ ^ K (L mol ’ s ')

1.030 15.1 3.95e+2 2.726 19.7 2.17e+3
1.262 15.3 4.97e+2 2.820 20.0 1.89e+3
1.457 17.1 7.15e+2 2.914 20.2 1.99e+3
1.629 18.5 9.31e+2 3.003 20.5 2.12e+3
1.784 19.0 1.08e+3 3.09 20.8 2.23e+3
1.927 19.2 1.18e+3 3.175 20.7 2.29e+3
2.060 19.1 1.26e+3 3.258 21.0 2.40e+3
2.185 19.7 1.42e+3 3.337 21.0 2.45e+3
2.303 19.6 1.48e+3 3.416 21.0 2.53e+3
2.415 18.9 1.45e+3 3.492 21.4 2.67e+3
2.523 19.2 1.27e+3 3.569 21.4 2.28e+3
2.626 19.4 1.65e+3 3.642 22.0 2.95e+3

Table 6.2; Diffusion peak, catalytic currents and calculated rate constants sum m arised for a range o f
rotation speeds.

1 / 9Values obtained for the 1l,c / 1l,d ratio which is proportional to co' (Figure 6.18), and 
the rate constant k  for different electrode rotation speeds are shown in Table 6.2.
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Figure 6.18; Plot o f  the linear relationship !l,c ! iuo  ratio vs for 5x10'^ mol dm'^ MB, 1x10'^ mol 

dm'^ Fe^^. This shows reasonably good linearity especially at low rpm.

The CycHc Voltammetry data presented in table 6.1 for the homogeneous catalytic 

rate constants compare reasonably well with those obtained using RDE Voltammetry 

in table 6.2. The average rate using Cyclic Voltammetry was 3.86 x 10  ̂L mol'* s’', 

while the average using RDE Voltammetry was 1.72 x 10^ L mol"' s ''. This was the 

case for various concentrations o f  the MB-Iron system. These rate constants compare 

very well with those calculated by Murthy and Reddy [16].

6.7 Effects o f  an Applied Magnetic Field on Homogeneous Catalysis

Cyclic voltammetry was employed to analyse the catalysis in the presence o f  a 

range o f magnetic field strengths [0 -  1 Tesla] and the reaction rates quantified. A 

series o f  voltammograms outlining the progression o f  the catalysis o f a 5 x 10"  ̂ M 

MB solution with increasing Fe^^ concentrations, in the absence and presence o f a 1 

Tesla magnetic field, is shown in figure 6.19.
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F igure 6.19; Cyclic Voltammograms {a-d} o f 5x10 '’ mol dm’’ M B  in 0.1 mol dm’’ H 2 SO 4  with; {a} no 

Fe^ ,̂ {b j 1x10'^ mol dm '̂  Fe^^, {cj 1x10'* mol dm'^ Fe^  ̂ and {d) I x l O ' mo l  dm'^ Fe^*, in the 
absence(— ) and presence( ) o f  a 1 Tesla magnetic field. The scan rate was v  =  5 mV/s.

The field induced convection is vis ib ly evident in the voltammogram series. In {b} 

the concentration o f Fe^^ is 1 x 10'^ M. The anodic peak corresponding to LM B is 

significantly smaller in the 1 Tesla voltammogram, than in the zero field 

voltammogram. A  greater solution convection, due to the applied field, enables a 

greater collision incidence o f the Fe^^ and LM B molecules, and thus, larger amounts

o f LM B is oxidised to MB. This is reflected in the magnitude o f the reaction rates
1 /2summarised in table 6.3. Equation 6.12 predicts that, (Ip)oo / (lp)d vs. v ' , should be 

linear and this was also found to be true for all field strengths > 0.2 Tesla, figure 6.20.
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Figure 6.20; Plot, and associated errors, o f the linear relationship (ip)oo/ (ip)d ratio vs. for 5x10"’ mol 
dm'^ MB, 1x10"' mol dm'^ Fe^^, for four field strengths. The relationship yields good linearity but with

some scatter particularly at fast scan rates.

The slopes o f the plots were used to calculate the average rate values for the 

spontaneous oxidation o f LM B by Fe^^, as summarised in table 6.3. A  final plot o f the 

ratio slopes V5. magnetic fie ld strength is shown in figure 6.21. The plot exhibits 

excellent linearity for ratio type data (large scope for errors), w ith r^ = 0.96. We again 

observe the deviation from linearity that occurs between zero and low B values.
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Figure 6.21; Plot, and associated errors, o f  the slopes o f  the linear relationship (ip)*/ (ip)j vi. v as a 

function o f  magnetic field strength for 5x10'" mol dm'  ̂MB, IxlO'  mol dmFe^^.  The relationship
yields good linearity but with some scatter.

The table is a summary o f the average slopes for the ratio for each concentration of 

MB / Fe^^ investigated. From these slopes the average rate was calculated in the 

absence and presence o f the magnetic field, and then compared.

-1Cone/ mol L

5x10  ̂MB, 0.1 
1x10^ MB, 0.01 
5x10  ̂MB, 0.01 Fê  ̂
1x10  ̂MB, 0.001 Fê ^

Ratio slope / (s Average Rate ( L ’ mol s) 
B = 0 Tesla B = 1 TeslaB = 0 

Tesla 
3.22±0.55 
1.26±0.25 
1.36±0.27 
1.02±0.33

B = 1 Tesla

8.05±0.14
2.15±0.45
1.66±0.30
1.42±0.36

8 .2 4 x l0 m i4
1.27xl0^±0.25
1.46xl0V0.39

5.14x10^0.93 
3.65x10-VO.77 
2.17xl0^±0.65

3 j9.3x10U0.43 1.04x10’±0.62

Table 6.3; Slopes o f  the (ip)*/ (ip)d ratio vs. v' , and the homogeneous catalytic rate constants 
compared in the presence and absence o f  the magnetic field.

It must be stressed that the enhanced rate constants obtained in the presence o f the 

magnetic field were due to an increase in solution convection and not due to any 

kinetic effects on electron transfer.

253



6.8 Effect o f  an Applied Magnetic Field on PMB-GC modified 
electrode activity

The redox activity shown by a PMB-GC modified electrode is dependent on 

the porosity o f the polymer matrix to the supporting electrolyte. Oxidation and 

reduction processes in the film require counter ions to keep the localised charge 

balanced. With the convective effects o f a 1 Tesla magnetic field elucidated for 

solutions, a brief study was performed quantifying the effect o f the 1 Tesla field on 

the activity o f PMB-GC electrode. Figure 6.22, shows typical voltammetric responses 

o f the film in the absence and presence o f the magnetic field.

Each comparison figure contains four runs each for the non-field and field 

voltammograms, to highlight the reproducible nature o f the films. The film activity is 

inhibited by the 1 Tesla magnetic field. There is a slight negative shift in the oxidation 

peak o f the film as the field strength increased at low scan rates, implying a more 

facile electron transfer process. This shift was negligible at higher scan rates and 

overall the E % b / l m b  values remained similar as a corresponding and equal negative 

shift was observed for the polymer reduction peak. A brief summary o f the current 

decrease is shown in Table 6.4.

Scan Rate Average % current decrease 
mV s ’ B = 1 Tesla

20 11.1 ±0.4
50 12.7 ±0.5
70 8.33 ±0.6
100 8.7 ±0.6
200 9.3 ±0.5

Table 6.4; Average percentage current decrease observed for the PM B/GC oxidation peai< observed in 
a 1 Tesla magnetic field in 0.1 M phosphate buffer + O.IM KCI for a range o f  experimental scan rates.
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F igure 6.22; C yclic voltam m ogram s o f  PM B (L = 6 ,33+0.55  x 10'* cm ) m odified GC electrode in 
O.IM phosphate buffer and O.IM K C l , in the absence and presence o f  a 1 Tesla magnetic field. Scan 

rates were; {a} 20m V /s, {b} 50m V /s, {c} lOOmV/s, {d} 200m V /s.

The only trend observed is that the current decreases in the presence o f  the 1 Tesla 

m agnetic field. Convection is expected to be lim ited in an environm ent like a polym er 

m atrix and so a decrease in the redox activity o f  the film, due to disrupted diffusion o f 

counterions, is not unreasonable.

6.9 Conclusions

The aim  o f  this chapter was to extensively quantify the effects, via cyclic 

voltam m etry, that a m agnetic field has on analyte ions in solution. The m agnetic field 

w as set up so that the m ain force acting on the solution was the Lorentz force. The 

dependency o f  Ib on the m agnetic field strength and on solution concentration was

255



elucidated. The relationships were found to be Ib and Ib These

relationships held true for macroelectrodes and a microelectrode. Deviations were 

found to occur at low concentrations and low magnetic field strengths. The magnetic 

field had no affect on the redox peak potentials o f the analyte species in solution.

The homogeneous catalytic reaction between leucomethylene blue and ferric 

ammonium sulphate was examined using cyclic voltammetry and RDE. The effect o f 

an applied magnetic field on the rate constant was investigated and all rates were then 

compared. The magnetic field caused convection in the solution, effectively 

narrowing the depletion layer at the electrode surface, and the homogeneous catalytic 

rate constant was enhanced.

Finally, the effect o f an applied magnetic field on the charge carried by a 

polymethylene blue modified electrode was studied. The charge canied by the 

PMB/GC electrodes was inhibited in the presence o f the magnetic field. Convection in 

the polymer matrix was not conducive to the efficient ion mobility, needed to 

maintain electroneutrality, within the polymer.
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CHAPTER 7

CONCLUSIONS

AND

FUTURE WORK



7.1 General Conclusions

Chapter 3 was the first resuhs chapter and started with detailed analysis o f the 

solution phase electrochemistry o f methylene blue, examined via cyclic voltammetry 

and RDE voltammetry. The reduction of MB involves the gain of two electrons and a 

proton to form leucomethylene blue. MB is known to form dimers and larger 

aggregates in solution due to molecular forces such as hydrogen bonding and Van der 

Waals interactions. The amount of dimerisation that occurs in solution increases with 

bulk concentration and can be quantified in terms of monomer fraction. The diffusion 

coefficient and the electron transfer rates for MB were found to vary substantially as a 

function of monomer species present in solution.

MB is also known to adsorb strongly and rapidly to electrode surfaces and at 

low concentrations conforms to a Langmuir adsorption isotherm. Adsorption in high 

bulk MB concentrations was also analysed and an adsorption isotherm was 

constructed. From the isotherm a maximum surface coverage for a MB monolayer 

was elucidated. When correlated to solution monomer fraction, different orientations 

of the adsorbed species were discussed.

In the latter part o f Chapter 3, MB was electropolymerised onto a GC 

electrode and the properties of the films were investigated. The polymerisation was 

examined as a function of initial MB solution concentration and number of polymer 

growth cycles. The properties of the resultant polymer films varied in the amount of 

charge carried by the polymer modified electrode. Finally, charge transport in the 

polymer film was quantified in terms of the charge transfer diffusion coefficient, and 

of the electroneutrality required counterion motion, using theoretical and experimental 

techniques.

The polymer modified GC electrodes were used in the redox catalysis o f four 

biologically important analytes, as detailed in Chapter 5. The redox catalysis occurred 

throughout the polymer film as diagnosed by the Albery-Hillman model, and the 

kinetic parameters associated with this catalysis were quantified using the Michaelis- 

Menten model. The PMB/GC electrodes exhibited little catalytic properties towards 

the oxidation of these analytes. This is supported by the fact that the polymer film 

exhibited low affinity for values for each o f the analytes - quantified by the kinetic 

parameter kc. However the polymer films exhibited permselective properties when
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explored using the DVP technique. This enabled the accurate detection o f the 

catecholamines DA, NE, and EP in the presence o f AA. The following three 

paragraphs give the structure o f Chapter 5.

Diffusion coefficients for the analytes at the bare GC and the PMB/GC 

electrodes were quantified using CV and RDE voltammetry. The amperometric data 

was analysed using the mass transport corrected Tafel equation, which revealed that 

the majority o f the applied potential was required to drive substrate oxidation. The 

oxidation kinetics o f each anal)4e were investigated at the RDE via linear sweep 

voltammograms and subsequently via Koutecky-Levich analysis.

Calibration curves o f  AA and the catecholamines, at pH 7, at the modified 

electrodes were constructed from batch amperometric data. The kinetic parameters. 

Km and kc, were quantified using linear Lineweaver-Burk and Eadie-Hofstee 

equations. The theoretical analysis o f steady-state amperometric responses, for a 

polymer modified electrode that exhibits Michaelis-Menten kinetics, was applied. 

Non-linear least square analysis o f the amperometric data in tandem with the LB and 

EH expressions produced reasonable values for the M iahaelis-Menten constant Km, 

and the catalytic rate constant kc. Analyte detection limits were also determined.

Finally, the selectivity o f the PMB/GC was investigated using DPV. The ionic 

association between the cationic PMB redox sites and the anionic AA, coupled with 

short experimental timescales, made the selective detection o f the catecholamines 

possible in the presence o f AA.

The goal o f Chapter 6 was to extensively quantify the effects, via cyclic 

voltammetry, that an applied magnetic field has on analyte ions in solution. The 

dependency o f  1b on the magnetic field strength and on solution concentration was 

found to be Ib cc b'^^ and Ib These relationships held true for macroelectrodes

and a microelectrode. Deviations were found to occur at low concentrations and low 

magnetic field strengths. The magnetic field had no kinetic effect on the redox 

behaviour o f species in solution.

The homogeneous catalytic reaction between LMB and ferric ammonium 

sulphate was examined using cyclic voltammetry and RDE voltammetry. The effect 

o f an applied magnetic field on the rate constant was investigated and compard to 

those found in the absence o f  the magnetic field. The magnetic field caused solution
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convection, effectively narrowing the depletion layer at the electrode surface, 

resulting in enhanced homogeneous catalytic rate constants.

Finally, the effect o f  an applied magnetic field on the charge carried by 

PMB/GC electrode was investigated. The charge carried by the polymer films was 

inhibited in the presence o f the magnetic field. Magnetic field induced convection in 

the polymer matrix was not conducive to the efficient ion mobility required to satisfy 

electroneutrality within the polymer film.

7.2 Future Work

Future work should be carried out to elucidate definitive structures for the MB 

adsorbed monolayer electrode coatings. The structures and orientation o f the 

monomer/dimer/oligomers species could then be correlated to solution concentration 

and pH. The special molecule has remarkable properties which could be manipulated 

more.

The anion exclusion properties that are exhibited by the PMB/GC electrode 

could be exploited more in the future. PMB is an ideal polymer for immobilisation of 

redox species close to the electrode surface and could be coupled to the anion 

exclusion properties in a DPV experimental setup. For example, some other 

interferent analyte could be catalysed by the PMB immobilised moiety so that its 

redox behaviour is observed at a different potential than that o f the analyte o f interest.

The magnetic field has got potential applications in that it can cause solution 

convection in a solution that could not be stirred effectively otherwise -  with 

microelectrodes for example. Unfortunately the eagerly anticipated kinetic effects 

were not observed. This was a disappointing aspect to the magnetic field research 

performed. Magnetic nanoparticles may be an exciting area o f research in the future, 

especially in drug delivery application.
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