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Abstract

The use of osmium- and ruthenium-containing redox polymer modified
electrodes for the development of novel electrochemical sensors has been
investigated The kinetics and transport parameters for the electrocatalytic
reactions of a number of important substrates at the modified electrodes
have been analysed using conventional theory for mediated
electrocatalysis Using this information. a series of novel sensors have been
constructed, and the operational performance of these devices assessed A
sensor for the reductive detection of nitrite was constructed from an
[Os(bipy)2(PV P)10CI]Cl modified electrode The mechanism of nitrite
reduction at the modified electrode appears to proceed through the
nitrosonium 1on  The cross-exchange reaction occurs throughout the
polymer film and 1s controlled by the rate constant for the cross-exchange
reaction Slow reaction kinetics allows measurement of limiting currents
independent of solution mass transport Under these conditions, an
equation relating sensor response directly to known parameters can be
obtained. this equation can be used for the internal calibration of the
sensor The sensor was applied to the determination of nitrite 1n saliva A
novel dual sensor for the speciation analysis of redox couple Fe(Il)/Fe(lII)
was constructed from osmium- and ruthemum-containing redox polymer
modified electrodes The principle of operation 1s described. and 1s based
on the free energy differences for both the oxidation and reduction of the
analytes at their respective sensors The detection system exhibits
considerable advantages compared to existing speciation techniques The
operational performance of the dual sensor is discussed 1n relation to
existing methods for this speciation analysis The recoveres of Fe(Il) and
Fe(III) from water samples was assessed The physical stabilisation of the
redox polymers by chemical cross-linking and by manipulation of the
polymer back-bone was attempted The effects of the stabilisation
procedures on the charge / mass transport and electrocatalytic properties
of the modified electrodes was investigated, and are discussed 1n relation to
the requirements of operational sensors Finally, the performance of
sensors constructed from redox polymer modified electrodes 1s discussed
with respect to control of sensor sensitivity, selectivity and potential
interferences General strategies for the control and optimisation of sensor
performance are also discussed
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Chapter 1

Theory and Analytical Applications

of Modified Electrodes



1.1. Introduction

The field of electrochemustry has a long association with analytical
chemistry With the development of potentiometry and polarography in
the early decades of this century, electrochemustry produced the first
forms of instrumental analysis These developments were achieved due to
the sensitivity, selectivity and simple equipment required for
electroanalysis However, from the outset, electrochemistry was plagued
with problems of electrode instability caused by passivation of electrode
surfaces and slow rates of heterogeneous electron transfer In addition,
these problems were compounded by the lack of suitable electrode
materials With the development of the dropping mercury electrode,
(DME), which provided a reproducible renewable surface, a revolution
occurred 1n electrochemistry Through the pioneering work of
Heyrovsky !, considerable advances 1n both fundamental and applied
electrochemistry were made during the middle part of this century
Unfortunately, the inherent difficulties associated with mercury, and the
advent of highly sensitive and selective spectroscopic techniques, caused a
decline 1n interest 1n electrochemustry as an analytical tool This decline
continued until the appearance of the first enzyme electrode 2 1n the late
1960’s and chemucally modified electrodes in 1973 34 The concept of
“tatloring” the electrode surface, and therefore, the properties of the
electrode, caused a renaissance 1n electrochemustry Suddenly, the prospect
of “designer electrodes” became a reality, and along with this the
possibility of large commercial returns created the impetus for modified
electrode research

It has long been recognised that the structure of the
electrode/electrolyte interface 1s of manifest importance for electrode
reactions The use of surfactants for the elimination of maxima in
polarography is a prime example of the importance of controlling the
interfacial properties of electrodes The concept of direct electrode
modification was first introduced by Lane and Hubbard 3-4 with the
chemusorption of olefinic groups on platinum electrodes The significance
of this development was soon recognised, and resulted 1n intense research
activity The number of reviews which have appeared over the last decade
concerning chemically modified electrodes lay tesimony to their
importance 1n electrochemustry 4-8 It has been suggested that this area of



research “offers some of the greatest promises for advance in all
chemistry” 7 Numerous approaches have been adopted for electrode
modification, and the range of modifying matenals 1s vast, but the
universal theme 1s an attempt to seize control of the properties and
reactivity of the electrode surface and the development of novel
applications for the modified electrode surface The types of matenals used
for electrode modification range from metal deposits, metal oxide layers,
organic materials, enzymes and polymers The range of applications
envisaged for modified electrodes s huge, already their unique features are
exploited 1n diverse areas such as electrochemical sensors 8, heterogeneous
electrocatalysis 910, solar energy conversion 11,12, electrochromucs 13,14,
energy storage 15,16 and information storage 17:18 In all of these
applications, the observed response of the device is directly related to the
properties of the coating In this literature survey, only the application of
modified electrodes as electrochemical sensors will be discussed

No area of modified electrode research has been more prolific than
that of electroanalysis The sheer scope and number of applications 1s
impressive, and 1t appears that the only limitation of modified electrode
design 1s the function which it must perform and the imagination of the
chemust 19 The underlying purposes of electrode modification for
electroanalysis are few and simple In general, electrode modification 1s
carried out to drive thermodynamically favourable reactions not observed
at unmodified electrodes, improve electrode sensitivity and decrease limits
of detection, to increase electrode selectivity and to prevent surface
fouling These themes are inexorably linked, as any modification used to
effect one property tends to affect another This can be used to advantage
by exploiting several properties from a single modification scheme In
general, electrode modification 1s used to either promote or inhibit certain
electrode reactions 12 Processes such as preconcentration, perm-
selectivity and electrocatalysis have been utilised to produce
electrochemical sensors with improved operational performance compared
to conventional electrode surfaces

Early examples of electrode modifiers were monolayers of electro-
active matenals either adsorbed 3:4 or covalently attached to the electrode
surfaces via organosilane linkages 20.21 Although elegant, these electrodes
suffered severe stability problems, difficulty in preparation, and generally
only monolayer derivatised surfaces could be prepared With the advent of



electronically conducting polymers 22 and redox polymers 23, modified
electrodes tended to be constructed from polymeric matenals due to their
inherent physical stability, ease of preparation and synthetic vanability The
ability to control the chemustry of the modifier is of great importance as
this allows control of properties such as analyte transport, charge
transport, redox site loading and the electrocatalytic properties of the
modifier Such control favours the construction of stable, sensitive and
selective sensors

In this chapter, the theories of analytical voltammetry and mediated
electrocatalysis will be presented In addition, a general discusston of the
preparation of modified electrodes and a detailed account of the analytical
application of such devices will be presented This survey 1s not intended
to be exhaustive rather 1t 1s an overview of the most interesting and
relevant work in the field of modified electrode research In the
introduction to subsequent chapters, more specific accounts concerning
the study being addressed will be given

1.2. Preparation of Modified Electrode Surfaces

The origin, development and current interest in the area of modified
electrodes stems from the desire to control the properties and reactivity of
the electrode surface 8 The reactivity of any electrode 1s determined
firstly by its electrochemical potential, which can be controlled
instrumentally, and secondly, by the nature and structure of the
electrode/electrolyte interface Other methods of achieving this objective
remain difficult, therefore, the modification of electrodes is frequently
exploited because of the ability to pre-select the response of an electrode
by judicious choice of the modifier The most important methods for the
modification of electrode surfaces can be summarised as follows

(1) Covalent Attachment
(a) Silamsation

(b) Direct bonding

(2) Adsorption



(a) Electro-deposition
(b) Direct non-specific adsorption

(3) Polymenc Coatings

(a) Polymer solution casting
(b) Electro- and photo-deposition

121 Covalent Attachment

1211 Silanisation

Silamsation was the first direct chemical technique to be utilised for
electrode modification, (this work was stimulated by the successes in
bonded phase high performance liquid chromatography (HPLC)
technology 21 This involves the formation of surface hydroxy or oxide
groups on the electrode surface which are subsequently reacted with
trialkoxy- or trichloro-silanes to form, one to three covalent bonds to the
underlying electrode surface 24-26 The silane groups can bear amine or
pyridyl groups which can undergo further reaction for the surface
synthesis of immobilised electro-active centres 20 As these modifications
involve covalent bonding, these electrodes are referred to as Chemically
Modified Electrodes (CME’s) These modification technigues generally
give rise to monolayer modifications, although the preparation of
multilayers 1s possible 27 The range of base electrode matenals to which
the silanisation reactions can be applied include traditional electrode
materials such as glassy and pyrolytic carbon 28,29, platinum 30 and gold
31 Metal oxides 32 and semiconductor materials 33 can also be modified tn
this way In an alternative approach, reactive carboxylic actd groups can
be generated by thermal or radio frequency plasma pre-treatments of
electrode surfaces 34-36 Such reactive groups can be used directly as
anchors for the subsequent chemical denvatisation of the surface
Alternatively these groups can be converted to acid chlornde groups prior
to reaction Acid chloride 1s particularly useful as 1t can undergo a facile
condensation reaction with amine groups 37 Examples of this include the
immobilisation of tetrakis(p-aminophenyl) porphyrins to electrode surfaces
The covalent modification of carbon can be accomplished easily using
these techniques, as surface carboxyl groups can be easily formed on
carbon surfaces Metals such as platinum and gold can be modified via



surface oxide groups formed by such oxidation techmques 38 Metal oxide
electrodes generally possess sufficient surface oxide groups to facilitate
covalent modification directly via ester or ether bonding with surface
hydroxyl groups 39 Other materials which have been modified in this
way include S1 and Ge semiconductors 40

1212 Direct bonding

Direct bonding 1s achieved by exposing the underlying bulk materal
such as carbon or platinum to vartous maternals under the influence of
argon radio-frequency plasma discharge 41, mechanical abrasion 42 or
vacuum pyrolysis 43 Materials which have been deposited in this manner
include allylamine for condensation with ferrocenecarbaldehyde 44 This
approach is not widely practiced due to uncertainty of the resulting
modifier structure Such modified electrodes are also difficult to prepare
reproducibly, are frequently unstable and are therefore of hittle interest 1n
the development of sensors

1 22 Adsorption

The adsorption of electro-active and electro-inactive matenals at
electrode surfaces has long been realised Several examples of this
phenomena have been used to modify electrodes Lane and Hubbard
studied the electro-sorption of olefins at plainum 3.4 The exact nature of
the adsorption process 1s little understood but it appears that some form of
Pt-C bonding takes place Another example 1s the adsorption of disulphide-
contarning enzymes to mercury electrodes 45 The modifying species can
not be thought of as covalently bound as slow desorption occurs Bilayer
arrangements have been used to prevent loss of electro-active matenal
from the surface 46 Adsorption has been studied as a function of
aromaticity of the adsorbate and 1t appears that some degree of
aromaticity 1s required for strong adsorption 4748 Thus for monomeric
compounds, no adsorption may be observed, while irreversible adsorption
may be found with the corresponding polymeric matenal 19 This
approach to electrode modification 1s of little use 1n electroanalysis as the
adsorption process 1s frequently of an equilibrium type, which results in



the desorption of the electro-active component when placed 1n electrolyte
devoid of the modifying species

The modification of electrode surfaces by sublimation 4° and
deposition from solution has also been investigated In these cases
physisorption 1s believed to be responsible for the adsorption process
Normally van der Waals forces and coulombic interactions are responsible
for physisorption, but again at modified electrodes, the nature of the
processes 1s not well understood

123 Polymeric coatings

With the advent of electronically conducting and redox polymers in
the late 1970’s 22,23, the widespread use of polymer modified electrodes
began Polymeric matenals offered considerable advantages compared to
the chemically modified electrodes used previously Polymeric matenals
are inherently more stable than monomeric modifiers, therefore, devices
constructed from such matenals are potentially more robust, which 1s
desirable from the applied perspective The field of polymer chemustry is
mature and provides a readily available source of matenals and synthetic
strategies to produce electro-active polymers with destrable, and more
importantly, controllable physical properties This offers the prospect of
synthetic variability which 1s vital for the development of operational
devices such as electrochemical sensors Polymers also offer the possibility
of up to 105 molecular layers of electro-active species 8 at high surface
concentration (up to 10 M) at the electrode surface compared to
conventional monolayer denvatised surfaces 19 This feature allows
polymer modified electrodes to react with substrates 1n a three dimensional
zone rather than a two dimensional region at monolayer modified
electrodes This provides the possibility of heterogeneous catalysis at the
polymer modified electrode competing with solution phase homogeneous
catalysis and the resulting advantages associated with this development 7

The preparation procedure for polymer modified electrodes can be
classified by the synthetic strategy used for the preparation of the modified
electrode This approach gives an overview of how immobilisation can be
carried out and highlights the relative ments and rmitations of the different
strategies The principle division 1s whether preformed polymers are used



for coating or whether polymerisation/coating processes are performed
simultaneously In erther case, further derivatisation of the polymer film 1s
possible

1231 Preformed Polymers
12311 Prefunctionalised Preformed Polymers

Redox polymers classified under this heading are generally formed from
vinyl monomers Poly(N-vinylirudazole) 30 (PVI) and poly 4-
(vinylpyndine) (PVP) 23,51 are the most common examples of this mode
of preparation Two strategies are used to produce polymers with the
desired redox site loading 23 Firstly, the polymer may be preformed and
subsequently functionalised with a stoichiometric amount of functionalised
reagent Secondly, functionalised monomer may be co-polymerised with
unfunctionalised monomer Both of these approaches are elegant with
respect to synthetic vanability and the ability to charactenise the redox
material with respect to molecular weight, redox chemustry, glass transition
temperature, tacticity and solubility prior to deposition However in the
second approach, the polymensation process 1s less well understood, and
control of the properties of the resuling redox polymer may be difficult
One of the most important advantages of this approach 1s that the electro-
active centre 1s bonded by coordination, or covalently, to the polymer,
consequently the electro-active centre 1s immobilised in the polymer and
can not be leached by the action of solvents or 10n-exchange processes In
addition, the modification procedures are simple Both these types of
polymer have been applied to electrode surfaces by procedures such as
spin-coating, droplet evaporation, adsorption from solution, electro-
precipitation, and photo-deposition 19 The mechanism of adsorption of
the polymers on electrode surfaces 1s poorly understood It appears that
adhesion 1s a function of non-specific adsorption and insolubility in the
contacting electrolyte Control of the polymer layer thickness 1s of great
importance as this frequently affects the catalytic efficiency of the
electrode, charge transport rates, stability and preconcentration effects
Ths 1s accomplished by controlling the amount of matenal deposited on
the electrode surface Spin-coating and droplet evaporation are useful
techniques as these allow control of the amount of matenal deposited The



other methods mentioned above are less controllable and are therefore less
useful

The ability to further derivatise the polymer coating to effect
changes 1n the physical or chemical properties of the modifier is desirable
An example of this has been demonstrated by the photo-chemically
induced ligand substitution of [Ru(bipy)2(PVP)sCIICl 52 An example of
this can be seen in Fig 1 1 Thus results in a positive shift in half-wave
potential of the electrocatalyst couple by 0 1 V' Such behaviour may
prove valuable 1n the “fine tuning” of the electrocatalytic properties of the
modifier such that reactions of 1nterest can be observed while excluding
potential interfering reactions This may also be used to enhance the
sensitivity of the electrochemical sensor

12312 Post-Coating Functionalisation of Preformed Polymers

This approach involves the coating of an electrode with a preformed
polymer, followed by i1 sifu functionalisation of the polymer with an
electro-active motety Functionalisation can involve ligand displacement
from the redox species with subsequent coordination of the redox species
to the polymer backbone Alternatively, and much more frequently, ton-
exchange of electro-inactive polymer bound tons for electro-active co-1ons
1n solution 1s employed to effect functionalisaion Redox cycling has been
shown to aid this process 33 Major disadvantages with this approach
include the instability of the 1on-exchanged moieties as the bound species
are 1n dynamic equilibrium with solution species and the technical difficulty
of the preparation procedure

Examples of post-coating coordination are predominated by the use
of the polymer PVP due to the coordination ability of the aromatic
nitrogen of the pyndine moiety 3455 The electro-active centres
incorporated include [Ru(EDTA)]+ 54, [Ru(NH3)3]%* 55 and [Fe(CN)]s3-
36 As these systems tend to be in thermal equilibrium with the solution
phase 1on, the metal loading may be controlled to some extent 19
However, these electrodes tend to be more stable than those based on 10n-
exchange processes
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Fig 11 Cyclic voltammograms recorded during the photo-
substitution of [Ru(bipy)2(PVP)sCI]Cl coated on glassy carbon
clectrodes The supporting electrolyte was 1 0 mol dm-3 HCIO4 and
the potential sweep rate was 100 mV s-1 (Reproduced from O
Haas, M Knens, J G Vos, J Am Chem Soc, 1981 103 1318)



Quaternised and/or protonated PVP and Nafion coated onto
electrodes have been used extensively for the 10n-exchange of redox
moieties into polymer films 12.57-60 The extent, stability and rate of
incorporation depends on the electrostatic interactions between the
charged polymer and the redox counter 1on In the case of Nafion, the
degree of hydrophobicity of the exchanging 1on affects the extent of
incorporation For these systems the degree of functionalisation 1s a
complex 1ssue, as the system may be under kinetic control as a result of
slow polymer solvation or structural changes, rather than equilibrium
control Under such circumstances the incorporation, and therefore redox
site loading, is difficult to control

1232 Simultaneous Polymer Formation and Coating

This approach comprises the principles of electro-polymerisation
and plasma 1nitiated polymerisation 59 The objectives of this approach are
to maintain or augment the reactivity of the monomer during
polymerisation Frequently, however, the properties of the film are not
itrinsic to the monomer but result from the polymensation process 60

Electro-polymensation 1s considered to take place via radical
intermediates formed 1n the vicimty of the electrode The rate of initiation
of these radicals 1s controlled by the potential of the elecirode and can be
measured by the electrode current 19 This technique allows precise
control of the film thickness and 1n some cases polymer morphology The
electro-polymensation of metal complexes containing vinyl groups has
recetved considerable attention 61-64 The vinyl electro-polymenisation
process 1s typically anionic, requiring reductive scanning to initiate the
polymenisation process A requirement for a vinyl-containing molecule to
undergo electro-polymensation is that it 1s conjugated to a more reducible
entity, most frequently a bipyndyl or viologen unit 19 The ease of
polymensation of these matenals is intimately related to the number of
vinyl groups the monomer contains The linear polymer formed from the
monovinyl monomer s obtained with difficulty while di- and trivinyl
monomers polymerise easily In order to achieve effective polymensation,
di- of tnvinyl monomers are generally required, therefore the
polymerisation process 1s difficult to control and the films tend to be highly
cross-linked Due to the intractable nature of the matenals they are also

11



difficult to characterise In addition, generally only small portions of the
films are electro-active and film impermeability 1s often encountered

The oxidative electro-polymensation of a wide range of aromatic
monomers, such as pyrrole, aniline and the phenols has been described 65
The polymers formed are 1n an oxidised form and contain charge
compensating counter-ions The counter-1on can affect the mechanism of
reactions at the electrode 90 Chemucally active counter-ions have been
incorporated duning the electro-polymerisation process to effect specific
analytical requirements 67 Many analytical applications have been
described for these materials and examples of these will be discussed later

1.3. Electrocatalysis

131 General Considerations

An electrochemical reaction proceeds at a rate determined by the
rate constant for the particular reaction Electrochemical reactions differ
from chemical reactions 1n that the rate constant for the reaction 1s
dependent on the applied potential of the electrode, this ts normally an
exponential relationship as described by Butler-Volmer kinetics 68
Marcusian theory dictates that electron transfer 1s 1so-energetic (the energy
of the electron and donating/accepting orbital are equal), so at a potential
where 1s0-energetic conditions are satisfied, electron transfer should be in
equilibrium 69 Thus 1s the formal potential of the redox couple, E© In real
systems, it 1s often required to apply potentials in excess of that required
by thermodynamics to drive a particular electrochemical reaction, this
results in a free energy difference between the electron and the
donating/accepting orbital This excess free energy 1s required to surmount
the activation energy barner for reaction This 1s referred to as activation
over-potential 63,69 The rate constants for electrochemcal reactions differ
widely, in fact, by many orders of magnitude The rate of a particular
reaction depends to a large extent on the mechanism of the reaction
Many electrochemucal reactions involve a simple electron transfer step and
proceed at rates predicted by the Marcus theory, without need for the
application of an activation over-potential On the other hand some
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reactions have complex multi-step mechanistic sequences involving
processes such as adsorption, nuclei coupling, and acid-base chemuistry 68
Such reactions tend to proceed through high energy intermediates, and
are often found to have slow reaction rates In order to dnive these
reactions electrochemucally at appreciable rates the application of an
activation over-potential 1s required 8 The desire to avoid the application
of an activation over-potential 1s great from the perspective of
electroanalysis The application of potential extremes causes an exponential
increase in the number of possible interferences which may be
encountered, consequently, reducing operational potentials, by even a
small amount, may considerably reduce interference 70 A lowernng in
over-potential can be achieved by accelerating the rate of the
electrochemical reaction Such a process 1s electrocatalysis 71 In addition,
accelerating the rate of the electrochemical reaction may increase the
sensitivity and lower limuts of detection With the use of specific
electrocatalysts greatly improved selectivity may also be achieved
Electrocatalysis has been reviewed extensively recently in relation to
electro-synthests 71, electroanalysis 72 and modified electrodes 73

It has been shown that for true electrocatalysis the Gibbs free
energy, (AG), for the electrocatalytic reaction must be negative 7t (1¢ a

spontaneous reaction) From thermodynamics we know that

AG = -nFAE (11)

Where n 1s the number of electrons transferred, AE 1s the potential
difference between the electrocatalyst’s half-wave potential and the formal
potential of the reactant, and F 1s the energy change as one mole of
electrons fall through a potential of one volt As AG must be negative,
then AE must be positive This imposes certain limitations on the type of
reactions which may occur at modified electrodes For catalysis of
oxidation reactions, the half-wave potential (E1/2) of the redox catalyst
must be positive of the formal potential of the substrate For the catalysis
of reduction reactions the reverse situation must exist This
thermodynamic control can be used to effect selective detection of target
analytes and elminate interference from co-existing species To exploit
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this, control of the Ej/, of the electrocatalyst couple 1s of paramount
importance This can often only be accomphished by controlled synthetic
pathways

Any electrocatalyst 1s only effective 1n the vicinity of the electrode
surface 7, many homogeneous electrocatalysts are known, however, the
ability to immobulise the electrocatalyst on the electrode surface provides a
cheap, convenient and effective way of confining the material m the
electro-active spatial region 7 Many matenals immobilised on electrode
surfaces have been used for the electrocatalysis of electrode reactions,
these include metallic 74 and metal oxide mucro-particles immobihsed 1n
polymer matrices 73, organic redox polymers 76 and redox polymers
containing coordinated electro-active groups 77

For many modified electrodes used as electrochemical sensors,
electrocatalysis 1s accomplished with the use of surface immobilised redox
sites which “shuttle” electrons by repeated cycling between the catalytic
and pre-catalytic state between the electrode and the electro-active
substrate 1n a process that 1s known as mediated electrocatalysis 73
Saveant has shown that for reactions proceeding at rates approaching
those predicted by Marcusian theory, monolayer modification of the
electrode with a redox catalyst 1s ineffective at accelerating the reaction
rate and consequently lowering operational potentials 78 However, with
multi-molecular arrangements, considerable current gain can be achieved
due to the three dimensional nature of the reaction zone 73 For reactions
which proceed at sub-Marcusian rates, the modification of the electrode
can be expected to result tn a potential gain (lowered over-potential) and
current gain for even mono-molecular modified electrodes Several
examples of this have been demonstrated 34.53.79,80 So, it 15 expected that
modification of electrodes with electron mediators will be effective where
the reaction proceeds slowly, or not at all at conventional electrodes, and
in situations where the mediated reaction can occur in a three dimensional
reaction zone For these reasons and others mentioned earlier, mediated
electrocatalysis 1s predominantly carried out using polymeric electrode
modifiers 60
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132 Theory of Mediated Electrocatalysis at Redox Polymers

The theory of mediated electrocatalysis has been studied extensively
by many authors and established theories allow mechanistic elucidation
and kinetic parameters to be evaluated 50.81-88 In the design of modified
electrodes for electroanalysis these theories can be used to help to optimise
the performance of the sensor

The fundamental redox reactions which can occur between a
solution species Y and a mediating layer containing the redox couple A/B
are shown in Fig 12 The mediating process can be described by
reactions 1 2and 1 3

A+e < B (12)

B+Y & A+ 7 (13)

In this example, the mediation process involves the reduction of the
surface bound redox species, A, but for a mediation process based on the
oxidation of the surface bound redox species, the same theory applies
Other more complex mediating processes involving reversible mediation
reactions, self-exchange reactions, pre-activation steps and charge
exchange have been considered by Saveant and co-workers 79:89-94
Depending on factors such as film morphology, film thickness, the
partition coefficient and diffusion rate of the electro-active species through
the film and electron transfer rates, four types of limiting cases can be
identified 89

(1) Electron and substrate diffusion (DE and Dy respectively) are so
fast that the rate-controlling step 1s the rate, £, of the catalytic
reaction
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(2) The catalytic reaction 1s so fast that the rate 1s controlled by the two
diffusion processes, 1 ¢ diffusion of electrons and substrate

(3) When diffusion of electrons 1s faster than diffusion of substrate, a
pure kinetic situation may arise by mutual compensation of the
latter process and the catalytic reaction

(4) In the opposite case where diffusion of substrate 1s faster than
diffusion of electrons, a pure kinetic situation may again arise
resulting 1n the mutual compensation of electron diffusion and
catalytic reaction

The fundamental processes involved 1n the mediating process are
identified as charge introduction at the modifying layer/electrode interface,
charge introduction at the layer/electrolyte interface and reaction of the
target analyte with the modifying layer Coupled to these reactions one
may observe substrate diffusion into the film as dictated by the partition
coefficient, K If the substrate 1s capable of penetrating the film, then the
diffusion rate of substrate, Dy, within the layer will, 1n all but a few cases,
be considerably less than the solution value Dg

The theory presented here 1s that developed by Albery and co-
workers 81.94-96 A similar model describing the mediating processes has
been developed by Saveant 89-93 The two theones are essentially
equivalent, but differ in that Albery introduced the concept of “reaction
layers” to describe two different reaction zones within the polymer film,
(a) a region where permeating Y s converted to product Z, and (b) a
region of consumption of an electron or B These reaction layers are
usually located close to the film/electrolyte and electrode/film interfaces
respectively In Saveant’s work mediation processes are described in terms

of charactenistic currents Alternative models have also been developed
97-99

To analyse the mediating processes for electrocatalytic modified
electrodes the following equations, given certain boundary conditions,
must be solved,

DE 82 / 8x2 —kby = 0 (14)
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Dy 82y / dx2 —kby = 0 (15)

These equations describe the concentration profiles of both the fixed
redox couple (1 4) and the substrate (1 5) within the film In these
equations b and y are the concentrations in the filmof B and Y
respectively The boundary conditions used are

(1) Assuming Marcusian A/B self-exchange behaviour, it 1s assumed
that charge introduction at the electrode/film interface will be more
rapid than charge propagation through the film © Thus
heterogeneous charge transfer 1s not expected to be rate limiting

(2) At x = 0 the concentration of B 1s b, and 1s controlled by the
electrode potential

(3) The modifying layer acts in a catalytic manner, such that any
substrate that permeates the layer and reaches the underlying
electrode will not react there, therefore (dy/dx)o = 0 This boundary
condition 1s 1n agreement with the perception of a modified
electrode where the substrate 1s not reacting directly at the
underlying electrode, but where the electrochemical process 1s
controlled by the modifying layer It should be noted here that in
Saveants approach the possibility of reaction at the underlying
electrode ts included 88-93

(4) The partition of the substrate Y, between the solution and the
modifying layer 1s given by,

YL = Kys (16)

where Y| 1s the concentration of Y in the polymer film, K is the
partition coefficient and ys 1s the concentration of Y in solution
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(5) The electron flux at the layer/solution interface is related to the
kinetics by equation 1 7,

_DE®b /3x)L = k”bL ys (17)

where by 1s the concentration of B at the interface (X = L) and k" 1s the

rate constant for the cross-exchange reaction Using these boundary
conditions and equations 1 2 and 1 3 , the electron flux at the electrode, g,

which 1s proportional to the current, 1, has to be obtained

Jo = 1/ FA = —DEg(8b /8x)0 (18)

At this stage an electrochemuical rate constant , £’ME, can be introduced
81, which relates the concentration of Y at the layer/solution interface to
the electron flux, as 1n equation 19

Jo = K'ME ¥s (19)

The rate constant, ”’ME can be evaluated from the intercepts of

Koutecky-Levich plots using rotating disc electrode voltammetry 8! The
observed current at the rotating modified electrode, IF, 1s thus related to
the sum of the fluxes of direct (yy) and mediated (jg) charge transfer and

the concentration gradients at the electrode/film interface by

(1g/ nFA) = jo =B + jy = —DEg(0b/dx)0 = Dy(6y/dx)0 = K’'ME ys (1 10)

As discussed earlier an essential concept to be included is that of the
“reaction layer” The first reaction layer X , defines the distance which Y
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can travel within the film prior to reaction with the reduced form of the
mediator catalyst This distance 1s given by equation 1 11

XL = (Dy /kbL)1/2 (111)

The second reaction layer, Xo, defines the average distance an electron can
diffuse before reacting with Y

Xo = (Dg/kyo)l/2 (112)

With the concept of the electrochemical rate constant and of the reaction
layer introduced, one can now refer to equations 1 4 and 1 5 Depending
on the relative importance of electron and substrate diffusion, different
approxtmations for K’ME can be obtained If Dgbg >> Dykys, 1 ¢ fast
electron transport or slow permeation or ineffective partitioning of the
substrate, then

1 - vy L 4 1 (113)
k’ME DEg bg k”bo + kbgK X[ tanh (L/X1)

The first term on the right hand side refers to electron transport within the
polymer film while the second term represents the competition of the
kinetics of the surface reaction (k°’) and the layer reaction (k)

If permeation by the substrate 1s very fast and/or electron transport 1s
relatively slower, then Dgbg << DyKys, so

1 = L + £ tanh (L/X0) + kKXo (1 14)
K’ME kDy  kKXgqbg [K” + kK Xo tanh(L/Xp )]
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The first term on the right hand stde of this equation describes the
transport of Y across the polymer layer while the second term again
describes kinetic competition of the surface and layer reactions

From these two equations 1t can be deduced that the slower
contribution to the mediated reaction, which can be either kinetic or
diffusional m nature, will determine the magnitude of k’Mg For the
limiting case represented in equation 1 13, the reaction flux may be limited
by the kinetics of the mediated reactions (right hand term) or alternatively,
by electron transport through the film to a value Dgbg/l. The position of
the reaction layer 1s reflected 1n the equation obtained for &’ Mg in these
limiting cases and will depend on the ratio between the reaction layer
thickness X[, and the layer thickness L. For cases where Xy >> L the
whole layer participates in the mediated reaction, this 1s called the layer
case (L) In the reverse situation the reaction occurs 1n a thin-layer at the
layer/electrolyte interface, the surface (S) case

The position of the reaction layer in the second limiting case as
described by equation 1 14 can be obtained by a similar approach If the
layer thickness L >> X, then the kinetic term reduces to kKXpbo and the
reaction takes place at a layer adjacent to the electrode/layer interface This
1s the layer/electrode case (LE) In the reverse situation, when L << X,
the reaction takes place at the layer/electrolyte interface, : e the
layer/surface case (LS) For intermediate values of L and X the reaction
takes place throughout the whole film

Another situation may arnise in which equations 1 9and 1 10 are
invalid This occurs when the rate of electron transport and substrate
diffusion within the film are of the same magnitude and can be described
by the equation

Debp =~ Xo?2 = 1 (115)

Under such conditions, and if Xg or XL 1s less than L, then the reaction
will take place 1n a region of the flim located somewhere between the
electrode/layer and layer/electrolyte interfaces This s called the
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layer/reaction zone (LRZ) case For this situation the solution for £’ME 1s
given by

1 = L (116)
K’ME DyK + Dgbo/ys

From the above equations 1t can be seen that the LE, LS and S cases can
be controlled by either the transport or by the kinetic term So, depending
on the relative importance of these two terms, these cases can be
segregated into two sub-classes These sub-classes are either controlled by
transport processes, in which cases they are given the label 7e or ty,
depending on whether electron or substrate transport 1s rate limiting, or by
kinetic factors 1n which case the label 1s k or k” Using this notation, LEg
denotes a mediated reaction that takes place at a layer close to the
underlying electrode surface and 1s controlled kinetically, whereas in the
LE1y case the reaction takes place in the same part of the layer but is
controlled by substrate diffusion These labels, together with their
corresponding rate constants for the various limiting cases, are listed in
Table 1 I, A diagram depicting the varous reaction zones at redox
polymer modified electrodes can be seen 1n Fig 13

The equations given above have been used to construct a kinetic
zone diagram An example of such a diagram 1s given in Fig 14
“surface” and “electrode” cases give a third dimension to the diagram,
but those cases are not of interest 1n the search for three dimensional
sensor devices and therefore only the layer cases are included These
diagrams are useful in predicting the effect of changing experimental
variables such as bg, L, ys DE, Dy and & Some of these parameters such
as bo, ys and L are easily changed while others like Dg, Dy and £ are not
considered so readily vanable

The conditions for optimum efficiency of catalytic modified
electrodes, that 1s a high value for the ratio between the electrochemical
rate constant for the modified and bare electrodes &’ME / k’g, have been
constdered by Albery er al 9> In these studies, factors such as layer
thickness, L, and limits for the kinetic parameters discussed above have
been addressed Where the electrode response has been optimised with
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Case A A pge Location

Sk - k by Surface reaction
at electrolyte

St, E D, by /Ly, layer interface

Reaction layer

LSk SR A{kb,DyY7? close 10 electro
lyte layer

LS, E Db, /Ly, nterface

Lk R KkLb, Throughout the
layer

LRZy 1, S+E Db, KD, Narrow reaction

Ly, * L zone 1n layer

LEk ER kby( D,k /),)'? Reaction layer
close to

LEt, S KD, /L electrode

Ekg - ke Direct reaction

Ety KD, /L on electrode

Table 1 1 The ten different kinetic cases possible at redox polymer
modified electrodes along with their corresponding rate constants
Column (A) refers to Saveants notation (Reproduced from W J
Albery, AR Hillman, J Electroanal Chem ,1984 170 27)



respect to electron transport and morphology 1t 1s usually found that
electron diffusion 1s faster than substrate diffusion and that the
concentration of the surface bound redox mediator is larger than that of
the substrate

Because of the hmitations discussed above, the number of limiting
cases to be considered for optimisation of the modified electrode response
1s hmuted, with the layer cases showing the most promise The optimum
efficiency cases are L.Sg and LE; LS corresponds to rapid electron
transport compared to substrate diffusion through the film, the reaction
occurring 1n a region of polymer close to the layer/electrolyte interface,
with the exact position depending on the mediated rate constant, £ For
the LEy the mediated reaction occurs at a region close to the
electrode/layer terface For the layer cases, the magmtude of &£’ ME will
increase with increasing layer thickness (all sites are electro-active and
mediate electron transfer under kinetic control), then pass through a
maximum before decreasing to transport limitations of the substrate The
1deal case corresponds to a sufficient amount of mediator sites for
substrate consumption combined with efficient substrate or charge
diffusion Such a scenario would result in the 1deal three dimensional
modified electrode, 1 ¢ the LS; and LEy situations For the LSy case, the
catalytic advantage becomes

KM/ kK'E = KX /1 (117)

This can be large as the the reaction layer thickness can be much greater
than /, the distance over which electron transfer can take place It can be
clearly seen that, for reactions which exhibit slow homogeneous kinetics, a
layer reaction 1s required where Y permeates the film rapidly This requires
an open porous structure for the film to allow efficient permeation of B
However, charge transport must also be fast to prevent limitations
imposed by charge transfer

For the two optimum surface and electrode cases, Sk and EL’E,
mediation does not occur throughout the layer, with the reactions taking
place at the layer/solution and layer/electrode interfaces, respectively
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These reactions can not be described as three dimensional but this does
not necessarily result in limited application 1n analysis In the S;” case, a
practical application can be envisaged if B 1s a specific catalyst for the
oxidation or reduction of substrate Y, or, if the rate of the cross-exchange
reaction and charge transport are sufficiently fast to ensure total
consumption of the substrate flux at the layer/solution interface The
electrode case will become applicable when favourable partitioning can be
obtained, or by the selective exclusion of interferences In this case, even
as the reaction 1s taking place at the underlying electrode surface, a
catalytic effect can be obtained due to the a high value of the partition
coefficient, K This approach has been used for the development of sensors
based on preconcentration and exclusion membranes Such devices will be
described in more detail in a later section

The expenimental determination of parameters involved in the
theoretical approach described above rehies on the recognition of the
appropriate limiting processes It is the use of rotating disc and rotating
ring disc electrodes which provides the means of analysing the kinetics and
catalysis at the modified electrode surface These techniques allow control
of the substrate diffusion in solution and thus allow the elucidation of the
kinetics and mechanism of the mediated electrode reaction By controlling
the electrode potential, the concentration of the surface species can be
reduced to zero and the current response becomes limited by mass
transport and 1s given by the Levich equation 100

Nev = 1554 nAF D23y -1/6 y 172 (118)

Where A 1s the electrode area, D 1s the diffusion coefficient of the substrate
1n solution, v 1s the kinematic viscosity of the electrolyte and w 1s the
electrode rotation speed Rotating disc measurements are 1deal for the
investigation of mediated electrocatalysis at electrode surfaces as the rate
of mass transport can be controlled This has lead to the widespread
application of the technique 101-104 1t i5 often found that a rate imiting
step other than substrate mass transport control currents 1s observed at
polymer modified electrodes, as a result the Levich equation may not
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represent the currents observed In such cases the limiting current 1s given
by the Koutecky-Levich equation which has the general form 105,

1/ Iam = 1/ IF + 1/ Il ev (1 19)

or for a redox polymer 81,

1/ ium = @FAKME YY1 + (1 554nFAD2/3y -1/6 y (p1/2)-1 (120)

A plot of i;m"1 vs @172 yields a straight line, with a slope equal to the
reciprocal of the Levich slope, and the intercept yielding the value A’ME
Albery and Hillman have published a useful flow chart for the diagnosis of

the reaction type based on this mode of analysis 106, this 1s shown 1n Fig
1 5 In this scheme, the functional dependence of £’ME on b, ys, w and L

allows classification of the current limiting process

1.4. Analytical Voltammetry and Amperometry

141 Introduction

Voltammetry involves the measurement of the current flow
between a working electrode and an auxihary electrode as a function of
potential applied with respect to a reference electrode 1n a three electrode
cell A trace of current vs potential 1s known as a voltammogram and 1s
utilised for the investigation of the analyte species Many voltammetric
techniques have been developed such as linear sweep, square wave, cyclic,
potential step and rotating disc voltammetry for the investigation of both
organic and morganic species Such techniques can also be applied to the
fundamental study of polymer modified electrodes. Amperometric
measurements are made by recording the current flow at a working
electrode as a function of time using a fixed applied potential in a three
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electrode assembly By their measurement domain, voltammetric
techniques are much more informative than amperometric techniques
However, for the development of electrochemical sensors, amperometry 1s
favoured due to the simple electronic circuitry required for measurement
and ease of measurement In addition, operation at a fixed potential
reduces charging currents significantly

Both these of techniques are however essential 1n the development
and operation of electrochemical sensors, and will be discussed 1n the
following sections In addition a brief account of electrode processes will
be given

1 42 Electrochemical Processes

Electrochemical reactions which involve the transfer of charge at
the electrode/electrolyte interface are classed as heterogeneous processes
69 The overall rate of the electrochemical reaction and therefore the
magnitude of the resulting current response 1s dependent on a number of
physical and/or chemical processes operating at the interfacial region For
the simple redox reaction,

Ox + ne < Red (121)

conversion of the oxidised form to the reduced form of the species
involves the following processes 107

(1) Transport of Ox from the bulk of solution to the electrode surface

(2) Electron transfer between the electrode and the species to form
Red

(3) Transport of Red away from the electrode to the bulk of solution

During electrolysis, three modes of mass transfer are generally important,
these are 107
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(1) Migration, the movement of a charged species under the influence
of an applied DC electric field \

(2) Diffusion, the movement of particles under the influence of a
concentration gradient

(3) Convection, resulting from thermal or density gradients, deliberate
stirring or hydrodynamic transport

The Nemst-Planck equation gives a full mathematical description of the
effect of these three modes of transport 69,108 For transport in the x
direction only, this equation yields

Jx,t) =-Dg 8Co(x.5) - zZF  DoColx.5) 8 ¢(x,1) + v(x,0) Colx,n) (122)
ox RT dx

where J(x,1) 1s the mass flux, Do 1s the diffusion coefficient of the species
O, ¢ 1s the electrostatic potential, v(x,f) 1s the hydrodynamic velocity of the
solution, 2 1s the charge of the species O and Cg 1s the concentration of the

species O

The current at the electrode may be limited either by mass transport of
the reactant to the electrode surface or by the rate of the electron
exchange reaction The mass transport component can be controlled
precisely with techniques such as rotating disc electrode voltammetry
100,105 but the rate of electron exchange 1s more difficult to control as
this component is a function of the substrate, electrode matenal, electrolyte
and applied potential In addition, the overall electrode reaction mechanism
can 1nvolve a homogeneous chemical reaction, either prior to, or
immediately after the charge transfer step 109 Furthermore, other
heterogeneous processes such as adsorption or desorption of reactants or
products may be coupled to the electrode reaction The overall rate of the
electrochemucal reaction will therefore be determined by the slowest
process involved in the mechanism. This 1s the rate determining or current
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limiting step For electroanalysis it 1s generally desirable to operate under
mass transport controlling conditions

The extraction of analytical information from an expeniment
depends on the degree of control that can be exerted on experimental
parameters such as mass transport, electrode potential, electrolyte and the
understanding the electrode reaction 107 Migration currents can be
minimised with the use of electro-inactive electrolytes, and convective
currents can be eliminated by avoiding thermal or density gradients within
the electrolyte For useful analytical information, the electrode current
should be controlled by diffusion of the species of interest from the bulk
This gives nise to a faradaic current and a direct relationship between
current response and analyte concentration can be established Currents
due to non-faradaic processes such as double-layer charging and
adsorption, and from impurities, need to be charactenised fully The
double-layer charging current results from the change 1n structure of the
interfacial region of the electrode with applied potential The electrode
surface when in contact with an electrolyte 1s believed to behave as a
capacitor, with the interfacial region compnsing of ordered charge
particles, the electnical double-layer 69 A widely accepted model of this
double layeris given in Fig 16 72 Most modern electroanalytical
techniques are designed to maximise faradaic current and minimise the
capacitance current With the use of amperometry, the structure of the
double-layer 1s constant as the potential 1s held constant, and this allows
the charging current to decay to zero 110

The electrochemical behaviour of electro-active species, and
consequently the current-voltage response, 1s a direct result of the
mechanism of the electrode reaction Whether a reaction 1s reversible 1n an
electrochemical sense may depend on the time scale of the experiment 111
An electrochemical reaction is considered reversible when the electron
transfer reaction (reaction 1 21) 1s facile 1n both directions and when the
reactants and products are stable over the time scale of the experiment If
the rate of electron transfer 1s slow (z ¢ when the heterogeneous forward
and backward rate constants, kf and .y, are small ), the reaction 1s said to
be quasi-reversible A different situation anses when the product Red 1s
not stable and undergoes a subsequent homogeneous reaction Thus Red
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may not exist long enough to be re-oxidised and the reaction 1s therefore
trreversible ’

143 Voltammetnc and Amperometnc Techniques

1431 Cyclic Voltammetry

Cyclic voltammetry (CV) involves monitoring current as a function
of applied potential when a regularly varying potential is applied to the
working electrode 1n quiescent solution 112,113 Thys techmque has
become popular for mechamstic studies of redox processes and the study
of modified electrodes 97 The potential wave form applied can be seen 1n
Fig 17 In general, the potential sweep 1s started at a potential where no
reaction occurs ( E; ), and proceeds to a potential where the species of
interest 1s electro-active, and then to a final or switching potential (Ej, ),
from where the scan direction 1s reversed The values of E,, E;, and
potential sweep rate, v, can be varied depending on the application
envisaged Single or multiple potential cycles can be used

A typical CV for the oxidation-reduction of a solution species can
also be seen 1n Fig 17 The important features of a CV include the anodic
(Epa) and cathodic (Epc) peak potentials, and anodic (¢pa) and cathodic
(1pc) peak currents The processes which occur dunng a typical cyclic
voltammetric expennment can be described as follows, when the potential 1s
scanned from an electro-inactive region to a potential where the substrate
becomes electro-active the potential results in the reduction of Ox to
produce Red according to the Nernst equation

E=E® + RT/nF In ([Ox}/[Red])x=0 (123)

As the surface concentration of Ox decreases, Ox begins to diffuse from
solution If the potential 1s swept further the surface concentration of Ox
falls and the current decays according to the Cottrell relationship 108
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i) = nFA Dgl”2 Co* (124)

(where f = time) to give a steady-state diffusionally controlled current This
gives nise to the charactenstic peak 1n the current-voltage curve Before
the peak, the current 1s kinetically controlled and 1s therefore a function of
the electrode potential The rate of the forward (f) reduction reaction can

be described by the Butler-Volmer equation,

ke = kO exp[-an (F / RT) (E-E9) ] (125)

where k0 1s the standard heterogeneous electron transfer rate constant, o
1s the symmetry factor describing the symmetry of the energy barrner to
reaction and EO s the formal potential of the reduction reaction Simularly
the reverse process can be descnbed by

ko = kO expl(1-a)n (F / RT)( E-EO) ] (1 26)

The peak current for a reversible electrode process under a semi-infinite
diffusion regime 1s given by the Randles-Sevcik equation

1p = {04463 (nF)3/2 AD1/2 12 Cy*] / (RT)112) (127)

While after the peak, the current 1s diffusionally controlled as predicted by
the Cottrell equation

The peak-to-peak separation between the anodic and cathodic
processes 15 equal to 0 0591/n V for a reversible electrode reaction The
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separation of peak potentials 1s independent of sweep rate but 1s slightly
dependent on switching potential and cycle number Quasi-reversible
systems possess peak-to-peak separations greater than 0 0591 / » V due to
the non-equilibrium conditions encountered at the electrode surface
causing deviation from the Nernstian behaviour

Cyclic voltammetry has been extensively used to characterise the
electro-activity of polymer modified electrodes and for the mechanistic
elucidation and the evaluation of charge transport rates 114-116 Thys
technique gives a wide variety of information over a wide potential range
without need for specialised expenmental conditions Much of the CV
studies have focussed on qualitative information as well as quantitative
data

Quantitative data regarding charge transport have been largely been
obtained from examining the modifying layer at high potential sweep
rates, where semt-infinite diffusion conditions prevail The equation
describing the characteristic current for the oxidation or reduction of the
immobilised redox species under these conditions 1s given by a modified
Randles-Sevcik equation

ip = [ 04463 (nF)3/2 ADct1/2 ¢ v1/2] / [(RT)1/2] (128)

Where Dt 1s the charge transport diffusion coefficient and c 1s the
concentration of electro-active sites within the film In addition, the
following conditions prevail 117

Ep = Epa' Epc = 00591/’1\/ (l 29)

lpa / lpc =1 (l 30)
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When there 1s no diffustonal limitations such as at low potential
sweep rates (surface or thin-layer conditions) , the peak current varies
linearly with v At higher sweep rates a change over to semi-infinite
diffusional control occurs and a v1/2 dependence 1s observed Thus the
variation of peak current with sweep rate 1s a simple diagnostic tool for the
charge diffusion behaviour of modified electrodes Under the finite
diffusion conditions the following cniteria must be satisfied,

ip = [n2F2 't v]/ [4RT] (131)
Epa = Epc (132)
FWHM = 00906 n V (133)

where I'T 1s the total amount of electro-active material on the electrode

surface and FWHM is the full width at half height of the CV peak The
quantity I'T can be determined using stow sweep rate CV using the

relation I'r = Q/ nFA, where Q 1s the total charge passed upon oxidation
or reduction of the polymer film

It 1s often encountered that the diffusion layer extends to the
polymer/electrolyte interface over the timescale of the experiment This
situation, for a fimte diffusion space for linear sweep voltammetry, has
been examined by Aoki and co-workers 116 for reactions with reversible
kinetics wath the following assumptions

(1) Mass transfer of both species 1s governed by Fick's second law,

d3Co*(x,r)/ 81 = Dd2Co*(x,1) / dx2 (1 34)
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(2) The solutions imtially contains Red of concentration Co*

(3) The diffusion coefficients of the oxidised and reduced forms of the
redox couple have a common diffusion coefficient D

(4) Electro-active species cannot pass through the film/electrolyte
interface

(5) The electrode reaction 1s sufficiently rapid to ensure Nernstian
response

The boundary conditions at the electrode are given by
Co(0,) / CK0,n) = exp[nF (E, + vt -E9) / RT] (135)
1/nF = D(OC/dx)x=0 = -D(8Co/8x)x=0 (1 36)

where Cr and C,, represents the concentrations of Ox and Red,
respectively at time, ¢ The theta function has been used to evaluate the 1-E
curve, which 1s described by

1 =nFCo* [Dv (nF/RT)112 f(w,0)] (137)

where f(w,2) = W12 [ 82 (0/2)eWzt/ (1+eW2L)2 dz), and with W =
0

(nF/RT) v d2/D, the square root of which denotes the ratio of the diffusion
thickness space, d, to the diffusion-layer thickness The approximate
solution to the finite diffusion space equation 1s given by Simpsons rule as
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wp/nkF = (446(Co* D/d) W12 tanh(0 56W1/2 + 0 05W) (1 38)

This theory allows the evaluation of the charge transfer diffusion
coefficient over large potential sweep ranges simply from a knowledge of
surface coverage and the peak current For solution type behaviour (i1 e
when W 1s large), this equation reduces to the semi-infinite diffusion
equation of Randles-Sevcik, while if W is less than 1 the Langmuir surface
equation (equation 1 31) 1s obtained Aoki has also considered the cases of
quasi-reversibility and totally irreversible redox processes using the
concept of finite diffusion space 118

1432 Chronoamperometry

Chronoamperometry has been used to evaluate D¢t values This
technique 1nvolves the application of a potential step across the redox
couple to a potential where the Red (or Ox) form 1s stable and monitoring
the current response as a function of ime This 1s depicted in Fig 1 8
Using the Cottrell equation, (equatton 1 24), an estimate for D¢¢ can be
obtained 109 This techmque 1s considered to reflect efectron hopping and
the additional possible rate determining steps such as counter ion
movement and polymer segment motion Most workers using this
technique neglect the finite diffusion equation and manipulate the time
scale of the experiment to ensure semi-infinite diffusional behaviour It 1s
believed that this technique probes a small portion of the film close to the
electrode/film interface while the CV techniques are more representative of
the bulk structure of the film This 1s a reflection of the time scale involved
in both experiments Chronoamperometry measurements are carried out
over a millisecond time scale, while CV measurements extend over a much
longer time scale, of the order of seconds

1433 Hydrodynamic Amperometry

As stated earlier, amperometry 1s the measurement of electrode
current with respect to time at a fixed applied potential The amount of
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mechanistic data which can be extracted using such a technique 1s imited
However, the technique 1s highly valuable in electroanalysis as 1t allows
continuous monitoring during techniques such as flow injection analysis
(FIA) HPLC, and coulometric and amperometric titrations Under
hydrodynamic conditions, the current 1s generally controlled by mass
transfer to the electrode surface Hydrodynamic conditions are produced
by electrode rotation, solution stirring or by solution flow in FIA and
HPLC

14331 Mass Transfer Processes Under Hydrodynarmic Condifions

The most commonly used theory concerning the kinetics of
heterogeneous reactions 1n stirred solutions s that of Nernst 119
According to this theory, there 1s a thin-layer of static liquid immediately
adjacent to the surface of the electrode through which diffusion of the
reacting species must occur This layer 1s the diffusion layer of thickness, &
Within the diffusion layer the solution 1s believed to be static and the
concentration distnbution linear However, experimental observations
suggests that the concentration gradient 1s non-linear and that the solution
1s non-static in the vicinity of the electrode surface

The exact treatment of mass transport involving convection and
diffusion has been given by Levich 100 Here 1t 1s assumed that mass
transport 1s a function of two processes diffusion under the influence of a
concentration gradient and transport of entrained particles in the moving
hiquid The combination of these processes 1s known as convective
diffusion In the vicinity of the electrode surface both these processes can
play a role The overall concentration distnibution relating to a
heterogeneous reaction is given as follows,

dCl = (Dl VC]) - V VC[ + 4 FV(U] Cl q)) + Rl (1 39)

where D, 1s the diffusion coefficient of species 1, C; 1s the concentration of
1, V 1s the flow velocity vector, z; 1s the charge on 1, y; 1s the 10nmc
mobility,® 1s the electnc field strength and R, is the rate of the

42



homogeneous chemical reaction The first term on the nght hand side of
this equation relates to the concentration gradient of species 1, the second
to the macroscopic fluid flow velocity and the concentration of 1, with the
third term relating to the migration and the fourth to the homogeneous
chemical reaction This equation can only be solved 1n a few cases, usually
for systems with very simple electrode geometries Levich has however
solved this equation for a number of electrode geometries including the
rotating disc electrode, flat surfaced electrodes, tubular and conical micro-
electrodes 100 The current for the rotating disc electrode 1s given by the
Levich equation (equation 1 18) The diffusion layer thickness, 3, 1s
mversely proportional to the rotation speed (or solvent velocity) of the
electrode

Electroanalysis 1n flowing streams 1s one of the fastest growing
areas 1n analytical electrochemustry 107 The detector design can
incorporate a planar electrode 1n a thin-layer configuration, a tubular, a
packed-bed or wall jet electrodes as the working electrode 120 These
designs can be seen 1n Fig 19 Electrochemical detectors are classified
according to their electrolytic efficiency Amperometric detectors
generally have a low electrolytic efficiencies with generally less than 10%
conversion of the analyte Alternatively, coulombic detectors have close to
100% conversion efficiencies On this basis, 1t would appear that
coulombic detectors are potentially more sensitive than amperometric
sensors However, due to the large surface area required for the former,
larger background currents are observed which lmit the LOD that can be
obtained For these electrodes, operating under hydrodynamic conditions,
the current response equation can be obtained from equation 1 39 For the
thin-layer planar electrode configuration with rectangular electrodes, two
equations are available to describe the steady-state current depending on
whether laminar flow (1 40) 1s achieved or not (1 41) 100,121

1 = 147 nFCo* (ADg /p)?/3 U3 (140)

1 = 068 nFCo* Dg2/3 v -1/6 (A/p)li2 yl/2 (141)
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where U 1s the volume flow rate, p 1s the distance from the nozzle to the
electrode It 1s worth noting here that steady-state 1s rarely achieved in
flow analysis due to the transient nature of the signal Equation 1 40 has
been recently modified to account for steady-state responses at circular
electrodes 1n thin-layer flow cells 122

1 = 1234 nFWL>3(D/b)2/3 (U/W )13 Co* (142)

where W¢ 1s the channel width perpendicular to the fluid flow and Wi, the
length of the electrode This equation 1s valid in situations where the
diameter of the circular electrode does not exceed the channel width and
where the sample injection volume ts much greater than the dead volume
between the injector and detector Recently, a detailed account of thin-
layer behaviour taking into account the van Deemter equation in HPLC
has been given 123 It s reported that at optimum flow rate small changes
in flow rate do not affect the response significantly

1.5. Analytical Apphcations of Modified Electrodes

151 Introduction

Modified electrodes have been widely applied for electroanalysis as
these devices display attributes which conventional electrodes do not
possess The attributes which are desirable for sensors constructed from
modified electrodes are a reproducible response which 1s easily defined
and well understood, the response should be linear (but not necessanly)
over a large concentration range The sensor should be sensitive, selective
with low background response, fast response time, have a low limit of
detection and allow a high analytical throughput Sensors should be easily
prepared (compatible with lithographic technology) and be both physically
and chemically stable In order to achieve some, if not all of these

45



objectives, considerable creative chemstry will be required to design the
electrode/electrolyte interface 124

Recently, “ground rules” concerning the design of modified
electrodes for electroanalysis have been proposed 125 The approach to
modified electrode design should be dictated almost exclusively by the
analytical requirements The properties of the target analyte, the possible
interferences and their expected concentration ranges along with the
sample matrix must be considered It 1s only when these parameters are
carefully considered that a judicious approach to sensor design can be
achieved

Electrode modification for electroanalysis revolves around the three
central themes of preconcentration, perm-selectivity and electrocatalysis
8,125 By exploiting any one or combination of these themes, the
construction of selective, sensitive operational sensors 1s possible The
design and analytical application of modified electrodes will be discussed
along these themes

1 52 Preconcentration

The concept of preconcentrating analytes at electrode surfaces 1s not
new The three dimensional nature of the mercury drop poised at an
appropriate potential allows for the effective electrolytic scavenging of
very dilute solutions to produce high surface concentrations of analyte 126
When the potential 1s swept tn the opposite direction a large analytical
signal may be obtained Alas, with mercury, only a hmited potential region
can be exploited and the electrode reaction must be reversible 126,127
This severely limits the applicability of the technique With modified
electrodes, however, the potential range can be broadened and irreversible
reactions can be exploited The principles of 1on-exchange,
complexometry, and precipitation have been used to preconcentrate
analytes at the surface of modified electrodes Chemically reactive sites in
polymer films have also been used to effect preconcentration In addition
to the sensitivity enhancement which can be obtained, careful design of the
modifier can enhance selectivity on the basis of electrostasis, chemical
functionality, stereochemistry, selective binding or molecular size In order
to obtain maximum benefit from preconcentration, the process should take
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place in a three dimensional zone at the electrode surface For this reason
polymeric films have predominated preconcentration at modified
electrodes although carbon paste electrodes have also been described for
this purpose

The application of polymers functionalised with coordination sites
have been actively investigated by several groups 128-134 The polymer
provides the three dimensional network along with physical stability, while
Judicious choice of ligand controls the selectivity of the sensor The analyte
must be able to permeate the film and coordinate to the polymer bound
ligand(s) The formation constant of the complex, 4f, 1s of fundamental
importance as 1t affects the operational performance of the sensor Large
kr values favour increased sensitivities and lowered LOD The use of
ligands with large kf values can be used to effect very selective binding
thus discriminating against possible interferents with smaller formation
constants Large kf values may be also disadvantageous, as the surface
concentration of ligand sites 1s low, typically 10-8 mol cm-2, then
saturation of the sites may occur at low analyte concentrations 1f the
complexation reaction 1s too favourable As the modifier participates in a
dynamic chemical reaction prior to electrolysis, the time for the reaction to
reach equilibnum should be as short as possible for practical application
Unfortunately this 1s seldom the case In general, equilibrium times can be
controlled by careful choice of electrode size, polymer film thickness,
polymer permeability and morphology and &

An elegant example of this type of electrode modification has been
demonstrated by Abruna et al 131 In this work a poly(4-vinyl pyridine)
polymer contaiming the ligand, 2,2'- bipyridyl, was found to be effective at
sequestering Fe(II) from solution The incorporated Fe(Il) was then
oxidised by linear sweep voltammetry to give an analytical signal (charge)
The problem with response saturation was also addressed By
incorporating an “internal standard” into the polymer film, in this case a
ferrocene moiety, which can be determined in sifu using slow sweep rate
CV, the total interfacial quantity of coordination sites can be evaluated,
with a knowledge of the coordination number of the metal complex from
solution studies, the response (charge) from a saturated film can then be
estimated Sufficient mobility of the polymer bound coordination sites is of
paramount importance in order to form stable multi-dentate complexes It
1s recognised that ligand mobility within the film may be restricted due to
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steric or other factors, as a result multiple coordination to a metal centre
may not take place As the Ej/2 of the metal centre 1s a function of its
coordination sphere then this may have serious implications for analytical
applications For the Fe(Il) coordination, a trts complex was formed (as
expected from solution studies) within the polymer, so no restrictions on
ligand mobihty was evident In situations where ligand mobility may be
problematic, 1t has been suggested that thin polymer films may alleviate
this problem In another study 1t was found thatonly 0 1 to 1 0 % of
actual analyte incorporated into a chelating film was subsequently detected
electrochemically 130 This suggests that mass and/or charge transport
restrictions within the polymer film 1s detrimental to sensor response For
this reason such polymers should exhibit fast charge and mass transport
properties 1n order to exploit the preconcentration effect fully A major
problem associated with these type of electrodes 1s that they may be used
for a single determination only This may be a result of irreversible binding
or very slow release of the electrolytic product It has however been
demonstrated that the use of ligands with formation constants strongly

influenced by the oxidation state of the metal centre this can be alleviated
132

It 1s fortuitous that selectivity trends for metal/ligand interaction
exhibited in solution can be extrapolated to the electrode surface With a
wide body of information concerning such interactions in solution, along
with the huge number of ligands available, considerable scope exists for
the development of novel electrochemical sensors from these materials

The use of 10n-exchange matenals for electrode modification was
recognised early in the development of CMEs Some of the first polymer
modified electrodes described were based on electrostatic incorporation of
charged redox sites 1nto oppositely charged polymer films 60 The ability
to preconcentrate electro-active matenal 1n a film close to the electrode
surface using the inherent thermodynamic driving force for the 1on-
exchange reaction resulted 1n several applications of this process for
electroanalysis 135 The most widely studied matenals for 10n-exchange
preconcentration are protonated PVP, quaternised PVP, both of which are
polycationic 136, and Nafion, which 1s an anionic 1onomer

The fundamental behaviour of 10n-exchange processes which can
occur at Nafion and other 1on-exchange matenals have been investigated
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extensively 137138 For any 1on-exchange matenal, the extent of
preconcentration depends on the 1on-exchange selectivity coefficient, Kex
Preconcentration occurs when the selectivity for the analyte 1s greater than
that for the competing counter 1on For Nafion, 1on-exchange selectivity
coefficients depends on the charge and structure of the exchangeable 1on
In general , selectivity coefficients increase with increasing charge and
hydrophobicity of the 1on 137 The bulk structure of Nafion in aqueous
electrolyte 1s thought to be composed of a hydrophilic domain containing
—S0O3- groups and a hydrophobic domain compnsed of the carbon
fluoride polymer framework It 1s this structure which results 1n high
selectivity for large hydrophobic cations For PVP-based 1on-exchange
modifiers the greater the charge on the competing ton the more effectively
it will be scavenged from solution 132 Due to the general nature of 10n-
exchange processes, and as the extent of preconcentration 1s determined
by the molecular properties of the analyte and any competing co-ion 1n the
sample, considerable matrix effects can be encountered 1n real analytical
situations using these types of materials Some control over 10n-exchange
selectivity can be achieved however, by careful control of electrolyte pH,
as this affects the 1onisation of weak acids and bases and consequently
their availability for 1on-exchange Also, the 10nic strength of the
electrolyte should be kept as low as possible to mimmmise competition from
electrolyte co-lons However, due to the general nature of 10n-exchange
processes, 10n-exchange preconcentration is inherently less selective than
coordination processes

One of the major disadvantages of 10n-exchange preconcentration 1s
the lengthy time 1ntervals required for the 1on-exchange process to reach
equilibrium 137 The equilibrium time depends on the size, charge,
structure and concentration of analyte, the 1onic strength of the electrolyte,
geometric dimenstons of the electrode, and the thickness of the polymer
film 135 It1s usually found that the rate determining step 1n reaching
equilibrium 1s the rate of 1onic diffusion within the film 137 For this reason
polymers must be designed for maximum mass transfer rates It has also
been observed that 10n-exchange 1sotherms are linear only over a small
concentration range, therefore these electrodes may be easily saturated
and have a limited response range As the 1on-exchange process 1s
thermodynamucally driven, the regeneration of the polymer for multiple
determinations 1s difficult 135 The use of high onic strength electrolytes
to remove the analyte 1s impractical and unacceptable 1n continuous
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monitoring situations In a very elegant example of the power of synthetic
control, 1t has been demonstrated that by incorporating a ferrocene moiety
into the Nafion modifier, oxidation the ferrocene untt then allows the
ferrocinium 10n to acts as the counter 1on, charged analytes acting as

counter 10ns are then expelled from the film to maintain electro-neutrality
135

Probably the most popular application of 10n-exchange
preconcentration 1s the determination of dopamune 140,141 Dopamine, a
neuro transmitter, 1s found at low concentration 1n the synapse Dopamine
1s cationic at physiological pH, and can be selectively incorporated into the
amonic Nafion This preconcentration step along with the exclusion of
ascorbic acid, allows the determination to be carrnied out 1n vivo In
another example, a styrene sulphonate-containing polymer containing
ferrocene as an internal standard, was found to preconcentrate protonated
aromatic amines The internal standard was used to normalise responses
with respect to surface coverage of polymer 142

Analytes can be preconcentrated by reaction with chemically
reactive groups at the electrode surface This approach may result in
considerable selectivity enhancement due to the specific nature of the
chemical reaction It s also possible that stereospecific reactions may be
used to distinguish between optical 1somers Price and Baldwin modified a
platinum electrode with unsaturated primary amine by adsorption 143
The surface immobilised amine was capable of a condensation reaction
with carbonyl-containing analytes The selectivity power of this electrode
was demonstrated by the selective determination of
ferrocenecarboxaldehyde in the presence of ferrocene in 100-fold excess

The precipitation of analytes at polypyrrole modified electrodes has
been demonstrated recently 67 The principle 1s based on the
incorporation of chemically active counter 1ons during the electro-
polymensation process These counter 10ns are selected according to their
ability to precipitate the analyte of interest It was found that Ag*
precipitated when Cl- was the counter-ion, the precipitation process
occurred while the electrode was held at open circuit The subsequent
oxidation of Ag could be used analytically
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153 Perm-selectivity

The use of polymeric perm-selective films on electrode surfaces
provides a elegant approach for discriminating the species of interest from
co-existing interferences Perm-selective membranes provide an i1 sifu
separation process directly at the electrode surface resulting in an increase
in selectivity and provides protection of the electrode surface 144 This 1s
achieved by controlling mass transport through the polymer film The
target analyte must be able to permeate the polymer film, if this process 1s
active (1 ¢ thermodynamically driven ), such as by 1on-exchange, then
preconcentration of the analyte may also occur If the transport process 1s
not active, then the analyte passes through the film by simple diffusion
without accumulation In the latter case, diffusional constraints imposed by
the polymer film generally results in less analyte reaching the underlying
electrode, consequently lowenng sensitivity It should be emphasised here
that the focu of perm-selective film design are to optimise the rejection of
interferents and to allow distribution of the analyte into and transport
through the polymer film 145 Qbviously, perm-selective films need not
preconcentrate analytes It 1s, however, advantageous to provide such an
effect, as this may offset the lowering in sensitivity due to hindered mass
transport Usually the polymer films employed are electro-inactive but
examples of permeation control of electro-active polymers have also been
demonstrated 146 Selective discrimination of interferences are based on
molecular properties such as charge, size, shape and polarity

Cellulose acetate has been a very successful electrode modifier for
the exclusion of interferents based on molecular size 147,148 The porosity
of cellulose acetate can be controlled by time-controlled base hydrolysis of
the film on the electrode surface 148 This treatment results in umform
holes 1n the polymer film through which small analytes can diffuse
passively and prevent the passage of larger electro-active 1ons such as
proteins and organic surfactants This treatment results in simplified
chromatograms and freedom from surface fouling effects due to protein
precipitation These effects are demonstrated in Fig 1 10 Polyaniline,
polyphenol and polypyrrole have also been used as selective membranes
The perm-selectivity of these materials was found to be dependent on the
electro-polymenisation time and the concentration of the monomer 146
From the results of a fundamental study, the selective permeabihities of
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Fig 110 Amperometric detection of 1 0 x 104 mol dm-3 phenol
at (A) bare glassy carbon and (B) at a cellulose acetate coated
electrode (Reproduced fromJ Wang, L D Hutchins, Anal Chem ,
1985 57 1536)



polyphenolic and polyaniline can be explained approximately on the basis
of the Stokes radii of the permeating 1on 65 However, the degree of
selectivity of the films can not be explained by the differences 1n Stokes
radu alone 149 It has been proposed that this may be due to chemical
interaction between the permeating species and the modifier

It was stated earlier that coulombic association could be used to
preconcentrate analytes in polymeric films through 1on-exchange The
opposite force, coulombic repulsion, can be used to prevent interferences
from reaching the electrode surface This 1s based on the principle that
charged polymer films tend to reject ions of the same charge (co-1ons) 133
The extent of rejection depends on the net charge on the co-1on and on
the polymer film, degree of polymer swelling, thickness of film, type and
concentration of electrolyte and electrolyte pH Unfortunately, a small
amount of diffusion of co-1ons through charged polymer films 1s quite a
common phenomenon resulting in non-zero permeabilities 33,145 The
extent of this process must be assessed to allow application of these
matenals for electroanalysis

The response time of perm-selective polymer coated electrodes is
important in many applications such as FIA and HPLC The diffusional
resistance imposed by the polymer film can result in prolonged response
times and band broadening of the eluting sample plug Such an effect can
lower the analytical through-put in FIA procedures and seriously affect
resolution in HPLC It has been shown theoretically that band broadening
increases with increasing polymer film thickness and 1s inversely related to
the diffusion coefficient of the analyte in the polymer film 130 The current
response of a perm-selective film 1s given by the equation 148,

g = 1L [1/ 1 + (Ps/Pm)] (143)

where 11 1s the current at the bare electrode, and Ps and Pm are the
permeability of the substrate in the solution and the film respectively It 1s
well known that the electrode current is effectively independent of flow
rate for perm-selective electrodes 121 From the above equation, under
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sufficiently low or high flow rates, the current becomes either solution or
film controlled respectively

154 Electrocatalysis

The theoretical considerations concerning electrocatalysis have been
dealt with in section 1 3 In this section some of the applications of
electrocatalysis for the development of electrochemical sensors will be
described

Amperometric detection of a solute species is dependent on the
analyte of interest undergoing a redox reaction Frequently, however, the
electrode kinetics are such that the species of interest will not react or only
react very slowly at the electrode without the application of potential
extremes 565,139,144 Ag discussed earlier, surface modification with
electron transfer mediators can accelerate the rate of electrochemical
reaction and 1n so doing, lower activation over-potentials 78 This 1s of
particular advantage as it may bring the reaction into a potential domain
where the species of interest can be determined free from interferences 19
In addition, the electrocatalysis of the electrode reaction may result in
enhanced sensitivity and lowered background currents As LOD 1s a
function of sensor sensitivity and noise, these effects may result in
sigmificant lowering in LOD

The nature of modifying layers for electrocatalysis differ greatly
depending on the application The most frequently encountered
modification involve deposited metallo-polymers 77, polymer immobilised
metallic micro-particles 151 and inorganic films on electrodes 127

Probably the most widely exploited form of electrocatalysts are the
metallo-polymers These maternals possess a strongly bound mediator site
in a three dimensional network at high surface concentrations 19 and the
mediators can be chosen from a knowledge of solution based
homogeneous kinetics In addition, theory describing the transport
processes and kinetics at these type of electrodes are firmly established as
discussed earlier, and may be used for the optimisation of sensor response
81,94-96,107 In addition, these theories allow a detailed understanding of
the physical and chemical processes which control the electrode behaviour
and response Many applications have been described for polymer-bound
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metal complexes, most notably ruthenium, 1ron and indium These metal
centres are particularly useful for a number of reasons, their complexes
exhibit facile reversible kinetics at a variety of electrode matenals, their
complexes are stable tn a number of oxidation states, the E1/2 of the metal
centre 1s easily controlled by controlling the coordination sphere and their
electrochemustry 1s well documented Geraty ef a/ 152 have utlised
ruthenium-containing polymeric materials for the determination of Fe(II)
and obtained a linear range from 5 x 106 to 1 x 10-2 mol dm-3
Electrodes modified with this polymer also exhibited lower operational
potential and improved sensttivities for the oxidative determination of
nitnite and nickel bis(2-hydroxyethyl)dithiocarbamate 1n flow systems 153
The use of this matenal in flow systems 1s, however, restricted due to the
loss of electro-active material from the electrode surface caused by
abrasion by the carrier electrolyte flow This has been alleviated by the
application of a second polymer (bi-layer arrangement) such as the
conducting polymer poly-3-methythiophene, or non-conducting polymer
e g poly-N ethyltyramine on top of this mediating film 134 In a recent
study 1t has been found that the electro-deposition of this ruthenium
polymer resuited in films of supenor stability compared to the drop coated
films 155 The use of ruthentum and osmium bridged dimers
[(bipy)2(H20)M3+},04 - immobilised in a cation-exchange resin (p-
chlorosulphonated polystyrene) has been demonstrated to give catalytic
currents for Cl- oxidation 156 This system was applied to the
determination of Cl- using RDE voltammetry Other metallo-polymer
coatings used to perform electrocatalysis include the poly(vinylferrocene)4-
methyl-4'-vinyl-2,2"-bipyndyl) co-polymer This matenal was deposited
onto Pt wire and used to determine Fe2+ at pH 2 1 with a hnear range of
50nM—5uM Fe Poly(vinylferrocene) coated electrodes have been
prepared for the electrocatalytic determination of ascorbic acid, these
electrodes exhibited a linear range extending from 6 x 106 to 6 x 10-2
mol cm-3  157-159 Pickup and Mao have used a senes of electronically
conduction anton-exchange polymers based on polypyrrole for the
electrostatic binding of ferrocyamde 157 The ferrocyanide moiety was
subsequently used for the electrocatalytic oxidation of ascorbic acid The
electrostatic binding of [IrClg]3/4 into quatermised PVP has been
demonstrated, and these electrodes have been shown to mediate the
oxidation of mitnte in flow mjection analysis 160 The electrode has a hinear
range extending from 10-3 to 10-5 mol dm-3 nitrite and a limut of
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detection of 0 072 ppm Surface poisoning due to SCN- 1s prevented and
interference from Pb(I1I), Mn(1l), and Fe(ll) 1s attenuated Further work on
[IrClg)2/3- 1n the same polymer matrix extended the linear range from 8 x
10-6 — 4 x 10-3 mol dm-3 16! The electrocatalyst, cobalt phthalocyanine,
has been used extensively for the modification of carbon paste electrodes
(vide infra) 127 In a recent publication, the compound Co-4.,4'4",4"-
tetra-aminophthalocyanine has been electro-polymensed onto glassy
carbon electrodes 162 The polymer was found to exhibit electrocatalytic
properties similar to the monomeric compound The electrodes were
however found to be much more stable than carbon paste and compatible
with organic solvents such as those commonly used for HPLC The
electrodes were found to detect picomole quantities of thiol compounds at
low operational potentials

Purely inorganic modifications of the electrode surface were
amongst the first to be used for electroanalysis This area has been
reviewed recently by Cox ef al 127 Electrodes modified with inorganic
films generally belong to one of the following categones, metal
phthalocyanines 163 and metal porphyrins 164, polynuclear transition metal
cyanides 165, (Prussian Blue and its analogues), metal oxides 166 or
clay/zeolite structures 167

Metal phthalocyanines and porphyrins are macrochemical species of
high chemical stability 127 Phthalocyanic compounds have been shown to
exhibit electrocatalytic properties towards the oxidation of sulfhydryl
groups 168 Zagal has demonstrated the efficacy of cobalt phthalocyanine
(CoPC) as an electrocatalyst for the oxidation of 2-mercaptoethanol and
cysteine, both of which involve oxidation of the thiolate anions to radicals
which then undergo dimensation 169 Zagal and co-workers used CoPC
to lower the over-potential for the oxidative determination of hydrazine
with FIA 170 The mechanism by which CoPC promotes electrochemical
reactions 1s little understood However, many of the oxidations appear to
involve mediation, ¢ e the pnmary electrode reaction 1s the oxidation of
Co(II) to Co(11I), which subsequently oxidises the analyte present at the
electrode/solution interface 171 The selectivity towards mercaptans, a-
keto acids and certain carbohydrates suggests that the electrode process 1s
related to at least one other factor In this regard, catalysis appears to be
related to the highest occupied d orbital of the metal centre 126 Prussian
Blue compounds, although popular modifiers, have not received
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widespread attention for analysis However, Ni(I) hexacyanoferrate has
been used for the detection of Fe(IlI) in a liquid chromatography system
172 and Prussian Blue for the oxidation of ascorbic acid 173 The
sensitivity for ascorbic acid detection was greater by factor of 28
compared to the unmodified electrode The flow 1njection determination of
hydrazine by electrocatalytic oxidation at Prussian blue modified electrode
has been reported recently 165,174 [p this study the stability of the coating
was improved by overlaying with Nafion The detection limit was 0 6 ng
The modification of glassy carbon electrodes with CuCl deposits have been
used for the detection of carbohydrates following anion-exchange
chromatography 175-179 The electrodes were stable in NaOH solution
and could be used for detection without the need for cleaning wave forms
as 1s required for unmodified electrodes The electrode showed wide
applicability to polyhydroxyl compounds and the LOD was at the
picomole level It appears that the activity of the electrode 1s related to the
Cu(IT) and/or Cu(III) states even though the modification 1s in the form
CuCl This system was further extended by incorporating the CuCl in a
Nafion matrix This further enhanced the stability of the electrode response
and provides discimuination against hydroxy acids 175

Polymer immobilised micro-particles have been used for
electrocatalytic detection of certain analytes Platinum particles have been
deposited 1n Nafion by potential cycling in chloroplatinic acid 180 These
electrodes have been used in flow cells and give nise to an electrocatalytic
response to H2O2 H207 1s an important analyte as 1t the product of many
enzyme reactions used for sensor development The response 1s linear
from 1 pM — 50mM where the Pt particle density 1s greater than 150 pg

cm? The electrode was found to be very stable and was apphed to the
detection of H2O2 generated at a glucose oxidase electrode The sensor

was applied to the determination of glucose in blood 151 The electro-
deposition of palladium, indium, ruthenium and platinum from acidic
solution of the metal complexes into PVP films has been reported 74
Cross-linking the polymer with 8 mol % of 1,1,6-dibromohexane was
found to stabilise the films effectively The modified electrodes were found
to be effective electrocatalysts for hydrogen evolution from acidic solution
A film containing palladium and 1ndium deposited directly onto glassy
carbon electrodes has been used for the sensitive electrocatalytic reduction
of HyO2 181 The response was linear over the range 02 to 1 8 mmol L-
1 Oxygen however, interfered with the response The use of redox
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polymers for the electro-deposition of silver micro-particles has been
described recently 182 The polymer immobilised electro-active sites
appeared to nucleate the deposition process under certain conditions Such
devices may prove useful analytically

\

1.6. Conclusion

Through the unique properties of modified electrodes, many
potential applications for these devices have been proposed Undoubtedly,
chemical sensor development 1s the most prolific area of research in the
field of modified electrodes The ultimate goal of sensor development is the
production of an operational device which 1s cheap, simple to construct
and operate The response from the sensor must be well defined and be
simply calibrated Such attnibutes are easily conferred to amperometric
sensors Finally, and most importantly, the device must be selective, and
herein lies the challenge In order to control the reactivity of the electrode,
control over the electrode potential (Ej/2 of the electrocatalyst) and
transport (inhibited or promoted) to the electrode must be established
Many elegant examples of such control are available and no doubt many
more will follow These can only be achieved by chemical “engineering”
on the molecular level

1.7. Scope of Thesis

The purpose of the work described 1n this thesis 1s, the development
of novel electrochemical sensors from electrodes modified with osmium
and ruthenium containing metallo-polymers Several novel detection
systems for the electroanalysis of commercially important analytes will be
described The physical stabilisation of the redox polymer films by
mantpulation of the polymer back-bone and by chemical cross-linking 1s
also described Finally, the kinetics and transport processes occurring at
the modified electrodes for a number of electro-active substrates are
analysed using conventional theory of mediated electrocatalysis Some of
the results presented here have appeared 1n the literature 183-186
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Chapter 2

The Development of a Sensor for Nitrite

based on [Os(bipy)2(PVP)19CIICl Modified Electrodes
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2.1. Introduction

Nitrite 1s an important analyte for a variety of reasons Nitrite salts
are frequently used 1n meat curing processes and are also common
additives 1 processed meat ! It 1s known that nitrite can react with
primary amines to form N-nitrosamines and that this reaction 1s facilitated
by the acidic conditions found in the stomach 23 It has long been
suspected that these N-nitrosamine compounds may be carcinogenic 3
Nitrite 1s an important prnmary intermediate 1n the nitrogen cycle 2 Many
studies have been carned out recently 1n an attempt to mimic the
enzymatic conversion of molecular nitrogen to ammoma 45 Nitrite 15 also
a common pollutant from agricultural and industnial sources As this
species 1s involved 1n the nitrogen cycle, the environmental impact of such
pollution ( e g algae blooms )} may be considerable © In addition, nitrite 1s
the species through which the environmentally important oxides of
nitrogen (NOx) 7 and nitrate 8.2 are usually determined It 1s clear from
these examples that nitrite 1s an extremely important analyte from the
perspective of industry, agriculture, medicine and environmental
protection This importance 1s reflected in the number of publications
concerning the determination of nitrite, 1n a variety of sample matrices,
which have appeared 1n the last decade 10

It has been stated that, as a rule, the properties of anions make it
difficult to find suitable reagents for the development of sensitive and
selective analytical methods for these species covering the concentration
ranges normally encountered 9-10 Nitrite 1s no exception to this rule Ina
recent review of methods for the determination of nitrite, the
overwhelming majority were based on spectrophotometric
methodology 10 These techniques are based on well known azo dye
formation reactions involving nitnte 11 The predominance of a single
approach 1s a result of the difficulty encountered 1n determining this anton
Under the acidic conditions prescribed by spectrophotometric procedures,
nitrite undergoes a diazotisation reaction with compounds such as
sulphanilamide, the product of this reaction s subsequently coupled to N-
(1-naphthyl)-ethylenediamine dihydrochloride to form the corresponding
azo dye for the spectrophotometric determination 10 Although
sulphanilamide appears almost a universal diazotisatton reagent, many
different reagents have been proposed for the coupling step, which include
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1-naphthamine and 1-naphthylamine-7-sulphonic acid ! Although
popular, spectrophotometric techmques for nitrite suffer from a number of
distinct disadvantages, including limited linear ranges, poor limits of
detection , complicated experimental protocols and low analytical through-
put In addition, many of the procedures involve long reaction times and
unstable colorimetric reactions and products 12 Flow injection (FIA)
spectrophotometric methods have recently been introduced to alleviate
some of these problems 13-15 However, these techmques stll suffer from
interferences such as ascorbic acild 16 Ascorbic acid 1s known to interfere
with the colour forming reactions 17 Due to the biological nature of
many of the samples encountered and the use of ascorbic acid as an anti-
oxidant 1n many processed food products, this interference 1s a severe
limitation of the spectrophotometric procedures

Electrochemical methods for the analysis of nitrite have also been
proposed The direct reduction potential of mitrite 1s extremely negative
(=-10V vs SCE) 18, therefore 1t 1s difficult to detect nitrite directly using
its reductive behaviour 19 However, the use of differential pulse
polarography has been reported for the direct and indirect determination
of mtnite Direct determination 1s based on the reduction of mitrous acid 20
This 1s of imited applicability due to the instability of this species 21 The
use of catalytic polarography for the indirect determination of trace
amounts of nitrite 1s now well established 12 These techniques involve the
use of electrolytes containing certain polyvalent metal cations such as
Mo>+ 22, Cr3+ 23 Co2+ 24, Y3+ 25 and V3+ 26 in the presence of
complexing groups such as thiocyanate 27 and glycine 23 In some of these
systems, nitrite appears to complex to the metal centre as mitric
oxide 19:27 this complex 1s subsequently reduced (metal based) upon
potential scanning In one example, the product of the electrode reaction
reacts with dissolved oxygen 1n a catalytic cycle to regenerate the
analytical species at the electrode surface resulting in enhancement 1n peak
current 12 Alternatively, with metals such as Mo%+, complex formation
does not occur The mechanism 1n this situation involves reduction of
Mo+ at the electrode to Mo>+, this species subsequently undergoes a
redox reaction with NO3- to regenerate Mo®+ at the electrode surface in a
catalytic cycle, resulting 1n significant current enhancement 22 The
detailed chemustry of these catalytic polarographic techniques is complex
and 1s still not fully understood 28, but they have been successfully applied
to the determination of nitnite 1n many situations Many of these
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techniques suffer from mitrate interference 2223 In an alternative
polarographic approach, the azo dyes formed by the colorimetric reactions
discussed above have been used to indirectly determine nitrite
electrochemically 29 The reduction reactions in this approach are based
on azo dyes This mode of detection does not have a catalytic component,
and sensitivities are therefore limited

These polarographic techniques are highly sensitive and are useful
for the trace determination of nitrite However, due to the nature of
polarographic methods, 1 ¢ they are difficult to automate, are subject to
metal cation nterference and the reduction reactions occur at potentials
close to the discharge potential of electrolytes, these techniques have
himited applicability 1n routine analysis

Because of the limitations of the polarographic and
spectrophotometric techniques discussed above, the oxidation of nitrite at
conventional platinum 30, glassy carbon 16 and carbon paste 31 electrodes
has been investigated The oxidation at platinum 1s severely restricted due
to the presence of surface oxides groups on the electrode surface 30,32,33
and passivation caused by intermediates involving the oxidation of nitrite
occurs 34 With glassy carbon, the most senious difficulties associated with
this material 1s the extreme dependence of the rate of many
electrochemical reactions on the surface state of the electrode 35 At these
electrodes, large over-potentials are required for the oxidation reaction to
proceed at useful rates, typically in excessof 1 1 V vs SCE At such
potentials, considerable interference from species such as Cl-, thiocyanate
and ascorbic acid have been reported 16 The use of electrochemically
pre-treated glassy carbon electrodes for the oxidation reaction was
subsequently studied and was found to lower the oxidation potential by
about 200-300 mV 35 It was also noted that without pre-treatement, the
direct oxidation of nitnte at glassy carbon causes a slow loss 1n electrode
sensitivity due to passivation 34 The common anion thiocyanate was also
found to severely passivate the electrode upon oxidation 35 In order to
reduce the over-potential further, the application of redox polymer
modified electrodes has been introduced The earliest example of the
mediated oxidation of nitrite involved [[rClg]2/3- electrostatically
incorporated in quaternised PVP 34 The mediation reaction was found to
occur at the polymer surface (S¢””) In a subsequent study, the mediator
[IrCle]3-/4- was found to improve electrode performance by extending the

71



linear range 36 For both of these modified electrodes, ascorbic acid and
thiocyanate caused interference due to mediated oxidation, although the
passivation effect of nitnite and thiocyanate was eliminated This suggests
that reactive intermediates formed during the oxidation of these species
are prevented from adsorbing at the underlying electrode surface
Recently, the [Ru(bipy)2(PVP)sCI]Cl redox polymer modified electrode
was used for the detection of mitrite in FIA 37 These electrodes were
effective 1n reducing the over-potential for the oxidation by ca 300-400
mV, however, electrode stabihity was limited 38 For all oxidation-based
sensors, Interference from signals due to the oxidation of ascorbic acid and
thiocyanate however remain problematic

It 1s evident from this discusston that the analysis of nitrite has
received considerable attention recently The major limitations of the
procedures developed previously involve interferences Therefore the
objectives for the development of an electrochemical sensor for the
determination of nitrite are, a) prevention of ascorbic acid interference, b)
absence of thiocyanate oxidation and resulting passivation, ¢) prevention of
electrode passivation by nitrite oxidation, and d) operation at moderate
potentials to ensure mimimum interferences The construction of a sensor
fulfilling these objectives would constitute a major advance 1n this area

In this chapter, a novel electrochemical sensor for the detection of
nitrite will be described In order to prevent some of the previously
reported oxidative interference, the sensor is based on the mediated
reduction of nitnite by electrodes modified with the electrocatalytic
polymer, [Os(bipy)2(PVP)10CI]Cl The possible mechanism of the
electrode reaction 1s described along with the kinetic parameters and
transport processes occurring at the modified electrode The charactenistics
of the sensor under operational conditions are assessed and the application
of the sensor for the determination of nitrite 1n saliva 1s demonstrated
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2.2. Experimental

221 Matenals and Reagents

2211 Synthesis of High Molecular Weight Poly(4-Vinylpyndine)

High molecular weight matenal 1s desirable to ensure maximum
physical stability of the resulting redox polymer The monomer, 4-
vinylpyridine (Aldrich), was punfied by vacuum distillation at 70 °©C Next
12 2 cm-3 of the purified monomer was degassed using oxygen-free
nitrogen The monomer was then bulk polymenised at 80 °C under
nitrogen for 4 h The polymerisation process was initiated with the free
radical initiator, 2,2"-azobisisobutyronitrile (AIBN) at a mole ratio of 500 1
(monomer mmtiator) The resulting glassy polymer was dissolved in
methanol for subsequent molecular weight fractionation The bulk
fractionation of polymers by the addition of non-solvent 1s widely
practiced 39 The methanol was evaporated to produce a concentrated
viscous polymer solution To this solution, toluene was added drop-wise to
cloud point while stirmng vigorously The suspension was then heated
slowly to 40 °C and that fraction of polymer remaining undissolved (the
high molecular weight portion) was collected This portion of polymer was
then redissolved 1n methanol and precipitated 1n diethylether twice for
purification The polymer fraction was then dned thoroughly i vacuo at
80 °C 5 02 g of fractionated polymer was recovered which corresponds
to 40% of total the expected yield

2212 Determination of Poly(4-Vinylpyndine) Molecular Weight

The use of hydrodynamic techniques such as viscometry for the
molecular weight determination of polymers is well established 39 The
empirical formula relating polymer solution viscosity to molecular weight,
(Mark-Howink equation), [n] = K’ M2, where [n] 1s the intrinsic
viscosity of polymer solutions at infinite dilution, K’ and a are constants
for a particular polymer and solvent and M 1s the molecular weight of the
polymer, 1s frequently used This approach 1s valid only for linear polymers
such as PVP The values K’ and a have been evaluated for PVP in dry
ethanol previously at 25 0C to be 2 5 x 10-4 and 0 68 respectively 40
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Polymer solutions in the concentration (c) range 1 0to 02 g/ 100
cm3 in dry ethanol were prepared accurately The efflux time for each
solution and solvent between the graduations of an Ubbelohde suspended
level viscometer were determined at 25 + 0 2 °C Polymer solutions were
allowed to equilibrate at this temperature for 15 mun prior to
measurement A plot of ngp/c vs ¢ was prepared and extrapolation to
infinite dilution reveals 1] to be 2 08 + 0 03 dL g-! Using the Mark-
Howink equation, this reveals a viscosity average molecular weight of
580,000 g mol-1 for the high molecular weight fraction

2213 Synthesis of [Os(bipy)2Cl2]

This compound was synthesised by heating 3 mmol OsCl3 3H20
with 6 mmol of 2,2"-bipyndyl in 40 cm3 of DMF under reflux for 0 5 h
This solution, containing [Os(bipy)2Cl2]Cl was then added dropwise into a
solution of 2 g NaS204 1n 200 cm3 water and stirred for 1 h After
cooling to 0 °C , the black mucrocrystalline [Os(bipy)2Clz] was filtered off
washed with water and dried in vacuo at 80 °C

2214 Preparation of [Os(bipy)2(PVP)10Cl]Cl

This matenal was synthesised according to the procedure described
by Forster er al 41 with the exception that 2-methoxyethanol was used as
the solvent instead of ethanol A metal loading of 1 metal centre per 10
VP umits was chosen as this loading exhibits optimum charge transfer
charactenstics 42 100 mg of PVP was dissolved in 40 cm3 2-
methoayethanol 54 6 mg of [Os(bipy)2Clz] was dissolved 1n a similar
amount of 2-methoxyethanol, both solutions were combined and added to
a 150 cm3 round bottomed flask This reaction mixture was held under
reflux at 125 °C for 72 h The reaction was monitored by UV/visible
spectroscopy and CV The appearance of a redox wave at 0 250 V vs
SCE due to the formation of the polymer complex 4! and the complete
disappearance of the redox wave at 0 O V vs SCE due to the
[Os(bipy)2Cly] starting material indicated completion of the reaction The
solvent was then evaporated to dryness and the redox polymer redissolved
in methanol The polymer was then precipitated in diethylether, collected
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and dried in vacuo at 80 °C The structure of the redox polymer can be
seenin Fig 2 1

2215 Electrolytes and Solutions

All electrolyte solutions were prepared from Milli-Q water The
electrolyte used throughout was 0 1 mol dm-3 NazSO4 contaiming 0 05
mol dm-3 H2SO4 The pH of this electrolyte was adjusted, where
necessary, using 1 0 mol dm-3 H2S8O4 and 1 0 mol dm-3 NaOH The pH
was measured using a Corning 240 pH meter calibrated using pH 4 and
pH 7 buffer solutions Nitrite solutions were prepared freshly each day
from sodium nitrite 1n neutral electrolyte Nitnte 1s unstable at low pH 21,
therefore, solutions under these conditions were prepared immediately
prior to use and measurements made as quickly as possible Low pH
nitrite solutions were prepared by dilution of an appropriate quantity of
neutral nitrite solution with an acidic electrolyte to give the desired pH and
nitrite concentration

2 22 Procedures

2221 UV/Visible Spectroscopy

UV/visible spectroscopy was carned out using a Shimadzu UV 240
spectrophotometer linked to a Shimadzu OPI 1 programmable interface 1
cm matched quartz cells were used UV/visible spectra were recorded in
the region 900 nm to 190 nm A scan speed of 10 nm s-1 and a shit width
of 2 nm was used Spectra were recorded on methanolic polymer
solutions Methanol was used 1n the reference beam

2222 Luminescence Spectroscopy

Luminescence spectroscopy was carried out using the Perkin Elmer
LS50 luminescence spectrophotometer interfaced to an Epson AX2e PC
For the room temperature (RT) luminescence measurements a 1 cm
fluorescence cell was used while at -196 °C, a quartz tube and holder were
employed The excitation and emission sht widths were 10 nm for all
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expeniments No evidence of luminescence was observed for the redox
polymer at both RT and -196 °C

2223 Cyclic Voltammetry and Rotating Disc Electrode Voltammetry

Cyclic voltammetry (CV) and rotating disc electrode (RDE)
voltammetry were carried out using a conventional three electrode
assembly The potentiostat used was the EG&G Princeton Applied
Research Model 362 The rotating disc assembly was the Metrohm Model
629-10 Voltammograms were recorded on a Linseis X-Y recorder The
working electrodes were 3 mm diameter glassy carbon discs shrouded in
Teflon (Metrohm) The counter electrode was 1 cm2 platinum gauze
placed parallel to the working electrode at a distance of ~ 1 cm The
reference electrode was the saturated KCl calomel electrode All potentials
are quoted with respect to the SCE without regard to liquid junction
potentials All measurements, unless otherwise stated, were carried out at
room temperature

Modified electrodes were prepared by polishing the glassy carbon
electrodes with 5 wm alumina as an aqueous slurry on a felt cloth The
electrodes were rinsed thoroughly with distilled water and methanol The
electrodes were then treated with chlorosulphonic acid to promote the
formation of surface oxide functional groups The electrodes were again
nnsed with distilled water and dried 1n vacuo at room temperature The
electrodes were modified by drop coating using a 1% w/v solution of the
polymer The electrodes were allowed to dry slowly in air and allowed to
cure overnight in vacuo before use

2224 Flow Injection Apparatus

The flow injection apparatus consisted of a Gilson Miniplus 3
peristaltic pump, a six port Rheodyne injector valve fitted with a 20 pL
fixed volume sample loop, a EG&G Princeton Applied Research Model
400 electrochemical detector connected with Teflon HPLC tubing, and a
Philips X-t chart recorder In the flow cell, an Ag/AgCl electrode acted as
the reference The working electrodes were 3 mm diameter glassy carbon
shrouded in a Teflon block Modified electrodes were prepared as
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described above All potentials are quoted after numerical conversion to
the SCE scale Sample injections were made using a 2 cm3 glass syringe
fitted with a Rheodyne 1njection needle The carrier electrolyte used was
0 1 mol dm-3 NazSO4/ 0 05 mol dm-3 HSO4 A schematic diagram of
the FIA apparatus can be seen 1n Fig 2 2 Electrode responses were
monitored as a function of carrier electrolyte flow rate, applied potential,
polymer surface coverage and electrolyte pH

2225 Determination of Nitrite 1in Saliva

This analysis was carried out using a conventional electrochemical
cell with a 3 electrode assembly 10 cm3 of 0 1 mol dm-3 NazSO4 /0 05
mol dm-3 H2SO4 electrolyte was placed in the electrochencal cell and the
electrolyte was stirred slowly using a magnetic stirrer and follower A
potential of 0 12 V vs SCE was applied to the working modified
electrode The current response was recorded continuously using a Philips
X-t chart recorder Saliva was collected (with great difficulty') and
sonicated for ca 15 muin 1 0 cm3 aliquots of the saliva were then added to
the 10 0 cm3 of electrolyte and the current change to nitrite reduction was
recorded Responses due to standard solutions were recorded 1n an
identical fashion The calibration curve had a slope of 0 19 nA pg-1 cm3
and an intercept of 2 23 nA, and a correlation coefficient, r = 0 997
Responses were corrected for dilution Two sub-samples of a single saliva
sample were analysed 1n duplicate

2.3. Results and Discussion

231 General Electrochemistry

A CV for the electrocatalytic polymer [Os(bipy)2(PVP)10CIICl,
coated on glassy carbon electrodes ts shown in Fig 23 The Ej/2 of the

osmium redox centre 1n the sulphate electrolyte 1s 025 V vs SCE This
value indicates that the coordination sphere of the metal centre 1s
[Os(N)5Cl] as expected from the synthetic strategy 42 From UV/visible
spectra, Amax values for the polymer complex were found to be 730 nm,
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490 nm, 430 nm and 360 nm 4! The molar extinction coefficients at
these wavelengths were also in close agreement with those previously
reported for the matenal These results again indicate that the redox
polymer has the coordination sphere [Os(N)sCl] and that the metal

loading 1s 1 10

The CV of the redox polymer exhibits a number of features
charactenistic of surface bound redox sites 43 The peak-to-peak separation
between the oxidation and reduction waves 1s close to zero at low
potential sweep rates A plot of peak current vs potential sweep rate 1s
linear up to about 50 mV s-!, indicating the finite diffusion behaviour of
charge transport at the modified electrode 44 At higher sweep rates,
onset of semi-infinite diffusional behaviour becomes evident and a change
over to a square root dependence on potential sweep rate occurs This can
be seenin Fig 24a and 2 4b In addition, the ratio 1pa / tpc 15 1, which
indicates that the kinetics for the forward and reverse waves are similar
These results demonstrate the almost 1deal surface behaviour of this redox
polymer 42 The rate of charge transport through this redox polymer has
been the subject of active investigation recently 4547 This matenial
exhibits rapid charge transport rates in sulphate electrolytes For the
electrolyte used 1n this study, the charge transport diffusion coefficient,
D, was estimated to be 1 3 x 10-11 cm2 s-1 using high sweep rate cyclic
voltammetry and the Randles-Sevcik equation This rate may be
considered rapid on the CV timescale and ensures rapid regeneration of
the electrocatalytic sites 1n the film Such rapid D¢ values are desirable to
ensure sensor responses are not limited by electron transport through the
polymer In addition, optimum polymer modified electrode performances
are obtained when the cross-exchange reaction occurs n considerable
portions of the film, 1 ¢ the LS and LEg kinetic cases, these kinetic
regimes exist only when charge transport (and mass transport) 1s rapid

It 1s expected from thermodynamics, considering the Ej/2 of this
redox polymer, that the electrocatalytic redox centre will mediate
reduction reactions with formal potentials, (E°), more positive than 0 250
V vs SCE 4 The reduction of mtnte at glassy carbon 1s
thermodynanmucally favourable, since the six proton, four electron reaction,
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2NO2- + 6H* + 4e < N20 + 3H20 21)

has a formal potential of 12 V vs SHE On this basis, 1t was expected that
nitrite reduction may be mediated by the osmium redox couple within the
polymer film Although thermodynamcally favourable, the reduction of
nitrite at glassy carbon electrodes 1s known to be kinetically very slow 28
In addition, reduction of nitrite at gold and glassy carbon electrodes 1s
known to cause severe surface passivation, with the electrode response
dropping dramatically after several potential cycles 50 With the use of the
polymeric electrode modifier studied here 1t may be possible to eliminate
these effects, in a similar fashion to that observed for polymer modifiers
preventing electrode passivation caused by nitrite and thiocyanate
oxidation 3436

A CV for the reduction of nitrite at a bare glassy carbon electrode
can be seen 1n Fig 2 5a Two distinct reduction processes can be observed
The first wave has an Eq/2 of 0 25V vs SCE This reduction wave 1s very
1ll-defined and plateaus rather than forms a peak This suggests that mass
transport 1s not controlling the current flux at potentials past the anodic
peak maximum, (Epa), indicating the kinetics of the reaction are very slow
The 1ll-defined wave shape 1s indicative of an irreversible electrode
reaction No reverse wave 1s observed for this electrochemical process,
also indicating 1rreversibility The second reduction process occurs at a
potential of -0 50 V vs SCE Again, this wave 1s 1ll-defined, does not have
a reverse wave and therefore appears to be irreversible Such CV’s could
only be obtained in very acidic electrolyte (pH 1 0) and at slow potential
sweep rates (< 10 mV s-1) These observations suggest that the electrode
reaction is proton dependent and the kinetics of the reaction are sluggish
Fig 2 5b shows a typical rotating disc electrode voltammogram for nitrite
reduction at glassy carbon Again the curves are 1ll-defined The magmtude
of the miting currents are 0 5 pA at 025V vs SCE and 4 5 pA at -0 50
V vs SCE Considering the concentration of the nitrite solutions, the
magnitude of currents generated at the bare electrode may be considered
small These results confirm previous observations that the reduction of
nitrite at glassy carbon 1s thermodynamically favourable but the charge
transfer kinetics are poor 28 Because of this, and the negative potentials
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Fig 25 (A) A CV for the reduction of nitnte at a bare glassy
carbon electrode and (B) current-potential curve for the reduction
of nitnite at glassy carbon at a rotation speed of 500 rpm Nitrite
concentration for both was 0 01 mol dm-3 and electrolyte as for

Fig 23



required for significant reaction rates these electrochemical processes can
be considered of little analytical utility It was also observed that after
several potential sweeps, the electrode response to mitrite dirimished
presumably due to adsorption of reactive intermediates This observation is
1n direct agreement with that reported previously

CV has been extensively used to demonstrate electrocatalysis as this
technique allows visualisation of the current-potential behaviour of the
electrochemical system 5! In Fig 2 6, a CV for the reduction of nitnte at
a modified electrode is presented The shape of this wave s significant On
inspection it can been seen that the wave 1s significantly elongated along
the current axis This 1s indicative of an electrocatalytic reaction occurnng
at the electrode surface The onset of mediation can be seen to occur at
the onset of Os(II) generation within the polymer film, so the electrode 1s
“switched on” at about 0 4 V vs SCE 1n the negative scan direction In
the reverse wave, the electrode 1s “switched off” at about the same
potential The shoulders on the forward and reverse waves can be
attributed to the Os(11)/Os(I1l) redox couple As the rate of reduction and
re-oxidation of the osmuum centres 52 1s significantly faster that the rate of
the cross-exchange reaction (vide infra), the applied potential causes a
rapid redox of osmium sites resulting 1n a large transient electron flux,
transient due to the finite reservoir of osmium sites available for redox
reaction The hysteresis on the wave can be attnbuted to nitrite depletion
at the (static) electrode surface These results clearly demonstrate mediated
charge transfer by redox cycling of surface bound Os(III)/Os(II) sites to a
solution species The steepness of the reduction wave indicates that the
kinetics of the mediated reaction are considerably improved 1n comparison
to the reaction at the unmodified electrode (Fig 2 5) The mediation
process can be further demonstrated with RDE voltammetry In Fig 2 7,
current potential curves for the mediated reduction of nitrite at the
modified electrode can be seen Again, the onset of mediation occurs at
the onset of Os(Il) generation in the film In addition, the plateau currents
are well defined and the currents generated are a function of nitrite
concentration This demonstrates the possible utility of the redox polymer
for the construction of a nitrite sensor

It was stated earlier that mtrite reduction at conventional electrodes
causes severe surface passivation, For the mediated reaction studied here,
no passivation of the electrode was observed over many potential cycles
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Fig27 Current potential curves for mitrite reduction at a modified
electrode Curve 1 shows the reduction wave of the Os(I1l) centres
and curves 2 to 7 show the reduction of 1,2,3,4,5 and 6 x 10-3 mol
dm-3 mitrite Sweep rate =2 mV s-1, rotation speed = 500 rpm
Electrolyte as for Fig 2 3



This behaviour 1s encouraging for the development of sensors capable of
multiple determinations Many modified electrodes proposed 1n the
literature are not re-useable 53

232 Mechanism for the Mediated Reduction of Nitrite

In trying to establish a mechanmsm for the mediated reduction
reaction, previously reported observations must be considered The
reduction of nitrite at platinum electrodes involves a two step process 1n
the potential range 0 0-0 7 V The first step results 1n the generation of
nitric oxide (NO), and 1n the second step, nitrous oxide (N20) s
liberated 3554 A third step observed at more negative potentials 1s due to
the formation of hydroxyl amine (NH20H) It has been observed that at
glassy carbon a single reduction wave 1s observed at positive potentials
corresponding to the first two reduction processes A single reduction
wave has also been observed for polyaniline-coated electrodes but the
exact process responsible has not been elucidated 0 For the unmodified
electrode severe passivation of the surface due to the adsorption of
reactive intermediates was observed 0

Considerable effort has recently been directed at the interconversion
of nitrate and nitnite to ammonia via the lower oxides of nitrogen such as
nitric oxide and nitrous oxtde to mimic the action of nitrogen fixation
enzymes 4-55-57 This has been achieved using metal complexes of
osmium, ruthenium and iron The main conclusion from this work 1s that
the chemistry 1s complex and little understood However, 1t appears that
mitrite 18 coordinated to the metal centres in the form of the nitrosonium
1on, NO+, and that the initial site for the multi-electron reduction reaction
1s this higand This species 1s also involved with the enzymatic conversion
of nitrogen to ammonia 58 In both cases the product of the imtial
reduction 1s nitric oxide

It 1s known that the direct reduction potential of nitrite 1s more
negative than -1 0 V, so 1n order to produce the reduction behaviour seen
here and by other workers, nitrite must be converted 1n acidic electrolyte
to a species more readily reduced It 1s accepted that nitnte, 1n acidic
solution, exists predominantly as the nitrosonium 1on 39,60 In sulphunc
acid electrolyte, the nitrosonium 10n 1s not thought to exists 1n 1solation but
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as the 10n association species, NO+HSO4- 60 It 1s reasonable to assume
under the conditions used here that this species 1s formed The pKj of
nitrous acid 1s 3 4, consequently, nitnte 1s 1n the protonated form in the
electrolytes studied here 61 The nitrosonium 10n 1s generated by the
following acid-base equiltbna 39

NO2- + H¥ < HNO2 22)
k1
HNO2 + H2804 < NOTHSO4 + H20 (23)
k’-1 = k-1 [H20]

This acid-base equilibria has the effect of removing one of the oxide atoms
from the nitrogen centre and creating low lying energy levels, mainly n*
(NO) 1n character, creating a possible imitial site for reduction 5 The
reduction of nitrite coordinated to osmium, 1ron and ruthenium centres
involved adduct formation and inner sphere electron transfer For the
reaction studied here, the mediated reaction 1s centred at 0 25 V vs SCE,
at the E1/2 of the electrocatalytic centre 1n the polymer film The hmiting
current plateau for the mediated reaction was found to be very flat, (Fig
2 8b) Both of these features are indicative of a purely outer sphere
electron transfer process which 1s indeed expected for this electrocatalytic
matertal 62 This has been confirmed by UV /visible spectroscopy, no
change 1n the UV/visible spectrum of the polymer complex 1s observed in
the presence of nitrite under acidic conditions over the range 200 nm to
900 nm, clearly demonstrating that no change occurs to the coordination
sphere of the metal centre In addition, the potential of the Os(I1)/Os(III)
redox couple does not change 1n the presence of mtrite Armed with this
information, 1t 1s likely that the mediated reaction involves a simple cross-
exchange reaction between the mediator sites and the nitrosontum 1on
according to reaction 2 4,
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k2
NO+tHSO4- + Os(Il) — NO(g) + HSO4 + Os(IID) 24)

to liberate mitric oxide where k2 1s the second order rate constant for the
cross-exchange reaction This corresponds to the first reduction step
observed at conventional electrodes and for the reduction of mitrite as a
bound species We believe that this is the only electrochemical process
occurring 1n the polymer film under the conditions of RDE experiments
To venfy this proposed mechanism, a theoretical kinetic equation defining
the current flux at steady-state can be dernved and compared to the
expenimental results

For a mediating redox polymer, which exhibits a through layer

reaction and with efficient partitioning of substrate into the film (vide
infra), the flux of electrochemical reaction, J, 1s given by 63,

g =T K k2 [NO*] (25)

where I 1s the surface coverage of the electro-active centres, K 1s the

partition coefficient of the substrate between the electrolyte and the
polymer film and 42 1s the second order rate constant for the cross-

exchange reaction The terms NO+ and H+ will be used in the following
argument instead of NO*HSO4- and H2SO4 for convenience The

quantity, [NO+], may be approximated using the steady-state
approximation

d[NO+)/dt = kj[HNO2][H*] - {K’-1[NO*] + T K kg[NO*]} =0 (26)

Solving for [NO+]
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[NO+] = k;[HNO2] [H*]/ k'.] k2T K Q7

Combining with equation 2 5 we obtain

Jz =T Kk {k; [HNOZ]J[H*]/ k.1 + ko T K} 28

Assuming that k2 << k’_j the second term can be neglected and the total
interfacial flux 1s given by

Jz = ka2 T K {k; [HNO2]{H*]/£’.1} 29)

As k1 / k.1 = K’eq then

Jz = I'K k2 (K’eq [HNO2] [H*]) (2 10)

So, the current at steady-state 1s given by

iz = nFAKT k2 K’¢q [HNO2] [Ht] 211)

Consequently, the current for the mediated reduction of nitrite, at steady-
state, should be first order with respect to [HNO3}, [Ht} and '

To check the vahdity of equation 2 11 and the proposed
mechanism, the reaction orders with respect to [HNO2], [Ht] and I" were

investigated expennmentally The reaction order for solution species may be
evaluated using the following equation 64
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m; = dlog i ,m /dlogc, (2 13)

Where m; and c; are the reaction order with respect to species ) and the
concentration of J, respectively A plot of log i1,m vs log ¢y should be
linear with a slope equal to the reaction order for the species The reaction
order plot for [HNOz2] can be seen in Fig 2 9 Ths plot 1s linear and the
slope 1s 1 0 £ 0 02 This clearly suggests that the mediated reaction is first
order with respect to [HNOz2] as expected from the proposed reaction
mechanism In Fig 2 10 the reaction order plot for [H+] can be seen,
where the slope 1s 0 90 + 0 03 This indicates the first order dependence
on proton concentration, again in agreement with the proposed
mechamistic sequence In Fig 2 11, a plotof InT" vs In 11 ;i3 for modified
electrodes at various surface coverages can be seen The slope of this plot
1s 0 90 + 0 05 This indicates that the current flux due to the mediated
reduction of nitrite 1s first order with respect to surface coverage

These observations indicate that the reaction mechanism is a simple
cross-exchange process from Os(Il) to NO+ to form NO(g) Knowing the
complexity of the chemistry of oxides of nitrogen 1n acidic media 59.60, the
simplicity of the mediated reaction is somewhat surprising The second
possible step, the liberation of N2O¢y), does not appear to occur at the
redox polymer modified electrode under these conditions The generation
of N2O(g) at conventional electrodes 28 occurs via a proton coupled
reduction of NOg) according to reaction 2 12

2NO(g) + 2H* +2¢ < N2O(g) + H20 214)

This reaction 1s thermodynamically favourable with an E© of 139 V vs
SCE 49, and on the basis of free energy differences, should be mediated
by the redox polymer 48 A possible explanation why this step does not
occur at the modified electrode 1s that with the electrocatalytic polymers
used here, the inter-site distance 1s of the order of 2.5 nm along the
polymer chain 65 and each redox sites provides a single electron It 1s then
unlikely that two mitnc oxide molecules will be close enough to undergo

93



087

06}

04}

log 1/ pnA)

L g

0-2

00

14 10 06 -02
log ({HNO2] / mol dm-3)
Fig 29 Reaction order plot for [HNO2], data obtained at a

rotation speed of 500 rpm and sweep rate of 2 mV s-1, the
electrolyte was that for Fig 2 3 (pH =1 0)



15

10}
05}
2
=
= 00}
-0}
_1 0 4 2 —
3 22 1 -0

log ([H*] / mol dm-3)

Fig 2 10 Reaction order plot for {H*}], data obtained at a

rotation speed of 500 rpm and sweep rate of 2 mV s-1 and the
electrolyte as for Fig 23 [HNO2] = 0 02 mol dm™3



‘In (i/ A)

132 T

13 4
128 +
126 1
124 ¢
122 +

12 +

118 +

-’

+

116 — { :
18 185 19 195 20
4n (T' / mol cm-2)

Fig 2 11 Reaction order plot with respecttoI' [HNO3] =2 0 x
10-3 mol dm-3 1n the usual electrolyte at a rotation speed of 500
rpm and a sweep rate of 5 mV s-1

205



electron transfer and nuclei coupling simultaneously At solid electrodes
there would be an increased probability of such an event occurring due to
the immobilisation of intermediates by adsorption It s this type of multi-
step reaction which exhibit sub-Marcusian electron transfer rates for which
many electrocatalytic electrode surfaces are currently being developed If
such reactions require a priort a chemical linkage step. then polymer-
bound mediator electrocatalysts may not offer the best approach From
the perspective of electroanalysis, whether this behaviour 1s an advantage
or disadvantage depends on the application envisaged for the sensor and
the possible interferences which may be encountered The development of
the redox polymers studied here 1s directed towards the acceleration of
outer-sphere electron transfer reactions As many reactions cannot occur
via this route, this allows a certain degree of selectivity to be obtained
compared to bare electrodes operating at the same potential

Tafel analysis 1s also useful for delineating kinetic aspects of
electrochemucal reactions 66 A Tafel plot constructed from data extracted
from the nsing portion of curves such as curve 2 8b 1s shown in Fig 2 12
Tafel analysis was carned out with the knowledge that interfacial dynamucs
control electrode currents rather than mass transport (vide infra) The plot
1s linear, which under these conditions 1s indicative of 1rreversible electrode
kinetics Such plots reveal an average Tafel slope of -84 + 5 mV decade-1
This slope suggests a symmetry factor of 0 70 + 0 05 which indicates
considerable asymmetry of the energy barrier for reaction This 1s hardly
surprising given the gaseous nature of the reaction product and the
irreversibility of the reaction The experimentally obtained kinetic data
concerning the mediated reaction are tabulated 1n Table 2 1

2 33 Modified Electrode Kinetics

Theoretical treatments of the kinetics and transport limitations of
electrocatalytic reactions at redox polymer modified electrodes have been
proposed in order to delineate the precise kinetic regime pertaining at the
modified electrode and to optimise electrode performance 63.67-77 These
theories have been discussed in detail in Chapter 1 The kinetic analysis
presented here 1s based on the use of Koutecky-Levich plots
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Parameter Expernimental

Value
Tafel slope/ mV decade-1 -84 +5
Symmetry factor, o 07+005
Reaction order w rt [H*] 09+003
Reaction order w r t [NO2} 10002
Reactionorderwrt I 09+005
rate constant,
k> / dm3 mol-! cm s-! 94 +2x 10!

Table2 1 Expenmentally obtained kinetic parameters
for the reduction of nitnite at the modified electrode



Levich plots obtained for the reduction of nitnite at modified
electrodes with various polymer surface coverages can be seen in Fig
2 13 1t s evident that the currents generated at the modified electrodes
are independent of electrode rotation speed and therefore independent of
the rate of substrate diffusion It seems likely that this unusual behaviour
is a result of a slow rate of cross-exchange between the Os(II) and the
nItrosonium 1on

In Fig 2 14 typical Koutecky-Levich plots for vanous surface
coverages of redox polymer can be seen These plots have zero slopes as
expected from the Levich plots It can also be seen that the intercepts of
these plots are inversely proportional to polymer surface coverages
Increasing the surface coverage of the polymer results in an increase in the
number of possible electrocatalytic sites at the electrode surface where the
mediated reaction can take place In Table 2 2, values for £’ ME at various
surface coverages are shown A plot of In £’ME vs In L yield slopes of 09
+ 0 5 which demonstrates the first order relationship between layer
thickness and the modified electrode rate constant 77 These results
indicates that the mediated reaction occurs throughout the entire polymer
film, 1 e the L situation according to the notation of Albery and Hillman
and the equivalent situation, R, according to Saveant’s notation 72,73 This
kinetic regime corresponds to a situation where mass and electron
transport within the film are fast in comparison to the rate of the cross-
exchange reaction 63 This supports the rapid charge transport rates
observed for the polymer and the assumption that the rate of the cross-
exchange reaction 1s slow

The reciprocals of the intercepts of the Koutecky-Levich plots yield
the apparent modified electrode rate constant, k’ME for the mediated
reaction (see Table 2 2) 68 The analytical expression relating kMg for the
L4 kinetic regime to the second order rate constant, k2, for the cross-

exchange reaction 1s given by 63

K’ME = k2K boL (2 15)
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15 x 109 mol cm-2, sweep rate =5 mV 51
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The concentration of the electro-active centres in the redox polymer has
been estimated from the dry density of the material determined by
flotation 1n non-swelling solvents 4! to be, bo = 0 7 x 10-3 mol cm-3
Swelling of the polymer by electrolyte has not been taken into account in
this study although considerable swelling 1n sulphuric acid electrolyte 1s
ikely

To obtain an estimate of the penetration of nitrite into the polymer
film, the oxidation of nitrite at an electrode with a similar thickness of
polymer was 1nvestigated The currents obtained for the oxidation of
nitrite at such electrodes were found to be almost equal to those obtained
at bare glassy carbon electrodes, 10 9 nA vs 11 8 pA for the modified
and unmodified electrode respectively Since the oxidation of mitrite cannot
be mediated by the osmium redox centres, oxidation occurs solely at the
underlying glassy carbon Therefore the concentration of nitrite within the
film 1s equivalent to that in solution As a result, we concluded that the
partition coefficient, K, 1s likely to be close to 1, with rapid penetration and
diffusion of substrate within the film With this in mind, the second order
rate constant k» was estimated to be 94 + 2 x 10-! dm3 mol-1 cm s°!
using a layer thickness calculated from the dry density of the polymer
Thus rate constant may be considered small when compared to the value
2 8 x 103 dm3 mol-! cm s-1 obtained for the reduction of [Fe(H20)¢}3+
with the same electrocatalyst 78 This small value for k3 along with the
rapid D¢t and favourable partition (K = 1) 1s entirely consistent with the
through film nature of the mediated reaction

The PVP has a pKa =3 3 70 Therefore at pH 1 0, the polymer 1s
fully protonated and swollen to give a polycationic chain network The
cation [Fe(H20)6]3+ 1s known to penetrate the polymer film under simular
conditions with a partition coefficient, K = 0 2 This level of penetration 1s
surprising considering the considerable coulombic repulsion forces which
exist In fact, several successful perm-selective electrode modifiers have
been developed on this principle 80 It 1s interesting that the cationic
nitrosonitum 1on can penetrate the polymer film very favourably with K =
1 Thus 1s likely to be a result of the formation of the ton association
species, NO+HSO4-, in the sulphuric acid electrolyte As this species 1s
neutral, no coulombic repulsion forces exist to hinder partition It s,
therefore, likely that 1t 1s the 10n association species which penetrates the
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kK’ME L k2

/106 cms-] / nm dm3 mol-! cm s-1
19 25 0110
35 65 0076
62 90 0098
115 180 0091

Table22 Dependence of k’ME on polymer layer thickness
[HNO2] was 2 0 x 10-3 mol dm-3 and [H+] was 0 1 mol

dm-3



polymer film and undergoes subsequent reaction In addition, the apparent
rapid transport of the species may be a result of the highly swollen nature
of the polymer which promotes the diffusion of the species through the
polymer

It was seen in Fig 2 8 that the current due to the mediated
reduction of nitrite 1s significantly larger than the response obtained at bare
glassy carbon In this example, approximately a sixty-fold amplification in
electrode response compared to the bare electrode was observed Using
equation 2 14, the catalytic advantage of a modified electrode compared to
an unmodified electrode can be calculated 63 The upper limut for stable
surface coverage for the redox polymer investigated 1s about 1 x 10-7 mol
cm2 which corresponds to a film thickness of =~ 2 um For such modified
electrodes, with a substrate concentration of 5 0 mol dm-3, the value for
the kinetic current defined by Saveant 69,70, 13, 154 8 x 10-5 A cm2
Under the same conditions, the current for the reduction of nitrite at a
bare electrode (1) found experimentally at a freshly polished glassy carbon
electrode was, 1p = 0 10 x 106 A cm-2 This gives a catalytic advantage
of

/i ~ 48x105/ 01x 106 = 480 (2 16)

The magnitude of this catalytic advantage 1s considerable and 1s an
impressive demonstration of the power of these modified electrodes The
use of such a thick polymer film (up to = 2 pm) 1s possible but these are,

however, subject to stability problems

Using the diagnostic scheme of Albery and Hillman 77, the imitial
observation that the riting currents were independent of the rotation
speed of the modified electrode would indicate that the kinetic regime was
either Ste or LSte , as 1n both cases electron transport would limut
observed currents In such situations, discrimination between these kinetic
cases can be accomplished by lowering substrate concentration sufficiently
to allow change over from Sge to Sg” or LSie to LSg For both the latter
possible cases, the modified electrode rate constants, £’ Mg would be
independent of layer thickness, but §” would have a first order
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relationship with respect to the concentration of electro-active species
within the film, by, while LS would have a reaction order of 1/2 63 It s
quite clear from the observations made that the kinetic regime for the
mediated reduction of nitrite 1s of the L type Applying the diagnostic
scheme rigidly would lead to erroneous interpretation of the experimental
data A discrepancy therefore exists in the diagnostic scheme between the
independence of limiting current on electrode rotation speed and the
possible causes of this independence This discrepancy can be accounted
for as follows Albery and Hillman considered that only the S¢e or LSie
kinetic cases would result in ¢ ,;; being independent of w, 1 e the electron
flux through the polymer becomes rate miting at sufficiently high
substrate concentration, so increasing the rate of substrate transport to the
electrode surface 1s ineffective at increasing the current flux In the
situation here the rate of the cross-exchange reaction, &, 1s current limiting,
increasing the rate of substrate arnving at the electrode surface should
increase the current response according to the Levich equation

llev = 1554 nAF D23y -1/6 y /2 (2 17)

It 1s however possible that 1s situations where the rate of substrate
transport to the electrode surface greatly exceeds the rate of electrolytic
consumption, the limiting current will become independent of w In the
present study, such a sttuation appears to exist This can be described
quantitatively, from the magnitudes of currents generated for nitnte
reduction at the modified electrode (about 1 pA / mmol cm-2), the flux of
substrate reacting at the electrode, ; As given by Ficks first law, ; 1s about
2 x 10-10 mol cm2 s-! (depending on T and w), therefore only a small
portion of NO+ arriving at the electrode 1s consumed and consequently
the surface concentration of NO+ 1s essentially equal to that in bulk of
solution Effectively, the rate of the cross reaction 1s sufficiently slow to
prevent concentration polarisation at the electrode surface, as a result the
diffusion layer thickness, 6 =0 Under these conditions, increasing mass
transport to the electrode surface does not result in the corresponding
increase in electrode current as predicted by the Levich equation
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In addition to the implications for kinetic diagnostics, the
independence of mass transport control on modified electrode currents
have important consequences for the development of electrochemical
sensors The inverse of the slope of the Koutecky-Levich plot is the
Levich constant, Lev, which 1s given by 63

Lev = 1554 D23 -1/6 (2 18)

As the electrode currents are independent of w (see Fig 2 14), the two
controlling mass transfer terms, D, the diffusion coefficient of the substrate
in solution and v, the kinematic viscosity of the electrolyte, do not exert
any control over the limiting currents observed at the modified electrode
The significance of this 1s that the modified electrode may be apphed for
analysis 1n situations where the reactant flux 1s difficult to control precisely
and 1n situations where the diffusion coefficient of the reactant may be
vanable due to vanations in the sample matrix This 1s of considerable
advantage for nitnte sensors constructed from these electrodes, as in real
analytical situations, the control of mass transport 1s frequently cited as one
(s1c) of the major hmitations of amperometric sensors 8!

When mass transport does not influence limiting currents, it can be
shown that limiting currents under moderate hydrodynamic conditions can
be related to known and easily measurable parameters The pKj for

nitrous acid 1s 3 4 61 therefore reaction 2 2 would lie completely to the
right at pH 1 0 The Koutecky-Levich equation for nitnite reduction at the
polymer modified electrode therefore 1s of the form

1/11im = 1/nFA(K’eq[HNO2I[H*DA’ME + 1/Lev nFAw!/2(K’eq[HNO2][H+])
(2 19)

Since the right hand term does not influence limiting currents, this term
can be eliminated With k’MEg = k2 K T then the limiting current under

the experimental conditions used here 1s given by
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iLm = nFAky KT (Keg[HNO2]J[H*]) (2 20)

Since the terms n F, A, k3, K, T', K’¢q and [H*] are known and constant
at constant pH, a measurement of the limiting current can be used directly
to estimate the concentration of nitrite in solution without requirement for
external calibration of the sensor

A difficulty concerning the investigation of redox polymer modified
electrodes 1s the swelling encountered when immersed 1n electrolyte This
1s caused by the mutual repulsion of fixed charged sites on the polymer
chain Such swelling may lead to stability problems and also present
difficulties 1n fundamental investigations where the polymer film thickness
needs to be known precisely For the through film reaction studied here,
any changes 1n surface coverage due to stnipping of the polymer from the
electrode surface will result in lowering of the sensor response However,
for a nitrite sensor based on the osmium polymer, a measurement of I" in
situ can account for such effects In addition, differences 1n the degree of
swelling which may occur depending on the sample matnx composition
do not affect sensor response as I 1s the product bol., and as L increases
(or decreases) by swelling (contraction) then b, changes inversely, ¢ e the
value I" remains constant irrespective of the degree of swelling

234 Amperometry and Sensor Characterisation

The use of constant potential (amperometric) detection for
electroanalysis has a number of advantages compared to voltammetric
techmques These include the absence of charging currents due to
changing applied potential, continuous monitoring of solution species (real
time analysis and information) and the ability to mampulate the signal for
background correction and signal averaging For the modified electrodes
used here, the analytical signal 1s superimposed on the Os(II)/Os(I1I) redox
wave in voltammetric techniques, Difficulty therefore exists in delineating
the analytical signal especially at low concentrations of analyte However,
operation 1n the amperometric mode, according the the Nernst equation,
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ensures that the Os(IT)/Os(1I) ratio 1s constant and the current required to
establish this equilibrium is incorporated 1nto the background signal For
these reasons, amperometry is best suited to the analytical application of
redox polymer modified electrodes Amperometry can be carried out in
conventional electrochemical cells under hydrodynamic conditions
(solution stirning or electrode rotation) Recently however, the introduction
and widespread adoption of electrochemical flow cells for FIA and HPLC
detection has resulted 1n a predominance of amperometric sensors being
used 1n flowing solutions 82 The electrochemical flow cell used here 1s a
planar flow-through electrochemucal cell The parameters which control
the performance of the modified electrode for the amperometric analysis
of mtnte will be discussed below

2341 Effectof Applied Potential

A hydrodynamic voltammogram showing the effect of applied
potential over the range 0 075 V to 0 345 V vs SCE on the sensor
response in a thin-layer electrochemical flow cell toa 1 0 x 10-3 mol dm-3
solution of nitrite can be seen in Fig 2 15 At a potential of 0 345 vs SCE,
the redox sites are predominantly 1n the pre-catalytic Os(IlI) state and
therefore electrode currents are close to zero As the potential moves
closer to the Ej/2 of the redox couple an increased population of the
catalytic Os(1I) sites are generated within the film resulting 1n an increase 1n
response to the test solution As the potential moves more negative of the
E1/2, the redox sites are predominantly in the Os(Il) state and the response
begins to levels off as the number of catalytic sites reaches a maximum
From these results, the optimum operational potential for detection of
nitrite was found to be ca 012 V vs SCE In the theories of mediated

electrocatalysis 63,72,73, the concentration of electro-active sites within the
polymer, (bo) 1s assumed to be controlled by electrode potential according

to the Nernst equation In addition, for the kinetic regime Ly | the
electrode response should be first order with respect to by, which results 1n
an increase 1n response as a function of appled potential 63 The
behaviour observed here 1s entirely in agreement with the predictions of
the theoretical models
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Fig 215 Hydrodynamic voltammogram for the reduction of
nitrite at the modified electrode 1n the thin-layer electrochemical
flow-cell Flow rate of the usual electrolyte was 0 5 cm3 min-1 and
nitnite concentration was 5 0 x 10-3 mol dm-3



2342 Sensor Response Charactenstics

Typical FIA traces for the detection of nitrite at the modified
electrode in the thin-layer flow cell can be seen in Fig 2 16a At a flow
rate of 1 0 cm3 muin-! the peaks are sharp and well defined Such peaks
are 1deal for the purposes for quantitative analysis These traces also show
the rapid response of the sensor to changes in nitrite concentration The
commonly used response time parameters are listed in Table 2 3 The time
constant, T, (0 0 = 63% of maximum response) for the sensor was 1 7 s,
while the rise time (10 — 90% of maximum response) was 1 6 s The
response time (0 0 —> 98% maximum response) was found tobe 2 4 s
Such rapid responses are important for a number of reasons Firstly, the
analytical through-put of the FIA procedure 1s a direct function of the
speed of response of the monitoring devices The theoretical analytical
through-put for the sensor described here 1s 720 samples h-! based on the
value for response time assuming a Gaussian peak profile In reality, slight
tailing of the peak 1s evident and this Iimits the actual through-put of 120
samples h-1 This 1s still quite a large through-put Fast response times are
also required to maintain peak integnty in chromatographic applications
This 1s of particular importance in closely eluting analytes 8 The precision
of sensor response was also found to be excellent with a relative standard
deviation (RSD) of 0 82% (n=8) This shows that the rapid passivation
effect observed at bare glassy carbon electrodes for nitrite reduction 1s not
problematic at the modified electrode No detenioration 1n electrode
response was observed over hundreds of determinations This allows
continuous re-use of the modified electrode Many proposed modified
electrodes are useful for only single determinations, therefore direct
calibration 1s impossible under such restraints For the sensor descnbed
direct calibration with standard solutions 1s possible

A typical calibration plot in the concentration range 5 0 x 10-6 to
1 0 x 10-2 mol dm-3 nitrite can be seen in Fig 2 17 The sensor response
obeys a linear relationship with respect to nitrite concentration over this
concentration range The sensitivity (slope of calibration curve) of the
modified electrode in the flow cell, at a flow rate of 0 1 cm3 mun-1, 1s
0 050 pA mg-1 cm3 which 1s approximately equivalent to the sensitivity
found for the batch procedure, which has a sensitivity of 0 06 pA mg-1
cm3 (normahised with respect to I') Equivalent sensitivity in both

procedures 1s probably due to the absence of mass transport control for

111



0 1pA ]IOyA

Fig 2 16 Typical modified electrode (' =10 x 10-8 mol cm2)
responses for the detection of 1 0 x 10-2 mol dm-3 mitnte 1n a thin-layer
flow-cell at flow rates of (A) 1 0 cm3 min-1 and (B)0 1 cm3 min-!  Trace
(C) represent modified electrode (T =1 0 x 10-2 mol cm-2) response tn a
conventional electrochemical cell to 1 0 x 10-3 mol dm-3 mitrite
Electrolyte for both as for Fig 2 3 Applied potential for both was 0 12 V
vs SCE



Parameter

Value

Sensitivity Batch
FIA
Linearity

LOD (S§/N = 2/1) Batch
FIA

Precision (n=8)

Response Time

Rise Time

Time Constant (T)

Sample Through-put

019 nA ug-l cm3
005 pA pgl cm3
50x 106 to

10 x 10-2 mol dm-3
0023 ng cm-3
023 ng cm3
083 % RSD

24s

16s

17s

720 h-1 *

129 h-1 #

* through-put calculated on the basis of response time

assuming Gaussian peak profile
# actual measured through-put

Table 23 Table of sensor parameters All parameters were
estimated 1n usual electrolyte and at a flow rate of 1 0 cm3

min-!
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Fig 217 Typical calibration plot for FIA responses towards
nitrite The flow rate of the usual electrolyte was 0 2 cm3 min-! and
the applied potential was 0 12 V vs SCE



both modes of operation Correlation coefficients, r, were typically = 0 999
for the sensor responses 1n the flow system The lineanty extends to 1 x
10-1 mol dm-3, however the polymer film 1s unstable at these
concentrations The polymer 1s quickly stripped from the electrode surface
presumably due to large quantities of gas (nitric oxide) being generated
within the polymer film Fortunately, instability 1s not encountered at
lower nitrite concentrations Integration of the charge passed for the
response for a 1 x 10-2 mol dm-3 sofution 1n the thin-layer flow cell at a
flow rate of 1 0 cm3 min-1 suggests that less than 0 1% of the nitrite 1n
the sample plug undergoes conversion This is somewhat less than
normally encountered with amperometnc sensors This again is due to the
slow kinetics of the reaction This level of conversion would generate 6 x
10-11 moles of nitric oxide, which at standard temperature and pressure,
(STP), would occupy a volume of 4 5 x 10-6 cm3 For a typical 1 x 10-8
mol cm-2 surface coverage, the volume of gas produced would be
significantly greater than the volume of the polymer (calculated from dry
density of the unswollen polymer) film, 1 x 10-6 cm3 As the mediated
reaction occurs within the film, it1s therefore not surpnsing that at high
nitrite concentrations polymer stability problems are encountered The
linear range of this sensor 1s impressive when compared to existing
spectrophotometric and electrochemical procedures 1:10-15 Thys large
linear range 1s a function of the kinetic control of the sensor response The
limut of detection for the sensor was found to be 0 23 ug cm3 n the FIA
system and 0 023 ug cm-3 in conventional electrochemical cells These
LOD’s are generally better than those observed for spectrophotometric
procedures 10

It was mentioned earhier that amperometry can be performed 1n
conventional electrochemical cells under hydrodynamic conditions In Fig
2 16c traces for the amperometric detection of nitnite under such
conditions can be seen The sensitivity of the sensor under these conditions
13 0 06 nA mg-! cm3, similar to that obtained under flow conditions These
results again demonstrates the fast response time of the sensor In addition
they show the stability of response at steady-state and the additive nature
of the responses, features which are prerequisites for the development of
successful sensors

At lower carnier electrolyte flow rates, (< 0 1 cm3 mun-1), the FIA
peaks were found to be broad and in the form of a doublet (Fig 2 16b)
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Depending on the flow rate of the electrolyte, the resolution of the two
peak components can be vaned Such peaks have limited utility for
analytical application The ongin of the doublet behaviour however gives
some confirmation to the proposed mechanism of the mediated reaction
(vide supra) In order to venfy that the doublet was an intrinsic property
of the mediated reduction of nitrite rather than an artifact of the flow
system, different concentrations of Fe(IlI) were injected under 1dentical
expertmental conditions and single sharp peaks for the reduction to Fe(II)
were recorded Also nitrite and ascorbic acid were oxidised at 1 0 V vs
SCE and single sharp peaks were observed in both cases This clearly
showed that splitting of the sample plug was not occurring By plotting
hydrodynamic voltammograms for both components of the peak, (Fig

2 18a and 2 18b), two waves corresponding to two distinct time resolved
electrode processes can be observed The first component wave (Fig

2 18a) 1s 1dentical to that found at higher flow rates (Fig 2 15) and 1s
centred at the E/2 of the electrocatalyst1 e 025V vs SCE This
demonstrates that this process 1s mediated by the osmium sites 1n the
polymer film The wave for the second process 1s centred more negative at
020V vs SCE, indicating that the osmium sites are not mediating this
process When 1t 1s considered that the two processes are time resolved
and that the charge passed for the secondary process 1s = 20% of the
charge passed for the first process and mediation 1s not occurring, it seems
likely that the secondary process occurs at the underlying glassy carbon
surface and the substrate for the secondary process is that product formed
close to the electrode/polymer interface by the film (first) reaction In order
to confirm the possibility that the product formed by the mediated
reduction of nitrite s electro-active at the applied potential used, a second
bare glassy carbon electrode was placed down stream of the working
electrode and of a bare glassy carbon electrode This down stream
electrode acts as a collector electrode akin to the ring in rotating ring disc
electrode experiments, 84 It was found that currents at the collector
electrode were 10-30% larger when a modified electrode was up-stream
compared to an up-stream unmodified electrode showing the formation of
an electro-active product From this we believe that the first process under
these conditions 1s the outer sphere electron transfer process from the
Os(1]) sites 1n the film to the mitrosonium 10n forming nitnc oxide, reaction
2 4, and the secondary process is the subsequent reduction of nitric oxide
generated at the electrode/polymer interface to form nitrous oxide,
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Fig 2 18 Hydrodynamc voltammogram for the two-step
reduction of 5 0 x 10-3 mol dm-3 mitrite in the thin-layer flow-cell
Curve 1 represents the imtial mediated reaction while curve 2 shows
the subsequent reaction at glassy carbon Surface coverage =1 0 x
10-8 mol cm-2, flow rate = 0 05 cm3 mun-1, applied potential =0 12
V vs SCE, electrolyte as for Fig 23



reaction 2 13 This overall proposed reactton process involves six protons
and four electrons, which 1s the stoichiometry known to exist for nitrite
reduction at conventional electrodes 19 These results are consistent with
the proposed reaction mechanism and the belief that nitric oxide does not
undergo reduction within the polymer film It must be stressed that this
behaviour has only been observed for electrodes placed in thin-layer flow
cells at very low carrier electrolyte flow rates, and therefore does not
constitute an operational problem

2343 Effect of Carner Electrolyte Flow Rate

A graph of sensor response vs carrier flow rate 1s shown in Fig
2 19 It can be seen that an increase 1n flow rate causes an exponential
decrease 1n sensor response Low flow rates are therefore required for
maximum sensor responses but sigmificant peak broadening is evident
which would limit the analytical throughput Electrochemical detectors can
be classified as mass rate detectors, ¢ ¢ the response is a function of the
quantity of analyte passing passing through the detector per unit time (1 =
0Q/at) 82 In addition, increasing the flow rate decreases the diffusional
layer thickness at the electrode surface 85 Both of these processes should
result 1n an increase 1n electrode response with increasing flow rate This
has been observed for the oxidation of nitrite at a ruthenium analogue
modified electrode 86 Inverted behaviour as observed for the reduction
of nitrite, has been observed for other modified electrodes 8788 and 1n the
case of a copper modified electrode 87, 1t was attributed to slow reaction
kinetics The behaviour observed here can also be attributed to slow
reaction kinetics The mitrite samples are introduced into the flow system
as a neutral solutions, whereupon they mix with acidic carrier electrolyte
forming NO*+SQ4- The residence time 1n the pre-detector mixing tubing
will be different at each flow rate and therefore the extent of conversion
may be different It 1s the kinetics of this step or possibly the actual rate of
the cross-exchange reaction which may be responsible for the trend
observed As acid-base reactions are known to be fast, 1t seems probable
that the rate of the mediated reaction is responsible for the response
decrease At rotating disc electrodes, the electrode response was
independent of the hydrodynamic conditions employed It would therefore
be expected that in the thin-layer flow cell vaniation in the electrolyte flow
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Fig 219 The effect of electrolyte flow rate on modified electrode
response The mitrite concentration was 1 0 x 103 mol dm3 and the
surface coverage was 2 0 x 10-8 mol cm-2



rate should have minimal influence on sensor response The reason why
this 1s not the case 1s due to the transient nature of the FIA signal
compared to the steady-state response from the rotating disc electrode It
should be noted that at a flow rate of 0 1 cm3 min-1 the electrode
sensitivity 1s similar to that observed for batch type experiments This may
indicate, at this flow rate, near steady-state conditions in the flow-cell One
significant disadvantage of the marked dependence on flow rate is the
need to provide stable reproducible flow conditions under operational
conditions

2344 Effect of Carner Electrolyte pH

The electrochemical reaction was seen to have a first order
relationship with respect to proton concentration, as this determines the
population of NO* available for detection It 1s therefore expected that the
pH of the carner electrolyte would significantly influence the response of
the sensor In these experiments, the 10nic strength of the electrolyte was
kept constant as pH was varnied It was found that at pH 4 0 the response
of the sensor to a 2 x 10-3 mol dm-3 solution of mitrite was 0 063 pA,
while at pH 1 0 the response nses dramatically to 2 8 pA For this reason,
low pH electrolytes are required to ensure maximum sensitivity These
results are 1n agreement with the behaviour observed in the conventional
macro-electrochemuical cell

2345 Effect of Polymer Surface Coverage

In Fig 220 a plot of In:vs InT for the modified electrode in the
thin-layer flow cell 1s given It 1s evident that this plot 1s linear and the
slope 1s 0 93 + 0 3 which indicates a first order relationship between sensor
response and the surface coverage of the redox polymer These results
indicate that the entire polymer film 1s electro-active 1n the flow cell
Considening the residence time of the sample plug in the flow cell Is= 155
this also indicates that the partition and diffusion of the analyte in the film

1s rapid  For a surface coverage of 2 x 10-2 mol cm-2, the response to a 5
x 10-3 mol dm-3 solution of nitrite was 14 1 pA while at the unmodified

electrode the response was 0 2 pA, representing a seventy fold
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Fig 220 The effect of surface coverage on electrode response to
nitnite 1n the thin-layer flow-cell The usual electrolyte was used at a
flow rate of 0 2 cm mn-1, nitrite concentration was 1 0 x 10-3 mol
dm-3 and the applied potential was 0 120 V vs SCE
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amphfication in electrode response Both these observations are 1n
agreement with those observed in the conventional electrochemical cell

235 Analysis of Nitrite in Saliva

The mitrite content of a human saliva sample was determined using
a batch type experiment with the modified electrode The saliva samples
were introduced to the electrochemical cell directly following sonication to
remove air bubbles Two sub-samples (n=2) of a single sample were
analysed and the concentration found to be 5 54 + 001 and 5 53 £ 0 01
ug cm3 for each sub-sample Although the mitrite content of saliva 1s
variable, these results are comparable with those reported in the hterature
89,90 Saliva contains appreciable quantities of protein which 1s notorious
for passivation of electrode surfaces This was, however, not observed for
the analysis carnied out here This may be attributed to the lack of
adsorptive properties of the redox polymer and possibly to the size
exclusion effects preventing transport of the protein to the electrode
surface The acidic conditions used also induced a visible precipitation of
protems which prevents passage to the electrode surface In addition, the
viscosity changes 1n the electrolyte due to the added sample did not appear
to affect sensor sensitivity This property was predicted on the basis of the
kinetic results where the rate of mass transport did not affect limiting
currents Another advantage of the analytical approach developed here 1s
the minimal sample preparation required Usual methodology involve
protracted extraction procedures The effect of interferences such as
ascorbic acid, Fe(IlI) and Cu(lI) will be discussed in detail 1n chapter 6

2.4. Conclusions

It has been shown in this chapter that the electrochemical reduction
of mtrite 1n acidic electrolyte at conventional electrodes 1s kinetically slow,
causes surface passivation and 1s therefore of little use analytically It has
also been shown that the redox polymer [Os(bipy)2(PVP)10CI]Cl is an
effective electrocatalyst for the reduction of nitrite under acidic conditions
It was observed that the rates of charge transport and substrate transport
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within the polymer film are rapid and that the rate of the cross-exchange
reaction 1s comparatively slow Experimentally, this leads to the kinetic
regime Lk, which 1s 1n agreement with the theoretical models describing
mediated electrocatalysis at redox polymer modified electrodes It s also
evident that these kinetic models are very useful in predicting the
behaviour of modified electrodes 1n thin-layer flow cells Although the rate
of cross-exchange can be considered slow, the kinetics of this reaction are
considerably improved compared to the unmodified electrode The
catalytic advantage for a 1 um film of ~ 480 1s large and 1s a clear
demonstration of the catalytic activity of these matenals

The mechanism of the mediated reaction appears simple 1n comparison to
the complex electrochemistry known to exist at conventional electrodes
The reaction 1s likely to involve simple electron transfer to the nitrosonium
1on 1n the form of NO+HSO4- This allows the reaction to proceed cleanly
1n a single one electron step without adsorption of intermediates and the
absence of passivation effects normally seen at conventional electrodes
The huge catalytic advantage and the clean charge transfer process allows
the construction of sensors which are sensitive and can be directly
calibrated and used for multiple determination

It was also observed that the nucler coupling reaction forming N2O
1s not mediated by the osmium redox sites, although this 1s
thermodynamucally favourably This 1s probably related to the non-
adsorptive properties of the polymer and considerable inter-site distance
This suggests that only simple electron transfer reactions are feasible at
these electrodes, so, those substrates requiring more involved reaction
pathways are excluded from reaction This 1s advantageous as 1t excludes
many possible reactions which may interfere with the sensor response at
any possible operational potential

The independence of the modified electrode response on the
hydrodynamic conditions employed in the RDE experiments conveys
distinct advantages to the sensor described here The sensor can be applied
1n situations where the viscosity of the electrolyte 1s vanable and
consequently the diffusion coefficient of the analyte 1s vanable In addition,
the need for precise control of hydrodynamic conditions is not of great
importance in conventional cells As the mass transport term of the
Koutecky-Levich equation can be eliminated, the response of the sensor

123



can be directly related to nitrite concentration without need for direct
calibration Itis generally accepted that rapid electrochemical kinetics are
important for the development of sensitive and selective electrochemical
sensors However, as shown here slow reaction kinetics can have some
desirable properties which may make operation and construction of this
sensor simple Because of these advantages and as nitrite 1s an important
analyte, (NO3- and NOy are determined following conversion to NO2-),
this sensor may be commercially attractive
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Chapter 3
(Part A)

Development of a Dual Sensor for the

Speciation Analysis of Fe(II) / Fe(III)
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3.1. Introduction

The speciation analysis of an element has been defined by Florence
I as the determination of the concentrations of the individual physio-
chemical forms of the element 1n a sample, that together constitute its total
concentration The use of speciation analysis has been particularly
widespread 1n the field of ecotoxicology 2.3 It 1s known that the biological
activity of an element can vary widely from one chemical species to
another 4 The total concentration of a metal therefore generally does not
correlate well with its impact on life forms, rather, the speciation of the
metal may determine 1ts ecological sigmficance and, in particular, the
availability of the metal to orgamsms S The relationship between the free,
uncomplexed metal concentration and 1ts toxicity 1s well known 3.6
Complexation results 1n detoxification by removing the metal from
bioavailability 2.7 Since the Mimimata disaster, resulting from mercury
poisoning, it has become clear that metal speciation 1s an essential step 1n
the study of the significance of priority metal pollutants during discharge,
mobilisation or transformation 1n natural waters In addition, the growing
awareness of the need for environmental protection resulted 1n the
widespread 1nterest in the determination of individual chemical species in
the environment It has been recommended for some time that routine
environmental monitoring programs should involve speciation analysis 8
The term “speciation” has therefore become closely connected with
environmental analysis Speciation studies have also found importance in
areas such as geology 9, metallurgy 10 and process analysis 11

The development of techniques for speciation has become one of
the major research areas 1n analytical chemustry and 1s currently one of the
most challenging tasks facing analytical chemusts 12 In fact, 1t has been
stated that “metal speciation 1s at best a difficult task” 8 As many forms
of the element with similar physio-chemucal properties may co-exist, often
in dynamic equihbrium and at widely differing individual concentrations,
the difficulty lies in the selective discnmination of the individual species
without perturbing the distribution of the chemical species 1n the sample
I3 To overcome these difficulties, traditional speciation procedures often
involve a complex scheme of operations to simplhfy the analytical protocol
as much as possible to ensure rehable quantitative data 14
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The speciation analysis of Fe(II)/Fe(Ill) has received considerable
attention recently 15-17 In order to discnmuinate between the two 1onic
forms of this metal, chromatographic 18, spectrophotometric 1920 and
electrochemical 09,11 techniques have been proposed For the
spectrophotometric methods, several strategies have been developed 1n
order to differentiate between the two redox states, these often 1nvolve
multi-step analytical protocols Generally the Fe(II) concentration of the
sample 1s imtially determined colorimetncally using complexing reagents
such as 1,10-phenanthroline and acetohydroxamic acid 21,10 Following
this, the total 1ron 1s estimated by techniques such as atomic absorption
spectroscopy (AAS) 20 and the Fe(IIl) concentration found by difference
Alternatively, the remaining Fe(IlI) can be reduced to Fe(Il) using the
Jones reductor column 16:22 followed by estimation of the total
concentration of the two 10nic forms using the colorimetric reagent In the
reverse approach, the iron concentration can be determined with reagents
which form stable complexes with Fe(11I), for example, thiocyanate 23 and
sodium 1,2-dihydroxybenzene-3,5-disulphonate 19 Again total iron 1s
subsequently determined by AAS or following oxidation of Fe(lI) Fe(Il) 1s
then found by difference Examples of differential kinetic methods have
been reported for this speciation analysis 19 This 1s accomplished by aenal
oxidation of Fe(lII) and recording the exponential absorbance-time profile
Quantitation was based on non-linear least squares fitting of the
experimental data

Chromatography is useful in the analysis of closely related species
and has been recently applied to the analysis of metal 1ons High
performance liquid chromatography (HPLC) has been applied to
speciation analysis of Fe(II)/Fe(Il) 1824 Normally, reversed-phase
columns have been used for separation In this mode, complexing agents
such as 8-hydroxyquinoline and 1,10-phenanthroline 26 and i1on painng
reagents such as hexanesulphonic acid 27 have been used to effect
separation These organic moieties act to retain the analyte on the column
by hydrophobic interaction By using complexing groups selective to a
particular 1onic form, good selectivity can be obtained The complexes
however tend to be unstable under the chromatographic conditions
employed, thus hmiting the applicability of the procedure In addition,
conventional UV/visible HPLC detection systems results in complex
chromatograms The use of element specific in-line AA and atomic
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ermission (AES) detection systems have been successful in simplifying the
chromatograms, but the interfacing of the chromatographic and
spectrophotometric instrumentation remains problematic 14

Electrochemical methods predominate in the speciation analysis of
Fe(II)/Fe(IlI) & Polarographic technmiques such as DC, AC, differential
pulse and stripping voltammetry (ASV,CSV) have been exploited As the
Fe(Il)/Fe(IlI) redox couple 1s reversible at mercury electrodes (k> 1 cm
s-1) 9, the use of reagents to separate the oxidation and reduction waves 1s
necessary Reagents such as pyrophosphate, 3-(N-morpholino)-1-
propanesulphonic acid and N-(2-hydroayethyl)piperazine-N'-(2-
ethanesulphonic acid) have been used for this purpose 28 Providing the
oxidation and reduction potentials are well separated, the analytical
strategy for the polarographic techniques generally involves determining
Fe(II) in a potential sweep 1n the positive direction and Fe(II) in a negative
sweep In a multiplexed system, AC voltammetry was used to determine
total Fe(1I)/Fe(III) in a single potential sweep (as the technique does not
discnminate between cathodic and anodic current) while the ratio of the
fernic/ferrous forms was determined by DC polarography © The detection
of Fe(lI) and Fe(IIl) at solid electrodes has also been reported At glassy
carbon the kinetics of the redox process are slow and the reaction 1s
therefore irreversible and 1ll-defined 29, while at platinum electrodes,
fouling of the surface occurs 30 For these reasons solid electrodes are of
limited application for this speciation analysis

From the brief discussion above, 1t 1s evident that speciation of
Fe(II)/Fe(Ill) using conventional techniques requires considerable effort
This mvolves either the use of selective complexing reagents, inter-
conversion of the redox states or the use of more than one detection
system Such approaches are therefore operator, reagent and instrument
intenstve, difficult to automate and the chemical manipulation of the
analytes involves a significant nsk of disturbing the Fe(II)/Fe(III) ratio
These are major drawbacks for the routine speciation analysis of

Fe(1I)/Fe(IlI)

The use of polymer modified electrodes for the determination of metal
1ons 1n solutions has been subject of active mvestigation recently Modified
electrodes for the detection of Fe(II), Cu(Il) and Pb(II) have been

described 34353637 Given the umque properties of modified electrodes
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38, such as the inherent selectivity attainable in the design of modifier, 1t is
likely that these devices will find application for the selective discrimination
of closely related chemical species such as the various redox states of
metals Mercury electrodes modified with Nafion and cellulose acetate
have been demonstrated for the selective discrimination of metal
complexes on the the basis of charge and size respectively 39 Ina
significant paper 40, Abruna et al described the determination of Cu(II) at
an electrode modified with poly(4-vinylpyndine) (PVP) containing
electrostatically incorporated figands with formation constants with
copper which vary over a broad range Excellent correlation between the
electrode response and the formation constant of the ligand was found,
mimicking the solution behaviour of the incorporated ligand The presence
of other competing ligands (as 1n real aquatic samples), such as oxalate and
humic acid, caused a diminution in the electrode response By simple
measurement of the electrode current, the fraction of metal present in a
coordination environment of a given strength could be ascertained, and
from this, inference about the chemical form 1in which this fraction 1s
present could be made Furthermore, as only small amounts of analyte are
required to preform the analysis, the system was mimmally disturbed 13
These are attnbutes which are desirable for speciation analysis

In this chapter, the principle of a dual electrode constructed from
glassy carbon electrodes modified with the electrocatalytic polymers
[M(bipy)2(PVP)10CIICl (where M = Os and Ru) for the speciation
analysis of Fe(II)/Fe(Ill) 1s descnibed The development, operation and
analytical performance of the dual sensor is described The relative ments
of this approach for the discnmunation of Fe(II)/Fe(IlI) are discussed 1n
relation to existing speciation methodology for this and other redox
couples Some of the possible applications of this approach are highlighted
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3.2. Experimental

321 Matenals and Reagents

3211 Synthesis of [Ru(bipy)2Clz] 2H20

7 8 g (29 8 mmol) of commercial RuCl3 3H20 (Johnson Matthey),
9 36 g (60 mmol) of 2,2"-bipynidyl and 0 8 g (2 mmol) LiCl were heated
under reflux 1 50 cm3 of reagent grade dimethylformamide for 8 hours
The reaction mixture was stirred continuously during reflux The reaction
mixture was then cooled to room temperature, 250 cm3 of acetone was
added, the resulting solution cooled and left standing at 0 °C over night
The resulting green-black microcrystalline product was then filtered and
washed with three 25 cm3 portions of distilled water followed by three 25
cm3 portions of diethyether The product was found to have UV/visible
Amax at 365 nm and 525 nm which corresponds well to the reported

values for [Ru(bipy)2Clz] H20 41

3212 Synthesis of [Ru(bipy)2(PVP)1oCICl

A metal loading of 1/10 (metal centre monomer) was chosen as
this loading exhibits optimum charge transport properties for the osmium-
based redox polymers 42 This metal loading was obtained by the reaction
of stoichiometric amounts of high molecular weight PVP polymer and
[Ru(bipy)2Cla] 2H2O 100 mg of the polymer was weighed accurately
and dissolved 1n 40 cm3 of 2-methoxy ethanol (BDH) This solution was
then transferred to a 150 cm3 round bottomed flask Next 49 5 mg of
[Ru(bipy)2Clz] 2H20 was dissolved in 40 cm3 of 2-methoxy ethanol, this
solution was then added and mixed with the polymer solution 1n the round
bottomed flask The resulting mixture was held under reflux at 125 °C for
48 h The reaction was monitored by UV/visible spectroscopy and
electrochemucally by CV The formation of a product with a redox wave at
075V vs saturated calomel electrode (SCE) indicated the formation of
the redox polymer When the starting material redox wave had
disappeared completely, the redox polymer was precipitated twice from 2-
methoxy ethanol 1n diethylether The precipitate was dried in vacuo at 80
oC for 24 h 110 mg of product was recovered which corresponds to a
73% yield Light was excluded at all imes durning synthesis and use to
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prevent the photo-substitution of the labile chlonde hgand 4344 The
synthesis of high molecular weight PVP and the osmium redox polymer
were described 1n chapter 2

3213 Electrolyte and Solutions

Due to the formation of insoluble [Fe(OH)3] at pH’s > 4, the
electrolyte used through-out this study was 0 2 mol dm-3 NaS04/0 05
mol dm-3 H2SO4 (pH = 1 0) The low pH ensured solubility of the iron
redox species and also prevents inter-conversion of the redox states All
Fe(II) and Fe(Ill) solutions were prepared 1n this electrolyte This
electrolyte also acted as the carner for flow injection analysis experiments
The salts (NHa)2[Fe(SO4)7] 6H20 and NH4[Fe(SO4)2] 12H20 were used
for the preparation of Fe(Il) and Fe(l1l) solutions respectively

322 Procedures

3221 UV/Visible Spectroscopy

UV/visible spectroscopy was carried out using a Shimadzu UV 240
spectrophotometer 1 cm matched quartz cells were used UV/visible
spectra were recorded in the region 900 nm to 190 nm A scan speed of
10 nm s-1 and a sht width of 2 nm was used Spectra were recorded on
methanolic polymer solutions Methanol was used 1n the reference beam

3222 Luminescence Spectroscopy

Luminescence spectroscopy was carried out using the Perkin Elmer
LS50 luminescence spectrophotometer interfaced to an Epson AX2e PC
For the room temperature luminescence measurements a 1 cm
fluorescence cell was used while at -196 °C, a quartz tube was employed
The excitation and emission slit widths were 10 nm for all expenments
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3223 Cyclic Voltammetry and Rotating Disc Electrode Voltammetry

CV and RDE voltammetry were carried out using a conventional
three electrode assembly The potentiostat used was the EG&G Princeton
Applied Research Model 362 The rotating disc assembly was the
Metrohm Model 629-10 Voltammograms were recorded on a Linseis X-Y
recorder The working electrodes were 3 mm diameter glassy carbon discs
shrouded in Teflon (Metrohm) The counter electrode was 1 cm2 platinum
gauze placed parallel to the working electrode at distance of =1 cm The
reference electrode was the saturated KCl calomel electrode All potentials
are quoted with respect to the SCE without regard to liquid junction
potentials All measurements, unless otherwise stated, were carned out at
room temperature

Modified electrodes were prepared by polishing the glassy carbon
electrodes with 5 pm alumina as an aqueous slurry on a felt cloth The
electrodes were rinsed thoroughly with distilled water and methanol The
electrodes were then treated with chlorosulphonic acid to promote the
formation of surface oxide functional groups The electrodes were again
rinsed with distilled water and dried 1n vacuo at room temperature The
electrodes were modified by drop coating using a 1% w/v solution of the
polymer The electrodes were allowed to dry slowly in air and allowed to
cure overnight in vacuo before use

3224 Flow Injection Apparatus

The flow 1njection apparatus consisted of a Gilson Miniplus 3
penstaltic pump, a six port Rheodyne injector valve fitted with a 20 cm3
fixed volume sample loop, an EG&G Princeton Applied Research Model
400 electrochemical detector connected with Teflon HPLC tubing, and a
Philips X-t chart recorder In the flow cell, an Ag/AgCl electrode acted as
the reference The stainless steel cell body opposing the working electrodes
acted as the auxiliary electrode The two working electrodes were 3 mm
diameter glassy carbon discs shrouded 1n a single Teflon block One
electrode was modified with the osmium polymer while the other
electrode was modified with the ruthenium polymer The dual electrode
was then placed 1n the flow-cell parallel to the flow direction This 1s shown
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Flow Direction

Os Ru

Fig 31 Schematic diagram representing the carner electrolyte
flow direction with respect to position of sensors



in Fig 3 1 Modified electrodes were prepared as described above All
potentials are quoted after numerical conversion to the SCE scale Sample
injections were made using a 2 cm3 glass syrninge fitted with a Rheodyne
injection needle Electrode responses were monitored as a function of
carner electrolyte flow rate, applied potential, polymer surface coverage
and electrolyte pH

The recovenes of Fe(Il) and Fe(lll) from “spiked” drinking water
samples was assessed The water sample was firstly acidified topH 1 0
with conc H2S04, Aliquots of standard Fe(II) and Fe(IlI) solutions were
then added to give the desired concentration of each redox species Mixed
calibration solutions were used to construct calibration curves for each
species over the desired concentration ranges No difference in response
was observed between mixed or separate calibration solutions The
recovery of each species was assessed using the calibration curves The
amount recovered was compared to the known analytical concentration

3.3 Results and Discussion

331 _Charactensation of [Ru(bipy)(PVP)10CIICl

The synthesis and charactenisation of this redox matenal and its
analogues 1s well documented 4345 A detailed discussion of the electronic
spectroscopy of this type of compounds 1s beyond the scope of this thesis
Therefore, the results descnibed in this section 1s for the purpose of

confirming the structure of the matenial used for the development of the
speciation sensors The characterisation of [Os(bipy)2(PVP)10Cl]Cl was

detailed 1n chapter 2

3311 Absorption and Emission Spectroscopy

The electronic spectra of 2,2'-bipyridyl complexes of ruthenium
have been well documented and has been useful in the charactensation of
such compounds 43-46 In particular, the energy of the lowest absorption
maxima and the wavelength of emission are charactenstic of a particular
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ruthenium moiety According to the literature 41, the visible absorption
spectrum of Ru(Il)-dumine compounds 1s assigned to a spin allowed metal-
to-higand charge transfer transition (IMLCT) from the metal d-orbital to
the w¥-orbital of the bipyndyl ligand, while the emussion 1s thought to

originate from a ligand-based tnplet state GMLCT)

The electronic spectra for the redox polymer in methanol show
strong overlapping bands at 215 £ 5 nm, 250 + 5 nm and 290 + 5 nm
resulting from w—n* transitions of the aromatic electrons of the pyridine
moteties of the polymer backbone Two transitions in the visible region
occurring at 356 + 5 nm and 502 + 5 nm were observed These bands
are due to the d — =* transitions These Apax are consistent with the
belief that the coordination sphere of the metal centre 1s [Ru(N)5CI] 43-46
The magnitude of the molar extinction coefficient of the lowest energy
band 1s useful for confirming the metal centre to monomer unit ratio For
a 1 0 x 10-4 mol dm-3 solution of the redox polymer, the molar extinction
coefficient, €, of the 502 nm band was found to be 8500 + 250 mol-1
dm3 cm-l An extinction coefficient for the lowest energy !MLCT band of
8500 mol-1 dm3 ¢cm-! for the monomeric model compound has been
reported 47 The value obtained for the polymeric matenal confirms that
the metal loading 1s 1/10

Upon excitation at 500 nm an intense emission maxima at 720 + 10
nm was observed at room temperature At -196 °C, the emission occurred

at 675 + 10 nm These observations confirm the coordination sphere as
be [Ru(N)sC] 47

332 Medated Oxidation/Reduction of Fe(II) and Fe(IIl) by Ruthenium-
and Osmium-Containing Metallo-Polymers

The redox chemustry of the Fe(II)/Fe(IlI) couple is poor at
conventional electrodes 2930 However, the polymer-bound
electrocatalysts used here have the potential of improving the kinetics of
the Fe(II)/Fe(Il) redox The following description of the electrocatalysis of
the redox chemustry of the Fe(II)/Fe(Ill) is based on the results of kinetic
studies by Saveant ef al 48 and Forster ef al 49
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The electrocatalytic reduction of Fe(III) by the redox polymer
[Os(bipy)2(PVP)10Cl]Cl in sulphuric acid electrolyte has been reported
recently 49, and 1s given by reaction 3 1

Osdl) + Fedll) — Os(Ill) + Fe(ll) 31

It was found that this redox matenal lowered the over-potential of Fe(IIl)
by 200-300 mV and therefore 1s a very effective electrocatalyst for this
reduction reaction The substrate was found to partition into the film well

(K = 0 2) and for surface coverages up to 1 x 10-8 mol cm-2 the reaction
occurs throughout the polymer film 1 e the L kinetic regime At higher

surface coverages total catalysis 1s obtained and a change over to the LS
mechanism occurs The rate of the cross-exchange reaction between the
osmuum sites and the Fe(III) was found to be rapid with £ =2 8 x 103 mol-
I dm3 cm s-1 The mediated reduction of Fe(III) at the osmium modified
electrode can be seen 1n Fig 3 2 along with the reduction the bare glassy
carbon under 1dentical conditions It ts evident from this diagram that
significant improvement in the kinetics of the reduction of Fe(IlI) is
obtained by simple modification of the electrode In this case, an
amplification 1n response by a factor of about nine was obtained for a
surface coverage of 1 5x 10-8 mol cm-2 In addition to the current gain, a
significant potential gain 1s obtained by the operation of the electrodes at
less extreme potentials These features are characteristic of mediated
electrocatalysis 50 This results in enhanced responses and less potential
electrochemical interferences compared to conventional solid electrodes

The oxidation of Fe(II) at a ruthenium polymer modified electrode
in acidic electrolyte has been investigated recently 48 and 1s given by
reaction 3 2

Ru(ll) + Fe(l) — Rudl) + Fe(ll) 32)
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Fig 32 (A)aCV of the polymer {Os(bipy)2(PVP)10ClCI coated
on a glassy a carbon electrode at a sweep rate of 10 mV s'! (B)a
current-potential curve for the reduction of 8 0 x 10-4 mol dm-3
Fe(I11) at a bare glassy carbon electrode and (C) at a redox polymer
modified electrode Conditions @ = 500 rpm,v=2mV s-! 1n 005
mol dm-3 H2SO04
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Fig. 33 (A)aCV of the polymer [Ru(bipy)2(PVP)10CI]Cl coated
on glassy a carbon electrode at a sweep rate of 10 mV s-1 (B)a
current-potential curve for the reduction of 8 0 x 104 mol dm-3
Fe(Ill) at a bare glassy carbon electrode and (C) at a redox polymer
modified electrode Conditions. w = 500 rpm,v =2 mV s-1 n 005
mol dm-3 HSO4
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Again the substrate was found to partition into the polymer film effectively
and the cross-exchange reaction occurred 1n considerable portions of the
polymer film At surface coverages less than 1 x 10-8 mol cm-2 the kinetic
regime was L, while at thicker polymer films total catalysis was evident
and change over to the LS; mechanism occurred The rate of the cross-
exchange reaction was estimated and found to be fast, with Kk =4 5 x
104 mol-1 dm3 c¢m s-1 Making the assumption that the permeation
coefficient, K, 1s equal to that for Fe(III), then £ =~ 2 3 x 105 mol-1 dm3 cm
s-1 which 1s a value close to that observed for the solution based cross-
exchange reaction The mediated oxidation of Fe(Il) at a
[Ru(bipy)2(PVP);10ClICl modified electrode can be seen in Fig 3 3 These
traces clearly show lowering in discharge potential by 200-300 mV and a
current gain of by a factor of ten compared to the glassy carbon electrode
These features are again indicative of efficient electrocatalysis 30

From the above discussion, it 1s evident that the electrochemistry of
the Fe(II)/Fe(IlI) redox couple 1s kinetically slow at bare glassy carbon
electrodes Simple modification of the electrodes with osmium and
ruthenium redox polymers greatly enhances the current responses and
results 1n lowered operational potentials These features suggests that these
modified electrodes may be useful for the construction of electrochemical
sensors for Fe(IT) and Fe(III)

333 Principle of Operation of Speciation Dual Sensor

In order to carry out a speciation analysis, discrimination of the
different forms of the element must be achieved Vanous approaches have
been adopted to effect such discnminatton If the thermodynamics of
mediated electrocatalysis are considered then 1t 1s conceptually possible to

~discrimunate between Fe(ll) and Fe(IlI) using free energy differences
between the analyte and the appropriate electrocatalyst In Fig 3 4, the
formal potentials of the 1ron, osmium and ruthenium redox couples are
shown It can be seen that the formal potentials of the electrocatalysts
envelop the formal potential of the Fe(II)/Fe(IIl) redox couple This results
1in a 210 mV electrochemical driving force for the mediated reduction
reaction and a 290 mV dniving force for the mediated oxidation reaction
It has been discussed in chapter 1 that for electrocatalysis, the Gibbs free
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Fig 34 Schematic representation of the enveloped position of the
Fe(llYFe(Ill) formal potential with respect to the E1/2 values of the

osmium and ruthenium electrocatalysts The free energy differences

are also shown



energy, (AG), for the electrocatalytic reaction must be negative (1 ¢ a
spontaneous reaction) ! From thermodynamics we know that

AG = -nFAE (33)

Where n 1s the number of electrons transferred, AE is the potential
difference between the oxidant and reductant and F 1s the energy change
as one mole of electrons fall through a potential of one volt This results in
a free energy difference of -20 2 kJ mol-! for reaction 3 1 and -28 1 kJ
mol-1 for reaction 3 2 These reactions will therefore occur spontaneously
The possible reverse oxidation reaction of Fe(Il) with Os(I1I) sites 1n the
polymer results in a AE of -210 mV and a AG of +20 2 kJ mol-1
Obviously, this reaction 1s thermodynamically impossible Simularly, for the
possible reverse reduction reaction of Fe(III) with the Ru(lI) centres within
the polymer 1s impossible as AG 1s +28 1 kJ mol-! This situation provides
a means of differentiating between the redox pair and allows the design of
a dual sensor where an osmium polymer modified electrode detects Fe(III)
and the ruthenium polymer modified electrode senses Fe(Il), with the
thermodynamics of mediated electrocatalysis ensuring the absolute
selectivity of each sensory element to 1ts corresponding iron species

The dual sensor 1s constructed from two modified electrodes placed
in paralle! 1n a thin-layer flow-cell One of the electrodes 1s modified with
the osmium polymer while the other 1s modified with the ruthenium
polymer As the electrodes are positioned 1n a parallel arrangement, the
sample plug reaches each electrode simultaneously for detection

334 Operational Performance of the Dual Sensor

3341 Sensor Response Attributes

Typical dual sensor responses for the detection of Fe(II) and Fe(III)
(1 0 x 10-3 mol dm-3) 1n a single sample aliquot can be seen in Fig 35 It
can be seen that the detection of both redox species occurs simultaneously
in the flow cell The responses of both sensors are sharp and well defined

145



Such responses are useful for quantitative analysis In Table 3 1 the
parameters describing the sensor responses are tabulated The speed of
response of both sensors are fast The time constant, T, was found to be

1 2 sand 1 3 s for the Fe(Ill) and Fe(ll) sensors respectively The nise time
for the Fe(Il) sensor was 1 3 s and 1 4 s for the Fe(IlI) sensor The
response time was found to be 2 0 s and 2 2 s for the oxidised and
reduced species respectively These values indicate that the sensor
response are very rapid, which may be attributed to the facile kinetics of
the cross-exchange reactions Such rapid responses are desirable to ensure
high sample throughput On the basis of the response time, a theoretical
throughput of 800 samples / h is possible However, slight tailing of the
Fe(lIl) response was observed, and as a result, this limuted the actual
experimental throughput to 180 samples / h This through-put 1s still
impressive compared to existing speciation procedures for Fe(II)/Fe(III)

The hineanty of both sensors was assessed in the thin-layer flow cell
The linear range for both electrodes was found to extend over five orders
of magnitude from 1 0 x 10-7 mol dm-3 to 1 0 x 10-2 mol dm-3 Fe(Il) and
Fe(IlI) Typical correlation coefficients, r, over this concentration range,
were 209999 for both sensors, which demonstrates the lineanty of
response The limit of detection (LOD) was found to be 5 x 10-8 mol dm-3
Fe for both sensors at a S/N of 2/1 The sensitivity of both sensors was
good The Fe(Il) sensor was found to have a sensitivity (slope of
calibration line) of 6 419 + 0 004 pA mmol-! (1 14 pA mg-l cm3) A
sensitivity of 3 080 + 0 004 nA mmol-1 (0 55 pA mg-1 cm3) was found
for the Fe(IlI) sensor It has been proposed that the kinetics of
electrocatalytic reactions at redox polymer modified electrode generally
reflect the thermodynamic dnving forces governing the reaction 523 It
1s therefore likely that the lower sensitivity for the Fe(IlI) sensor compared
to the Fe(II) sensor may be a result of the difference in AG between
between the analytes and their respective electrocatalysts The precision of
the sensor responses was found to be excellent with relative standard
deviations of 0 52% and 1 32% for the Fe(IIl) sensor (n=8) and the Fe(Il)
sensor (n=7), respectively No memory effects were encountered for both
sensors The electron transfer step proceeds cleanly without adsorption or
accumulation of electrolytic products within the film These observations
are consistent with purely outer-sphere electron-transfer processes with
fast diffusion of reactants and products within the films
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Fig 35 Typical recorder traces for the detection of Fe(Il) and
Fe(Ill) The electrolyte was 0 2 mol dm-3 Na3SQ4 / 0 05 mol dm-3
H2804 The concentration of Fe(Il) and Fe(lll) was 1 0 x 10-3 mol

dm-3 and the electrolyte flow rate was 1 0 cm3 mun-!



Value

Parameter
Fe(I) Fe(lIl)
Sensitivity 6419+0004 3080+0004
tA mmol-1 dm3
Linear Range 10x 107 - 10x 107 -
(mol dm-3) 10x102 10x 102
LOD (2/1) 50x 108 50x 108
(mol dm-3)
Precision (% RSD) 132 (n=7) 052 (n=8)
Time constant, T (s) 13 12
Response time, (s) 22 20
Rise time, (s) 13 14
Analytical through-put
Theoretical ¥ 800 h-1 800 h-1
Experimental 180 h-1 180 h-1

* Based on Gaussian peak profile

Table 31 Table of sensor attributes All parameters were
estimated 1n usual electrolyte and at a flow rate of 1 0 cm3

min-!



3342 Effect of Carrier Electrolyte Flow Rate

The effect of carrier electrolyte flow rate in FIA 1s an important
parameter from a number of view points Firstly, the flow rate determines
the sample through-put of the analytical procedure In addition, flow rate
can affect the sensitivity of the sensor response Electrochemical detectors
can be classified as mass rate detectors, 7 ¢ the current response 1s a
function of the quantity of analyte passing through the detector per unit
time (1 = 0Q/at) In addition, increasing the flow rate decreases the
diffustonal layer thickness at the electrode surface 34 Both of these
processes should result in an increase in electrode response with increasing
flow rate 33 It s therefore important to operate FIA experiments at
optimum flow rates to ensure maximum sensitivity and analytical
throughput In Fig 3 6, the effect of carrier electrolyte flow rate on the
response of the Fe(II) and Fe(IIl) sensors can be seen It 1s evident from
trace B that increasing the carrer flow rate causes an increase in the
electrode response for the Fe(Ill) sensors, with optimum responses
recorded at flow rates > 1 0 cm3 min-1 Simular behaviour 1s observed for
the Fe(II) sensor but the increase 1s less pronounced The optimum flow
for the Fe(I) sensor 1s obtained at 0 5 cm3 min-! A flow rate of 1 0 cm3
min-! was used for all experiments unless specified otherwise

3343 Effect of Apphied Potential

A hydrodynamic voltammogram showing the effect of applied
potential over the range 0 075 V to 0 345 V vs SCE on the Fe(lIII) sensor
response 1n a thin-layer electrochemical flow-cell to a 1 0 x 10-3 mol dm-3
solution can be seen tn Fig 3 7a At a potential of 0 345 V vs SCE, the
redox sites are predominantly 1n the pre-catalytic Os(II) state and
therefore electrode currents are close to zero As the potential moves
closer to the E /2 of the osmium redox couple an increased population of
the catalytic Os(II) sites are generated within the film resulting 1n an
increase 1n response to the test solution As the potential moves more
negative of the Ej/2, the redox sites are predominantly in the catalytic
Os(Il) state and the response begins to levels off as the number of catalytic
sites reaches a maximum From these results, the optimum operational
potential for detection of Fe(Ill) 1s ca 012 V vs SCE This potential was
used unless otherwise stated for all expeniments
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Fig 36 Effect of carrer electrolyte flow rate on sensor responses
The electrolyte was 0 2 mol dm=3 Na3SQ4 / 0 05 mol dm-3 HySO4
The concentration of Fe(I) and Fe(IIT) was 1 0 x 10-3 mol dm-3
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Fig 37 Hydrodynamic voltammograms for the reduction of
Fe(III) (A) at an osmuum polymer modified electrode and the
oxidation of Fe(II) (B) at a ruthenium modified electrode The usual
electrolyte was used at a flow rate of 1 0 cm3 mun-1 The Fe(II) and
Fe(I1I) concentrations were 1 0 x 10-4 mol dm-3



Fig 3 7b shows a hydrodynamic voltammogram for the oxidation
of Fe(Il) at the ruthenium polymer modified electrode In a simular fashion
to the osmium electrode, at potentials favouring the pre-catalytic Ru(Il)
state, electrode responses are small, while at potentials more positive than
the Ey/» of the ruthenium centres, where the Ru(I1l) form 1s favoured,
electrode responses reach a maximum The optimum applied potential for
the Fe(If) sensor was 0 85 V vs SCE This potential was used through-out
thss study unless otherwise stated

In the theories of mediated electrocatalysis, the concentration of
electro-active sites within the polymer, () 1s assumed to be controlled by
electrode potential according to the Nernst equation 50 In addition, for
the kinetic regime L which pertains at both of the modified electrodes
studied here, the electrode response should be first order with respect to
bo, which results 1n an increase 1n response as a function of applied
potential The behaviour observed here is entirely in agreement with the
predictions of the theoretical models

3344 Effect of Electrolyte pH

The effect of pH of the electrolyte on the response of the Fe(II) and
Fe(II) sensors was investigated It1s known that the pH of electrolytes can
affect the kinetics of proton coupled electrocatalytic reactions > and also
the rate of heterogeneous reactions at electrodes 57 For both sensors
studied here, the response of the sensors was found to be independent of
electrolyte pH over the range pH 1 0 to pH 4 0 This 1s consistent with
the outer sphere nature of the electron transfer reactions which occur for

Fe(II)/Fe(HI) redox Higher pH were not examined as Fe(lII) precipitates as
[Fe(OH)3} at pH >4

3345 Effect of Polymer Surface Coverage

InFig 38, aplotofIntvs InT shows the effect of polymer surface
coverage on electrode response for the Fe(Ill) sensor It 1s clear that
increasing the polymer layer thickness results in an increase in electrode

response for this sensor Similar behaviour was observed for the Fe(Il)
sensor For the Ly kinetic regime, the electrode response should obey a
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first order relationship with respect to I', so the slope of the above plot
should be 1 0 30 Slopes for both Fe(Il) and Fe(IIl) responses with respect
to surface coverage are however considerably less than that expected from
theory Slopes for the Fe(IIT) and Fe(1l) responses were found to be of the
order= 02 + 0 1 Considerable variability in the slopes were observed for
all repetitions of this experiment, but the general trend of increasing
response with increasing I was observed in all cases The general trend
appears to indicate that in the thin-layer electrochemical flow cell, the
analytes partition into the polymer films quickly and that the mediated
reactions occurs throughout the polymer film (Lx) However, as the slope
<< 1 0, the responses appear to be far from the steady-state behaviour
observed and expected for the rotating disc electrode These differences
may be attributed to the different modes of mass transport and the short
residence time of the substrate 1n the flow-cell given the high flow rate of
the electrolyte and the low cell volume

3346 Electrode “Cross Talk”

“Cross talk” between electrodes 1n electrode array devices has been
reported For the dual electrode under investigation, two possible forms of
“cross talk” can be 1dentified Firstly, electronic cross talk 1s observed
This behaviour occurs because the counter and reference electrode are
common to both working electrodes When a large depolansation of a
sensor occurs, with respect to the adjacent sensor, a shift in the
background current (non-faradaic) at the adjacent sensor occurs This
behaviour becomes important when the [Fe(II)]/[Fe(lIT)] ratio becomes
greater than 1000 or less than 0 001 At less extreme concentration ratios,
the shift in baseline 1s insignificant in comparison to the magnitude of
responses, typically less than 0 1% of the current response of the lower
concentration redox spectes This limits the safe use of the dual sensor to
Fe(11)/Fe(1IT) concentration ratios in the range 100—0 01 So, samples with
Fe(I)/Fe(IH) concentration ratios within two orders of magnitude of each
other can be applied to this detection system In situations where the
relative concentrations of both redox species are very different, splitting of
the sample plug followed by detection at individual thin-layer cells would
circumvent this possible limitation
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The second form of “cross talk” which may be problematic at the
dual electrode 1s chemical cross talk It 1s recognised that the electrolytic
product formed at each sensor 1s capable of producing a faradaic response
at the adjacent sensor It is possible that this may be a source of chemucal
cross talk between the sensors It was however found that at flow rates as
low as 0 1 cm3 min-! (where diffusion 1n the flow-cell may be
problematic), no detection of the electrolytic product of each sensor at the
adjacent sensor was apparent This observation 1s not surprising as the
parallel arrangement of the electrodes allows simultaneous measurement of
both species 1n the sample plug and the continuous forward flow of the
electrolyte ensures that the electrolytic products are swept swiftly from the
cell Inaddition to cell design, the physical constraints on diffusion would
prevent diffusional processes from from causing chemucal cross talk
Under the assumptions of the worst case situation where the system is
under static conditions, the diffusion coefficient of the Fe(II) and Fe(1II)
species 1s 2 0 x 10-6 cm2 s-1, there 1s total consumption of all the iron
species reaching the electrode, and the peak width is 8 s, then the
diffusional layer thickness at each electrode would be 7 0 x 10-3 cm, which
1s smaller by a factor of 14 compared to the inter-electrode distance of 0 1
cm Under these conditions, the time interval required for the diffusion of
the product from one sensor to the adjacent sensor would be of the order
1600 s It 1s obvious that the design of the thin-layer cell used here along
with the constraints on diffusion prevent chemical cross talk even at very
low flow rates

3347 Recovenes from Analytical Samples

In order to test the applicability of the dual sensor for the speciation
of Fe(ll)/Fe(Ill) in real analytical samples, the recovery of these redox
species from “spiked” drinking water samples was determined The results
are given 1n Table 3 2 Due to the presence of electronic “cross talk”, only
solutions with [Fe(II)]/[Fe(I)] ratios in the range 100-0 01 were
examined From the results presented 1n Table 3 2 1t can be seen that good
recoveries are obtained 1n the concentration range 1 0 x 10-4to 1 0 x 10-6
mol dm-3 at different concentration ratios It can also be seen that
solutions of equal concentration of both redox species show good
recoveries over the concentration range 1 0 x 10-2 mol dm3to 1 0x 106
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Ratio [Fe(ID] / mol dm-3 [Fe(III)] / mol dm-3
{F(HTY}/
[Fe(ID)] Anal Recovered Anal Recovered
100 10x 106 105x106 10x104 104x 104
(x 5x 10-8) (+3 x 106)
001 10x 104 102x 104 10x10¢ 10x10%
(+2x 106) (£2x 108)
] 10x10®  10x106 10x106 10x106
(x2x 108 (+2x 108)
1 10x 104 98x 105 10x104 10x104
(+2x 106) (+2 x 106)
1 10x 102 998x 103 10x102 101x102
(x3x 104 (3 x 104

Table 32 Analytical recoveries for various concentration ratios

of Fe(Il)/Fe(1I) from spiked drinking water samples The
concentrations recovered are an average of five repeat

determinations and the standard deviation for the measurement is
given 1n the parentheses The usual electrolyte was used at a flow
rate of 1 0 cm3 min-1 and the polymer surface coverage for both
electrodes was 1 0 x 10-2 mol cm2



mol dm-3 These results demonstrate the applicability of this sensor system
for the speciation analysis of aquatic samples

3348 General Considerations

From the results presented, it 1s clear that the principle upon which
the dual sensor for speciation 1s developed 1s useful for the selective
detection of redox pairs such as Fe(II) and Fe(1lI) The straight forward
approach upon which the dual sensor 1s based conveys considerable
advantages to this device compared to existing methods for the speciation
In this section, these advantages will be highlighted Interferences will be
dealt with in chapter 6

Some of the main advantages of the detection system described
include the speed of sample through-put which can be attained and the
simplicity of the analytical procedure It has been pointed out by many
authors that the sumplification of any speciation analysis 1s of great
importance as 1t allow analysis with minimum intervention and
consequently provides more reliable data concerning the actual identity
and quantity of particular chemical entities in the sample It also results in
faster and more prolific data acquisition, which 1s extremely important as
the current knowledge of the environmental levels of many toxic species 1s
limuted

The sensors operate using the simple DC amperometric detection
mode, and as a result there 1s no requirement for potential scanning or
elaborate pulse sequences to be used which are prerequisites of existing
electrochemical procedures for this analysis This mode of operation
requires only simple, cheap and portable instrumentation This favours the
development of sensor systems for field analysts or remote sensing
applications Another feature of this device 1s the principle upon which
detection and selectivity 1s obtained This ensures that each sensor has
absolute selectivity for 1ts corresponding redox species As a result, there 1s
no requirement either for inter-conversion from one redox species to
another, nor for the use of colorimetric complexing agents or for reagents
to separate the Ej/2 potentials for the oxidation-reduction processes Again
greatly improved simplification of the analytical protocol This approach
also allows rapid and simultaneous determination of both redox species in
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the sample 1n a single sample aliquot Time-dependent changes 1n the
concentration ratio of the redox pair during analysis 1s therefore
eliminated Fast reliable extraction procedures (1n the second time scale)
for Fe(1l) and Fe(IIl) from complex matrices have been developed,
however, ttme dependent interconversion of the redox states during the
analytical step 1s problematic, therefore rapid detection may improve the
reliability of such methods

Another feature of this electroanalytical system is that the electrode
responses are independent of pH up to pH 4 0, therefore rigourous control
of pH is not necessary for this approach, whereas, chromatographic,
spectrometric and polarographic methods require precise pH control In a
recent publication 38, a “double acidification method” was proposed, the
concentration of electrochemically labile (uncomplexed) metal at different
pH’s was used to assess the toxicity of water samples As the pH was
lowered the concentration of free metal species (toxic portion) increased
due to release from the complexed state In the experimental protocol, 1t
was required to strongly acidify the samples before the anodic stripping
step This lead to uncertainties 1n the measurement With the electrodes
described here, the free metal at each pH may be determined from a single
measurement without need for further acidification during the analytical
procedure This would increase the reliability of the data obtained

Since 1ts inception, FIA has become one of the most important
developments in analytical chemustry due to the advantages associated
with this technique With the use of FIA procedures, only small sample
aliquots (20 uL) are required for satisfactory sensor responses Many
speciation studies involve small scale laboratory experiments such as the
the uptake and release of metal jons from biological matenals such as
ferntin For the purposes of speciation analysis using this device, small
samples may be obtained with minimum disturbance of the system under
study Also, the FIA procedure used allows the analytical system to be
easily automated, this can include automated in-line sample extraction and
preparation steps There 1s also no requirement for an in-line separation
process and only one simple detection system 1s required These practical
attributes are of considerable advantage compared to existing techniques
which require relatively large sample sizes and are conducted using batch
type operator and instrument intensive procedures
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In addition to the simplicity of the analysis, there 1s considerable
improvement in the performance of the analytical method The
concentration of chemical species in the environment 1s vanable depending
on the sampling location and degree of transformation The linear range
extending over five orders of magnitude 1s significantly greater than that
reported for eaisting methods This wide detection window allows analysis
of samples with widely differing concentrations without dilution of
concentrated samples or preconcentration of dilute samples The LOD of 3
ppb is also impressive compared to the spectrometric, chromatographic
and existing electrochemical methods The sample solutions in the acidic
electrolyte were also found to be stable for at least 24 h No inter-
conversion from one redox state to another was evident This 1s significant
as 1t 1s recognised that many speciation procedures affect the concentration
of the individual chemical species considerably

3.4. Conclusions

Probably the most attractive feature of the synthetic strategy
employed for the synthess of the the electrocatalytic maternals used in this
study 1s the ability to control the Ej2 of the catalytic redox centres When
the Ej/2 1s controlled then the catalytic properties of the electrode are also
under control In this chapter, 1t has been shown that mantpulation of the
E1/2 potentials of two electrocatalyst can be achieved such that an analyte
redox (reversible) formal potential can be enveloped between the Ej/2’s of
two electrocatalysts When this situation has been achieved, the
thermodynamic limitations on the nature of electrocatalytic reactions
which are permussible at these types of modified electrodes allow the
development of sensors which have absolute specificity for its
corresponding redox species This approach has considerable advantage
with regard to simphicity, speed and operational performance

The principle of operation of the speciation sensor developed here
was demonstrated by the Fe(lI)/Fe(1ll) redox couple as the analytes It 1s
conceyvable that this approach may also be applied to the FIA speciation
analysis of other environmentally important redox couples such as
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Cr(I/Cr(VI), Cu(I1)/Cu(l) and Mn(VIIMn(IV) with the use of
appropnately designed electrocatalysts In addition, with the current
developments 1n electrode array devices, 1t may also be possible to use
arrays of modified electrodes with systematically controlled E(/2 values for
the simultaneous analysis of several redox species or several redox states
of the same element Such advances would result in considerable
simplification of speciation analysis which would result 1n more reliable
data and accelerate the rate of data acquisition

Another possible commercial application of the device demonstrated
1s 1ts use 1n detection in the 1on chromatography of metal cations Current
detection systems involve monitoring the conductivity of the eluant
following 1on suppression (removal of highly conducting Ht+) which 1s
technically difficult, expensive and hhmuts the eluant composition which can
be used The detection system described here may be used without need
for 10n suppression pror to detection In addition, the separation of the
individual forms of each redox pair 1s not necessary as speciation 1s a
function of the detection principle This is of particular advantage, for
example, the redox pair Cr(III)/Cr(VI) are almost imposstble to separate by
1on chromatography However, with the detection pninciple outlined here,
separation would not be required as discnmination may be possible on the
basis appropriately designed electrocatalytic properties of the modified
electrodes These advantages again would allow simplification of the
analytical protocol and allow more control and flexibility of the
chromatographic conditions
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Chapter 3
(Part B)

Electroanalysis of Nitrate using a Cu/Cd Reductor Column and

a [Ru(bipy)2(PVP)19ClJCl Polymer Modified Electrode
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3.6. Introduction

The determination of nitrate 1s considered to be one of the most
frequent measurements 1n environmental analysis, as nitrate 1s a common
aquatic pollutant 1 The source of mtrate pollution in aquatic
environments is predominantly from nitrate fertilisers used by the
agricultural sector 2 Nitrate 1s suspected to be toxic and has been
implicated 1n “blue baby syndrome” Nitrate 1s also involved in the
nitrogen cycle and 1s known to accelerate algae blooms and the
eutrophication of lakes 3 Due to the toxicity of this species, and its
detrimental effect on the environment, strict limits on the permissible levels
of nitrate 1n water are enforced by EC regulations The extent of nitrate
pollution 1s currently so widespread that large scale nitrate removal from
potable water supplies havc becn introduced 1n the UK and Europe to
bring levels in municipal supplies within EC limits  Also, the analysis of
atmospheric NOy’s 1s carned out by trapping these compounds as nitrate
4 Nitrate 1s therefore an important analyte Due to the difficulty in
determining this species, nitrate 1s normally converted to a more readily
detectable species prior to analysis

Traditionally, nitrate has been determined by the Kjeldahl method
for mtrogen 6 In this method, mitrate 1s reduced to ammonia using
Devardas alloy (50% Cu 45% Al, 5% Zn) The ammomnia 1s then steam
distilled and trapped 1n dilute boric acid solution and the ammonia 1s
determined by titration with standard H2SO4 Nitrate has also been
determined directly by nitration of chromotrophic acid 7, phenol
disulphonic acid 8, 2,6-xylenol 9, 3,4-xylenol 10 or by the oxidation of
nitrate by brucine 11, diphenylamine 12 and strychnine 13 These
procedure are, however, very slow, relatively insensitive, operator and
reagent intensive and often unreliable in many applications, As a result,
more sensitive and reliable alternative methods of analysis have been
developed >

Several examples of the electrochemical determination of nitrate
have been proposed Catalytic polarography, in the presence of polyvalent
cations such as La(III), Yb(III) and Ce(III) has been investigated 14
Although the detailed chemustry of these procedures 1s little understood, 1t
appears that the lower oxidation state of the cation reduces nitrate and the
cation 1s regenerated at the electrode surface 1n a catalytic cycle Rotating
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disc electrodes have also been used for the determination of nitrate
Davenport and Johnson used a rotating cadmium electrode for nitrate
determination 1n the concentration region =~ 10-4 mol dm-3 15,16 Coating
of the cadmium electrode with metallic copper was found to improve the
analytical performance of the electrode 17 In another study, the reduction
of nitrate was catalysed by the simultaneous bulk deposition of cadmium
and copper at pyrolytic graphite electrodes Pletcher and Poorabed: have
shown that nitrate can be detected amperometrically at copper electrodes
18 Albery ef al used this theme with packed-bed wall-jet copper
electrodes for the determination of nitrate, however, after several
determinations, severe poisoning of the electrode surface was evident
19,20 Renewal of the copper surface was necessary between
measurements In a recent study, nitrate has been reduced to nitrite at the
disc of a rotating ring disc electrode 14 The disc consisted of a gold
electrode coated with an under-potential deposition of cadmium The
mitrite was subsequently detected oxidatively at the collector ring
electrode A linear range extending over three orders of magnitude was
found Fogg ef al 21 have described the direct reductive determination of
mitrate at a copper electrode formed in sifu 1n a capillary-fill sensor device
Again, the copper surface had to be renewed after each determination
The use of a silver electrode for the reduction of nitrate has also been
described 2 In this work, mitric oxide was formed at the silver electrode
and 1s subsequently detected at a gold plated porous collector electrode
placed down stream in the detector All these reductive techniques require
highly acidic conditions for the reduction reaction to proceed, and as a
result, such conditions are not useful for routine analysis The reduction of
nitrate under moderate acidic conditions at a polyaniline modified
electrode has recently been reported 22 The modified electrodes were
also free from surface passivation effects prevalent with conventional
electrode surfaces Major limitations of all the reductive techniques 1s the
potential extremes required where many sources of interference may be
problematic, for example, hydrogen evolution, oxygen reduction and the
discharge of metal cations This has prevented the adoption of
electrochemical techniques for the determination of nitrate

Current methods for the determination of nitrate involves prior
reduction to nitnite, followed by determination of the nitrite 3 The
reduction to nitrite can be accomplished with the use of heterogeneous
reductors prepared from zinc, cadmium, cadmium amalgams, or
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copperised cadmium or by homogeneous reagents such as hydrazine 23
The use of hydrazine 1s known to be unreliable and 1s not amenable to
automation 24 For the heterogeneous reduction, the use of cadmium and
coppernised cadmium matenals have been prominent due to the efficiency
of the reduction to mitrite Cadmium in the form of wire, powder, granules
electrolytic cadmium, amalgamated cadmium and “spongy cadmium”
have been used The formation of nitrite from nitrate via these routes 1s
simple and well established The mechanism for reduction of NO3- to
NO> 1s believed to occur as follows 25

NO3- + 2H+ + Cd0 — NO2- +2H20O + Cd2+ 34

The presence of metallic copper deposited at the cadmium surface appears
to catalyse the above reaction, and as a result copperised cadmium 1s most
frequently used The formed nitrite is normally determined using the
conventional spectrophotometric techniques involving diazotisation
reactions such as those outlined in chapter 2 Although popular,
spectrophotometric techniques for nitrite suffer from a number of distinct
disadvantages, these include limited linear ranges, poor limit of detection
(LOD), complicated experimental protocols and relatively low analytical
through-put In addition, many of the procedures often involve long
reaction times and unstable colorimetric reactions and products The
nitrate reduction and subsequent colorimetric reaction has recently been
automated using flow injection (FIA) methods This has been found to
alleviate some of the problems associated with the batch type procedures
However, the spectrophotometric techniques still suffer from interferences
such as ascorbic acid and chloride In addition, the FIA procedure requires
in-line mixing with colonmetric reagent following the reduction step
Given the absence of suitable alternative methods for the detection of
nitrite, the spectrophotometric procedures have been established as the
standard analytical method for the determination of nitrate following
reduction to nitrite 26 A number of commercial auto-analysers have been
developed to carry out this analysis

It 1s clear from the above discussion that attempts to directly detect
nitrate electrochemically are futile due to the highly acidic condition and
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extremes of potential required for reduction The advantage of prior
reduction to an easily detectable species 1s clearly evident The analytical
difficulties with the standard spectrophotometric procedures are associated
with the colorimetric reaction following the formation of nitrite The use of
a redox polymer modified electrode for the direct detection of nitrite may
be useful 1n increasing the analytical performance of such analytical
protocols In this section, the use of a [Ru(bipy)2(PVP)10Cl]CI modified
electrode for the determination of the nitrate following reduction to nitrite
by a copperised cadmium column 1s described This study 1s intended to
demonstrate the applicability of redox polymer modified electrodes to
existing analytical strategies and to highlight some of the advantages
associated with the application of the modified electrode

3.7. Experimental

371 Materials and Reagents

The synthesis of the redox material [Ru(bipy)2(PVP)10Cl]Cl was
described 1n part A of this chapter The solutions used throughout were
prepared from Milli-Q water The salts NaNO3, KNO3 and NH4NO3 were
used to prepare nitrate solutions for comparative purposes These solutions
were prepared 1n 0 1 mol dm-3 NaCl The components of the
copperisation solutions were dissolved 1n the following order, firstly NaCl
(where present), then disodium ethylenediaminetetraacetic acid (EDTA)
followed by CuSO4 SH20 Details of concentrations are given in the
appropriate section

3772 Procedures

3721 Construction of Coppensed Cadmium Reductor Column

Commercial reductor columns are normally constructed from
narrow bore (<0 3 cm internal diameter (1 d )) glass or plastic tubing The
Cu/Cd reductor column used here was constructed from 02 cm1 d
silicone tubing The length of the reductor column was varied from 0 25
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cmto 2 0 cm The cadmium was prepared from high purity (99 9 %)
cadmium wire (0 1 cm diameter) by cutting small portions of the wire (=
0 1 cm long) to form cadmium chips The surface area of these chips were
~ 1 x 10-3 cm2 The cadmum chips were then pached tightly into the
silicone tubing and the chips were held 1n place by inserting glass wool at
both ends of the column This also had the effect of reducing “dead
volume” in the column to a minimum The packed column was then
placed 1n-line between the 1njector and detector 1n the FIA apparatus
described below

3722 In Situ Coppensation of Cadmium Chips

As copperised cadmium appears to be more effective reducing
agent for nitrate than cadmium alone, the cadmium chips were coppensed
The cadmium chips were washed for 5 min with 0 1 mol dm-3 nitric acid
to remove surface oxides This was accomplished by passing the nitric acid
solution over the cadmium chips 1n the column using the perstaltic pump
at a flow rate of 0 5 cm3 min-! The cadmium chips were then rinsed with
Miulli-Q water for several minutes The chips were coppensed using two
different protocols The first method was that described by Otsuki 27, this
involved passing an aqueous solution (by penstaltic pump) containing 12 5
g CuSO4 5H»0/dm3 and 30 0 g/ dm3 EDTA over the cadmium chips
for 1 min The coppernised chips were then rinsed with Milh-Q water for S
min

The alternative copperisation protocol involved passing a solution

containing 0 1 mol dm-3 NaCl, 10 g/ dm3 EDTA and 0413 g /dm3
CuSO4 5H20 continuously over acid washed cadmium chips This

solution was also used as the carrier for the subsequent FIA experiments

3723 Flow Injection Apparatus

The flow 1njection apparatus consisted of a Gilson Miniplus 3
peristaltic pump, a six port Rheodyne injector valve fitted with a 50 uLL
fixed volume sample loop, a EG&G Princeton Applied Research Model
400 electrochemmcal detector connected with Teflon HPLC tubing, and a
Philips X-t chart recorder In the flow-cell, a Ag/AgCl electrode acted as
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the reference electrode All potentials are quoted after numerical
conversion to the SCE scale The working electrodes were 3 mm diameter
glassy carbon shrouded in a Teflon block Modified electrodes were
prepared by polishing the glassy carbon electrodes with 5 um alumina as
an aqueous slurry on a felt cloth The electrodes were rinsed thoroughly
with distilled water and methanol The electrodes were then treated with
chlorosulphonic acid to promote the formation of surface oxide functional
groups The electrodes were again ninsed with distilled water and dned in
vacuo at room temperature The electrodes were modified by drop coating
using a 1% w/v solution of the polymer The electrodes were allowed to
dry slowly in air and allowed to cure overnight in vacuo before use
Surface coverages of 1 0 x 10-8 mol cm-2 were used throughout The
stainless steel cell body acted as the counter electrode Sample 1njections
were made using a 2 cm3 glass syringe fitted with a Rheodyne 1njection
needle The opimum carner electrolyte composition was 0 1 mol dm-3
NaCl containing 10 g/ dm3 EDTA and 0413 g/ dm3 CuSO4 5H20 The
reductor column length was normally 1 2 cm and a flow rate of the carrier
was usually 0 5 cm3 min-1 The applied potential was generally 095 V vs
SCE

3724 Analysis of Nitrate in Commercial Fertiliser Using the Modified
Electrode

The fertiliser sample (1 g) was ground using a mortar and pestle
42 75 mg of the ground fertiliser was then place 1n a 100 cm3 beaker with
50 cm?3 of 0 1 mol dm-3 NaCl The sample was dissolved by sonication for
15 min The resulting solution was transferred quantitatively to a 100 cm3
volumetric flask and made up to the mark with the 0 1 mol dm-3 NaCl
solution This solution was used for the subsequent analysis A stock
nitrate solution was prepared by dissolving 0 8522 g NaNO3 1n 0 1 mol
dm-3 NaCl and making up to 100 cm3 No difference in analytical
response between NaNO3, KNO3 or NH4NO3 was evident This stock
solution was used to prepare a calibration series 1n the concentration range
10x103to10x 102 mol dm-3 NO3~ The responses from the
calibration solutions and the sample solution were recorded at an applied
potential of 095 V vs SCE Blank responses were also recorded by
replacing the Cu/Cd reductor column with a glass wool packed column
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The FIA carrier was 0 1 mol dm-3 NaCl, 10 g/ dm3 EDTA and 0413 g/
dm3 CuSOg4 5H20 at a flow rate of 0 5 cm3 min-! The copperised
cadmium column was 1 2 cm in length The concentration of NO3- in the
sample was then estimated from the calibration curve The analysis was
carried out in triplicate

3725 Potentiometric Determination of Nitrate in Commercial Fertiliser

The Orion model 93-07 nitrate 1on selective electrode 1n conjunction
with the Universal PT 16 high impedance volt meter was used to
determine nitrate 1n the fertiliser sample The sample solution was prepared
1n an 1dentical fashion to that for the modified electrode determination The
Nernstian slope (0 058 V) for the 1on selective electrode was measured
using a series of standard NO3- solutions prepared as descnbed above The
method of standard addition for the potentiometric determination of
nitrate was apphied using the following equation 28

Cx = (Cs+ Vo)(Vx + V) [I0MFAE/0058) _ v /(V, + VIl (35)

Where Cyx, Vx and Cg, Vs are the concentration and volumes of the
unknown and standard solutions respectively, AE is the change of
electrode potential upon standard addition, 0 058 1s the experimentally
determined Nernstian slope, and where n and F have their usual meaning
40 0 cm3 of the sample solution was placed in a 100 cm3 beaker The
electrode was then immersed 1n the solution and the solution was stirred
slowly with a magnetic stirrer After stabilisation, the electrode potential
was recorded Then 2 0 cm3 of a standard 1 0 mol dm-3 solution of NO3-
was added by pipette to the original solution The potential was allowed to
stabilise and the change 1n the potential was recorded This was carried out
in duphicate The concentration of nitrate in the solution was then
estimated from the above equation
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3.8. Results and Discussion

381 Mediated Oxidation of Nitrite by [Ru(bipy)2(PVP);0CIICI
Modified Electrode

In conventional methods for the analysis of nitrate, the stream
containing mitnte generated at the Cu/Cd reductor (distilled water or a
borate buffer solution) column 1s mixed with the reagent stream containing
sulphanilamide and N-(1-naphthyl)-ethylenediamine dihydrochlonde
whereupon the colorimetric reaction occurs With the use of
electrochemical detection, direct detection of the nitrite can be
accomphished without need for post column mixing and the associated
colorimetric reagents The use of electrochemical detection therefore may
result in simplified analytical protocols The oxidative detection of nitrnite 1n
FIA applications using ruthenium-containing redox polymer modified
electrodes has been investigated by several workers recently 29,30 The
ruthenium redox matenal reduces the over-potential for nitrite oxidation
by 200-300 mV compared to glassy carbon and improves the sensitivity of
the oxidative detection of nmitrite The surface passivation of carbon
resulting from nitnte oxidation 1s also eliminated The mediated oxidation
reaction appears to be that shown in reaction 3 6 31

NOz- + H20 + 2Ru(lll) ~— NO3- + 2H+ + 2Ru(lD) (3 6)

This reaction has a formal potential of 0 59 V vs SCE and therefore the
cross-exchange reaction has a 0 160 V electrochemucal driving force For
the [Ru(bipy)2(PVP)10CHCI modified electrode, the mediated reaction
occurs 1n the entire film (L) up to a surface coverage of 8 0 x 10-9 mol
cm-2 At higher surface coverages, total catalysis 1s observed and the LS
kinetic regime 1s obtained 3! For this reason, surface coverages of 1 0 x
10-8 mol cm-2 were used throughout this study The approach adopted
here for the detection of mitrite involves placing the ruthenium polymer
modified electrode directly after the Cu/Cd reductor column tn the flow
system for the simple detection of the generated electro-active species The
optimusation of carrier electrolyte composition, applied potential,
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electrolyte flow rate and the reductor column length will be described in
the following sections

382 Optimisation of Carrier Electrolyte

As the electrochemical detection system requires an electrolyte for
operation, the composition of the carrier must be compatible with the
Cu/Cd reduction step When using simply 0 1 mol dm-3 NaCl as the
carnier with reductor columns copperised according to the procedure of
Otsuki 27, rapid de-activation of the columns was observed The responses
declined by = 50% over approximately 20 injections of 1 0 x 10-3 mol
dm-3 NO3- The reactivity of the electrode was assessed by 1njecting nitrite
samples 1n the absence of the reductor column, then no loss in modified
electrode activity was evident It was concluded that the loss in response
originated with the Cu/Cd reductor column On inspection, a white
precipitate in the reductor column was observed, which is likely to be
[Cd(OH),] Such precipitation has been previously observed 2332
Removal of the column contents followed by washing 1n dilute nitric acid
and distilled water was found to reactivate the Cu/Cd reductor It appears
likely that the precipitate physically blocks the metal surface from reaction
with NO3- in solution, and therefore reduces conversion efficiency and
consequently sensitivity Such reactivation procedures were very
inconvenient and therefore this approach was not pursued further

In an attempt to eliminate the effect of the [Cd(OH)3] precipitate,
EDTA was added to the electrolyte Addition of 10 g/ dm3 EDTA to the
0 1 mol dm3 NaCl resulted 1n considerable improvement in the
performance of the reductor column No white precipitate was found to
form 1n the reductor column Thas 1s likely to be a result of complexation
of Cd(II) with EDTA to form the soluble complex, [Cd(EDTA)J which 1s
removed by the carrier flow A steady decline in activity of the reductor
column was however evident The loss in sensitivity was accompanied by
a gradual blackening of the coppenised surface of the cadmium chips The
black compound 1s likely to be CuO This appears to be a result of Cu
oxidation by dissolved oxygen 32 Again, this 1s likely to block surface
cadmium sites from reducing solution phase nitrate No evidence of
decline in modified electrode activity was observed over the same time
period Removal of the cadmium chips followed by nitric acid washing and
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re-copperisation restored the original activity of the reductor column The
steady decline in activity of coppensed cadmium reductor columns 1s
normal and has been reported extensively 2732 As a result, frequent
(daily) regeneration of the coppernsed surface or replacement of the entire
column 1s necessary The life time for the reductor columns with this
carrier electrolyte was 1-2 days, which corresponds to about 200 sample
injections of 1 0 x 10-3 mol dm-3 nitrate Again, this carrier electrolyte was
abandoned due to the inconvenience of frequent regeneration of the
reductor column

It was observed that very strict conditions were required for
copperisation according to the method of Otsuki 27 Exposure of the Cd
chips to the copperisation solution for prolonged time perods (> 2 min)
resulted 1n a rough, highly copperised black surface layer The black
compound 1s again probably CuO, possibly resulting from the oxidation of
metallic copper deposited on the cadmium surface by dissolved oxygen
2732 Such columns were found to be completely mactive In order to
simplify and standardise the coppensation procedure and to attempt to
achieve continuous in situ regeneration of the copperised cadmium
column, thus negating the requirement for frequent column changes or
direct regeneration, the composition of the carrier was modified to include
Cu(Il) It was conceived that the presence of Cu(Il) in the carner
electrolyte could copperise and subsequently maintain the active surface of
the Cd after oaidation by nitrate and also be compatible with the
electrochemical detection system

The carrter electrolyte found to achieve the objectives outhned
above was compnised of 0 1 mol dm-3 NaCl contarning 10 g/ dm3 EDTA
and 0413 g/ dm3 CuSOg4 5H20 The NaCl acts as the clectrolyte (also
copperisation in the presence of chloride 1s known to eliminate chlonde
interference 1n the nitrate reduction process 33) The function of EDTA 1s
to complex Cd(I1) and the CuSQO4 1s required to copperise and maintain
the active cadmium surface Fresh nitric acid washed cadmium chips were
coppensed with this carrier electrolyte at a flow rate of 0 5 cm3 mun-1 The
pristine metallic copper layer developed on the cadmium chips slowly 1n
comparison to the previous procedure, probably due to the more dilute
Cu(Il) solution Throughout the lifetime of the column, the copper surface
was highly lustrous and no CuO blackening was evident over prolonged
exposure to this solution (2 weeks) This coppernisation procedure resulted
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in stable reductor columns giving reproducible responses to nitrate after =~
1 h of flow The resulting reductor columns were extremely stable, these
column were used continuously for up to two weeks without requirement
for direct regeneration

As Cd 1s lost n the reduction reaction (reaction 3 4) a slow
unavotdable decline 1n response was observed in over the two week period
This 1s probably due to the gradual decrease in the surface area of the
cadmium chips No deterioration due to CuO or [Cd(OH);] formation was
evident As the homemade reductor column used here did not achieve 100
% conversion of nitrate to nitrite (vide infra), consequently, any change in
active surface area of the Cd results in a corresponding decrease in
conversion With the use of commercial high surface area Cuw/Cd reductor
columns, where 100 % conversion 1s possible, the decline in sensitivity due
to decrease in surface area should not be problematic

The simple procedure developed resulted in very stable Cu/Cd
reductor columns, which, by virtue of the flow of the carner electrolyte,
are regenerated continuously n sifu Due to the high stability of these
reductor columns, this procedure as used for all subsequent copperisation
and the solution was also used for the carrier electrolyte

383 FIA System Responses

Having established a carrier electrolyte compatible with the
copperisation procedure, the maintenance of an active cadmium surface
and the reduction of nitrate to nitrite, the behaviour of the analytical
system was assessed In Fig 3 9 typical modified electrode responses to
nitrite generated by the reduction of nitrate at the Cu/Cd reduction column
in the optimised electrolyte can be seen These responses are due solely to
mtrite oxidation This has been established since nitrate solutions and pure
electrolyte injections, in the absence of the Cu/Cd column, do not produce
responses at the modified electrode, and increasing the nitrate
concentration results in the corresponding increase in electrode response
The electrode responses are well defined, near symmetrical and can be
considered useful for analytical purposes At an electrolyte flow rate of 0 5
cm3 mun-1, the peak widths at the peak base 1s approximately 1 0 min
Such broad peaks are normal for the spectrophotometric FIA
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Fig 39 Typical FIA responses to 1 0 x 10-3 mol dm-3 nitrate after
reduction to mitrite using a 1 2 cm Cuw/Cd reductor column The applied
potential was 0 95 V vs SCE and the carnier was 0 1 mol dm-3 NaCl
containing 10 g/ dm3 EDTA and 0 413 g/ dm3 CuSO4 5H20 at a flow

rate of 0 5 cm3 min-1



determination of nitrate 34 The broad nature of the peak 1s due to the
slow flow rate of the electrolyte, and also the considerable dead volume 1n
the reduction column contributes significantly to the broadening of the
analytical peak When 1t 1s considered that the reduction columnis 0 2 cm
1d compared to 0 05 cm for the HPLC tubing used in the rest of the FIA
apparatus, considerable peak broadening 1s not surpnising Dead volume
can be kept to a mimmum by tightly packing the cadmium chips and
inserting glass wool into the column ends Based of the peak width under
these operational conditions, an analytical through-put of 60 samples h-1
can be achieved which 1s comparable to the spectrophotometric
procedures 3> The precision of response was assessed by repeat
determinations of 5 0 x 10-4 mol dm-3 nitrate solutions The relative
standard deviation (RSD) was found to be 2 0 % for n=8 This again 1s
comparable to the spectrophotometnc procedures 35

In Fig 3 10 a typical calibration plot over the concentration range
10x 1061010 x 10-2 mol dm-3 nitrate can be seen The linear range
extends from 1 0 x 10-3 mol dm-3 (0 15 ppm N as NO3-) to 1 Q x 10-2
mol dm-3 (620 ppm) with typical correlation coefficients, r > 0999 The
linear range therefore extends over a concentration range of three orders
of magnitude This linear range 1s significantly greater than that observed
for spectrophotometric procedures which are normally linear only over
very narrow concentration ranges (typically <20 ppm) The linear range
also encompasses the normal mitrate levels found 1n environmental water
samples, typically = 1-40 ppm NO3- For the spectrophotometric approach
Judicious dilution of samples with high levels of nitrate 1s required, while
for the electrochemical approach no dilution 1s required The limut of
detection was estimated at S/N of 2/1 to be 5 0 x 10-6 mol dm-3 or 0 07
ppm N as nitrate Normally, special precautions such as expenmental
correction for light scattering are required to achieve similar LOD using
spectrophotometry compared to the electrochemical approach 36 The
LLOD achieved 1s therefore a constderable improvement 1n comparison to
the spectrophotometric procedures

These results indicate that the analytical performance of the
electrochemical determination of nitrate after Cu/Cd reduction to nitrite 1s
comparable to the conventional spectrophotometric procedures with
respect to analytical through-put and precision but 1s superior with respect
to hinear range and LOD These are the main mitations of the
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Fig 310 Typical calibration plot for the determination of nitrate using a
1 2 cm Cu/Cd reductor column The applied potential was 0 95 V vs SCE

and the carrier was 0 1 mol dm-3 NaCl containing 10 g / dm3 EDTA and
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spectrophotometric procedures The application of the alternative
electrochemical detection system appears to overcome the problems of
limited dynamic range and LOD

384 Effect of Applied Potential

In Fig 3 11 a hydrodynamic voltammogram for the oxidation of
1 0 x 10-2 mol dm-3 solution of nitrite at the modified electrode 1s shown
At a potential of 0 60 V vs SCE no response to nitrite oxidation s
evident At this potential, the electrocatalytic sites are in the Ru(ll)
oxidation state and therefore can not mediate the oxidation of nitrite
Increasing the applied potential results in the generation of catalytic Ru(III)
sites within the polymer and the onset of mediated oxidation of nitrite 1s
evident It can be seen from this plot that the optimum responses for
nitrite oxidation are obtained at an applied potential of ~ 1 0 V vs SCE
However, at this potential excessive background current was observed (=
1 pA) therefore a lower operating potential of 095 V vs SCE was used
for detection 1n all studies The background at this potential was =~ 0 5 pA

385 Effect of Carrier Electrolyte Flow Rate

In Fig 3 12 a plot of electrode response vs carrier electrolyte flow
rate can be seen It is evident that increasing the flow rate of the
electrolyte from 0 075 ¢cm3 min-! to 0 3 cm3 mun-! results in a non-hnear
decrease 1n the response from the modified electrode At flow rates higher
than 0 3 cm3 mun-}, the response levels off to a constant value Injections
of mtnite standard solution instead of nitrate, at various flow rates results in
an increase 1n electrode response with increasing flow rate which indicates
the mass rate behaviour of the electrochemical detection system This has
also been observed by Leech 31 The decrease 1n sensor response for
nitrate 1s clearly due to the decreased rate of conversion of nitrate to nitrite
by the Cu/Cd reductor column Increasing the flow rate of the electrolyte
decreases the residence time of the sample plug in the reduction column
and therefore the extent of nitrate conversion It 1s likely that this 18
responsible for the reduced sensitivity observed with increasing electrolyte
flow rate Optimum responses are therefore obtained at very low flow
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rates but. 1n order to mintmise sample plug dispersion and provide
reasonable sample through-put rates, a flow rate of 0 5 cm3 min-! was
used This was found to give sample through-put rates and precision
comparable to the spectrophotometric procedures and also greatly
superior linear ranges and LOD

38 6 Efficiency of Nitrate to Nitrite Conversion

Given the low surface area of the coppernised cadmium chips. which
1s about 0 2 cm?2 / cm of reduction column (calculated from the total
quantity of cadmium chips / cm and and their approximate surface area), 1t
was expected that total conversion of nitrate to nitrite was unlikely In Fig
3 13 a plot of % conversion vs reduction column length at various flow
rates can be seen The extent of conversion was calculated by comparing
the area of FIA peaks for 1 0 x 10-3 mol dm-3 nitrate solution and for a
nitrite solution of the same concentration As the concentration of nitrite
and nitrate are within the linear response range, a direct comparison
between the sensor responses at constant flow rate can be made and this
used to estimate conversion efficiencies Direct comparison between
different flow rates can not be made accurately as the residence time of
the analyte plug in the electrochemical cell are different, therefore, the
extent of mitrite oxidation and hence peak area 1s different at each flow
rate

It can be seen from these plots that increasing the Cu/Cd column
length results 1n increased conversion efficiencies This 1s an expected
result because of the increasing surface area of the Cd available for
reduction It can also be seen that lower flow rates favour optimum
conversion rates Optimum conversion 1s therefore obtained at longer
column lengths and lower flow rates As a reasonable analytical through-
put 1s required along with adequate sensitivity a column length of 1 2 cm
at an electrolyte flow rate of 0 5 cm3 mm-! was used for most
expenments descnbed

The most striking aspects of these results 1s the low levels of mitrate
to nitrnite conversion obtained A maximum of 16 % conversion at a flow
rate of 0 25 cm3 mun-! with a 2 cm reduction column fora | 0 x 10-3 mol
dm-3 mirate solution Decreasing the nitrate concentration to 1 0 x 104
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mol dm-3 has a marginal effect with an increase to 26 % conversion The
possibility exists that the Cu/Cd reductor column reduces nitrate to lower
oxidation states than nitrite This can be discounted as the response to
standard nitrnite solutions remains constant irrespective of whether Cu/Cd 1s
present in the column or solely glass wool As commercial Cu/Cd
reduction columns obtain 100 % conversion efficiency, the column used
here may be considered very inefficient It 1s conceivable that increasing
the conversion efficiency may increase the linear range and lower the
LOD of the electroanalytical procedure developed here The low level of
conversion also supports the view stated earlier that the slow decline 1n
sensitivity 1s a result of decreasing surface area of the cadmium with use It
15 likely that the use of Cu/Cd columns with large conversion efficiencies
may eliminate the slow decrease 1n sensitivity

3 87 Analysis of Nitrate 1n a Commercial Fertiliser

Having established reductor column specifications and electrolyte
conditions conducive for the determination of nitrate following reduction
to nitrite, the nitrate concentration in a commercial fertiliser sample was
determined by the Cu/Cd amperometric method and also by
potentiometry

For the amperometric FIA method a calibration plot was
constructed over the concentration range 1 0 x 10-3 mol dm3to 10x
10-2 mol dm-3 nitrate Plots of logjo [NO3-] vs current responses were
found to be linear over this concentration range with r = 0 9995 Blank
injections of 0 1 mol dm-3 NaCl did not produce measurable responses
The average response for n=3 determinations (comprising of three
replicate injections for each n) for the dissolved sample was 4 466 + 0 020
uA A blank response, in the absence of the copperised cadmium chips
was found to be 0 287 + 0 005 pA The sample response was adjusted for
the blank response The blank response 1s probably due to interferences in
the fertiliser sample such as mitrite These results yield a concentration of
461+ 05 % w/w NO3- 1n the fertiliser sample For comparative
purposes, the analysis was carried out using an alternative analytical
method The potentiometric method utilising the standard addition
approach yielded AE values of 134 mV + 0 1 mV (n=2) for the addition
of 20 cm3 1 0 mol dm-3 NO3- to 40 0 cm3 of the sample solution Using
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equation 3 5, the concentration of NO3- in the sample solution was
estimated and the onginal concentration 1n the fertiliser sample calculated
tobe 452 +02 % w/w NO3- These results indicate that the
amperometric FIA procedure for the determination of mitrate is both
accurate and precise

3.9. Conclusions

There 1s a currently great need for improvements 1n the
performance of analytical methods for the conventional
spectrophotometric techniques for the determination of nitrate This 1s
especially important with respect to increasing the linear range and
lowenng limits of detection As nitrate analysis 1s one of the most frequent
analysis, any improved methods must also be compatible with automation
The simple electroanalytical procedure investigated was found to address
these problems This approach improves the performance of the Cu/Cd
reductor column methodology by significantly reducing the LOD and
extending the linear range considerably The FIA system 1s also convenient
to automate In addition, the reductor cofumns were stable over protracted
time periods, due to in sifu regeneration, which is a significant
improvement in current methodology where reductor columns need daily
regeneration These attributes confer considerable advantages to the
electrochemical approach compared to the conventional
spectrophotometric methods It is possible that the application of redox
polymer modified electrodes to current analytical strategies for other
analytes may also prove successful
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Chapter 4

Physical Stabilisation of Electrode Surfaces Modified with
[Os(bipy)2(PVP)19Cl1]Cl1 Using Cross-linking Agents
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4.1. Introduction

Since the first examples of modified electrodes, much criticism
concerning the physical and chemical stabihty of the modifying species has
been voiced, and 1n many cases, justifiably -3 Through the course of
their development, many examples of modified electrodes with improved
stability have been reported 4> However, the purpose of these studies are
seldom concerned with improving stability, rather exerting control over
mass/transport properties or the electrocatalytic activity of the redox
polymer As a result, strategies for polymer film stabilisation have no
systematic theme, and the procedures adopted hitherto include a diversity
of approaches, mostly based on principles borrowed from polymer
science

The early examples of adsorbed monolayer modified electrodes
were subject to severe stability problems as the adsorption processes were
often in dynamic equilibrium with solution species, resulting 1n desorption
of the modifier 1n electrolytes devoid of the redox species 2:6:7 The
covalently attached redox sites, such as those studied by Murray and co-
workers,89 based on surface condensation reactions, were often easily
hydrolysed, again, resulting 1n the loss of redox component from the
electrode surface Although elegant, such modified electrodes were of
limited application due to their instability Adsorbed polyelectrolyte
polymers presented an attractive and stable means of immobilising redox
species at electrode surfaces by electrostatic incorporation or attachment
by coordination 10-15 The desorption of such adsorbed polymers 1s
known to be a slow process 6 Consequently, redox polymers exhibited
enhanced stability in comparison to the monolayer modified electrodes
2,11 Although electrodes coated with polyelectrolytes loaded with redox
reactants have been exploited in a variety of applications, the number of
useful polyelectrolyte systems that are available 1s limited as all commonly
available matenals lack one or more of the essential properties required for
use as an electrode modifier 5 These include strong irreversible adsorption
of the modifier to the electrode surface, rapid charge and mass transport
properties, retention of the electro-active redox sites within the polymer
film, efficient electrocatalysis, and physical and chemical stabihity of the
polymer and redox site 17
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Extensive studies of the redox polymers used here have shown that
they fulfil a number of the cited requirements for a successful electrode
modifier 12-15 The redox sites are immobilised in the polyelectrolyte by
coordination bonding, consequently the redox sites are not subject to
chemuically reversible equilibrium processes such as adsorption or ion
exchange, and are therefore permanently immobilised 1n the polymer film
12-15 The redox centres of the osmium polymer are also chemically
unreactive, and substitution of the potentially labile chlonde ligand 1s
difficult 14 As a result, these modified electrodes exhibit good chemucal
stability Another indication of the stability of these matenals 1s the fact
that they can be heated 1n air to temperatures 1n excess of 300 °C during
differential scanning calorimetry without degradation of the polymer The
analogous ruthenium redox sites are chemically less stable and undergo
photo-substitution of the chloride ligand to produce the aqua complex,
[Ru(bipy)2(PVP)10H20]Cl 13,15 This, however, can be controlled to a
certain extent by the exclusion of light The effect of this change in the
coordination sphere of the ruthenium centre on the charge transport
properties of the redox polymer 1s currently under investigation These
redox polymers have also been shown to exhibit facile electrocatalytic
behaviour towards a number of substrates, e g Fe(II) oxidation by the
ruthenium polymer and Fe(III) reduction by the osmium polymer 18,19
The second order rate constants for these cross-exchange reactions being
large for both substrates, for Fe(l), k =2 3 x 105 mol-! dm3 cm s-! and
for Fe(IIl), k =2 8 x 103 mol-1 dm3 cm s-! In addition, these matenals
exhibit rapid charge transport properties and favourable permeability to a
variety of substrates 18

These desirable properties suggests that these redox polymers may
be useful electrode modifiers, however, the long term physical stability of
the polymers under operational conditions have been disappointing 21 A
half life of = 8 h for the redox polymer [Ru(bipy)2(PVP)sCI]Cl 1n a thin-
layer flow-cell has been observed The physical instability appears to be a
result of polymer stnpping from the electrode surface It was found that
overlaying the ruthenium redox polymer with electro-polymerised
conducting (poly(3-methylthiophene) and non-conducting (poly(N-
ethyltryamine) polymers resulted in improved life times ( tj/2 > 48 h) but
decreased sensitivities towards substrates was evident 22 The ongin of the
decreased sensitivities was not assessed but 1t 1s likely a result of mass
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transport restrictions due to the overlaid polymeric coating Photo-induced
cross-linked with UV radiation was also 1nvestigated and similar behaviour
observed In afollow up study, Bansci and Wallace 23 studied the used of
the analogous material, electro-polymernised [Ru(bipy)2(vpy)2|2+ as an
electrode modifier The resulting matenial was found to have a higher
stability tn comparison to the preformed redox polymer, but the
magnitude of signal enhancement was significantly less It 1s possible that
this 1s due to a surface reaction at the electro-polymensed material while at
the preformed polymer a through film reaction 1s known to occur 24

The use of plasticisers to influence the mechanical properties of
polymers 1s well documented These materials act by separating the
polymer chains and therefore increasing bulk polymer segment motion
and therefore bulk flexibility 25 The stabihisation of PVP films has been
accomplished by the incorporation of the plasticiser dioctyl phthalate to
the film upon casting 26 Ths resulted in increased durability of the
polymer films The films were found to be more flexible and due to the
hydrophobtcity of the plasticiser, less susceptible to dissolving in aqueous
solution This simple process also resulted 1n a considerable improvement
in the charge transport properties of the polymer

The chemucal cross-linking of polymers to form insoluble matenals
appears an attractive approach to increasing the stability of polymenc
electrode modifiers The use of chemically cross-linked films on electrodes
have therefore been used by several workers to obtain stable polymer
coatings Facci and Murray 27 reported a co-polymer comprising of the
monomers 4-vinylpyndine and y-methacryloxypropyltrimethoxysilane
(96/4 mol %) The latter monomer forms cross-links on exposure to
moisture An alternative approach was proposed by Shaw et a/ and
involved electro-polymensation of 4-vmylpyndine 1n the presence of
divinylbenzene to produce a cross-linked polymer 28 Lindholm and
Sharp used 1,6-dibromohexane, 1,10-dibromodecane and aa'-dibromo-p-
xylene to cross-link PVP 29 The films were subsequently loaded with
[IrCle]2-3- to form films where the electrostatically incorporated redox
centre was retained sufficiently for the examination of the mediated
oxidation of Fe(I)

The polymer backbone of redox polymers 1s known to exert
considerable influence over the charge and mass transport processes
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occurring at the electrode For this reason, several examples of co-
polymers have been used to control the charge transport properties of
such films Often a consequence of changes in polymer backbone
composition, is an increase in stability of the modifying layer compared to
the homopolymer 4 In a recent study 30, the stability of a series of
ruthenium-containing redox polymers with various polystyrene (PS) and
PVP ratios were 1investigated, [Ru(bipy)2(PS)(PVP),CIJCl where x + y =
10 and compared to the PVP homopolymer It was found that for the
oxidation of nitrite at the PVP homopolymer, the cross-exchange reaction
was through film 1n nature (L¢) up to a surface coverage of 8 x 10-2 mol
cm-2 At higher surface coverages, total catalysis was observed with the
change over to the corresponding LSy kinetic regime 24 Incorporation of
styrene up to 50 mol % did not affect the kinetics and transport behaviour
of the modified electrode processes for nitrite oxidation It was found that
incorporation of the styrene residues greatly enhanced the stability of the
films for flow 1njection analysis of nitrite compared to the homopolymer,
but did not affect the sensitivity of the electrode response towards nitrite
as expected from the kinetic data 24 A relative standard deviation of less
than 1% was observed for responses recorded over 13 days The
homopolymer was found only to be slowly stnpped from the electrode
surface, this process being accompanied by a corresponding reduction 1n
| response In another study, Anson and Sumi 4 compared the charge
transport properties of random and block co-polymers of PS and p-
(diethylaminoethyl)styrene In this study, the formation of hydrophobic
and hydrophilic domains 1n the polymer on the electrode surface was
evident When the styrene content was > 50 mol %, the block co-
polymers were found to exhibit more desirable electrocatalytic properties
than the random co-polymer At low styrene loadings, the difference
~ between random and block co-polymers was insignificant For both types
of polymer, when the styrene content was < 20 - 30 mol %, a marked
decrease 1n stability of the polymer film was observed The use of
composite materials for electrode modification have also been the subject
of active investigation recently Montgomery er al S descnbed composite
modifiers comprising of a random ternary co-polymer containing two
types of hydrophilic cationic groups and hydrophobic styrene groups and
conventional polyelectrolytes such as PVP and poly-(vinylimidazole) (PVI)
These stability of the composite matenials was considerably enhanced
compared to that of the polyelectrolyte alone
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For the films studied here, the instability 1s a result of physical
removal of the polymer from the electrode surface under hydrodynamic
conditions 22 In order to stabilise these films, this stripping process must
be prevented The 1deal stabilisation procedure should retain or improve
the mass / charge transport and electrocatalytic properties of the redox
polymer and the resulting films should be chemically and physically stable
It 1s known that the requirements for stability of redox polymers ts
mutually opposed to the requirements of rapid mass / charge transport 31
Good stability 1s obtained with unswollen compact polymer films, while
charge transport 1s optimum tn swollen films This 1s further complicated
by the fact that the conditions for fast electron transport and rapid counter
1on motion are mutually opposed, so the optimum degree of polymer
swelling 1s a compromise between electron transport and counter 1on
motion 32 In addition, the electrocatalytic properties of the redox
polymer are a direct function of the mass and charge transport properties ‘
of the film 33 It 1s obvious that any stabihisation procedure will affect the
properties of the redox polymer and therefore has little hope of fulfiling all
the requirements of an 1deally stabilised film

The stability problem addressed here appears to involve a slow
stripping of the polymer from the electrode It is well known that cross-
linking of polymer produce insoluble maternals, and 1t was envisaged that
in situ cross-linking of the polymer chains on electrode surfaces would
prevent the polymer from physical removal from the electrode surface In
this chapter, the physical stabilisation of [Os(bipy)2(PVP)10CI]Cl films by
chemical cross-linked with 1,5-dibromopentane, 1,10-dibromodecane and
p-dibromobenzene at various mol % 1s examined The effect of the nature
of the cross-linking agent and also of the extent of cross-linking on the
surface behaviour, Nernstian behaviour and charge transport properties of
the resulting material are described and compared to the behaviour of the
homopolymer In addition, the kinetics of the mediated reduction of Fe(lIII)
at the cross-linked films are analysed and compared to the kinetic data for
the reduction at the uncross-linked films The advantages of this approach
to electrode stabilisation are also considered
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4.2. Experimental

421 Matenals and Reagents

4211 InSitu Cross-hinking of [Os(bipy)2(PVP)10ClCl

The synthesis and characterisation of [Os(bipy)2(PVP)10ClCl was
described 1n chapter 2 This material was cross-linked directly on the
electrode surface via the solid state reaction with 1,5-dibromopentane,
1,10-dibromodecane and p-dibromobenzene (Aldrich) This was
accomplished by the preparation of separate solutions containing known
amounts of the redox polymer and the cross-linking reagent The
preparation of redox polymer solutions of exact composition 1s difficult as
the material 1s known to retain water even after rigourous drying For this
study, a 1 0 % w/v solution of the redox polymer was prepared in
methanol, this solution was then accurately diluted senally to obtain 0 1
%w/v and 0 01 % w/v solutions The onginal 1 0 % w/v solution was then
“calibrated” by coating known volumes of the redox polymer solution
onto electrodes and measurtng the surface coverage by integration of slow
sweep cyclic voltammograms (1 mV s-1) and by coulometry 1n 0 1 mol
dm-3 H2SO4 electrolyte The entire film 1s electro-active in this electrolyte
18 1n this way, the volume of polymer solution required for a particular
surface coverage can be evaluated Stock solutions of 1,5-dibromopentane,
1,10-dibromodecane and p-dibromobenzene were prepared innfmethanol — — ——
Serial dilution was used to produce solutions of the desired concentrations
of cross-linking agent Appropriate volumes of the the polymer solution
and cross-linking agent solutions to give the desired surface coverage and
level of cross-linking were then placed on the electrode (using typically 10
ulL, of each solution) dispensed using a Hamilton pl. syringe, mixed gently
and allowed to dry slowly in air The electrodes were then cured in vacuo
for 24 h at room temperature The levels of cross-linking used were 1, 5,
10 and 20 mol % per monomer unit per chain As the stoichiometry of
the reaction 1s 2/1 this results 1n 2, 10, 20, 40 mol % quaternisation of the
total quantity of pyridine groups It 1s assumed that the reaction results in
inter-molecular cross-linking but the possibility of intra-molecular reaction
exists The reproducibility of cross-linking 1s critical for a systematic study
of the properties of the resulting polymer films The reproducibihity of
surface coverage was well within the range + 10% of the desired surface
coverage, and 1t 1s believe that this 1s a reflection of the precision of the
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syringe used to apply the polymer Assuming the same level of precision i1s
obtained for the application of the cross-linking agent from an identical
synnge, then an estimation of the precision of cross-linking can be made
Calculation based on the worst case situation where the maximum surface
coverage 1s in combination with the minimum amount of cross-linking
agent (based on precision) and visa versa, gives a theoretical estimate of
the precision of + 5% of the desired level of cross-linking This results 1n
cross-linking levels (cross-links / vinyl pyridine residue per chain) in the
range 1/100+£5,1/20x1,1/10+05and 1 /5 +£025 The structure
of the resulting polymeric materials can be seen in Fig 4 1

The procedures reported previously for the solid state cross-linking
of PVP involved elevated temperatures, typically 60 °C to 120 oC 29,3435
Such conditions were undesirable 1n this work for a number of reasons
Firstly, the commercial electrodes used were found to leak on heating
above about 50 ©C This results 1n very high background currents and
difficulty 1n cleaning, and as a result, the electrodes had to be dismounted,
cleaned and remounted after each use In addition, both 1,5-
dibromopentane, 1,10-dibromodecane are liquid at room temperature,
although their partial pressures are low, 1t was envisaged that as only small
quantities of cross-linking agent were used and distnbuted across a
considerable area compared to volume, loss due to volatilization at
elevated temperatures may be problematic This 1s undesirable as the level
of cross-linking needs to be known As room temperature conditions were
used for the cross-linking reactions 1n this study, the solid state reaction
was studied using infra red spectroscopy

4212 Electrolytes and Solutions

All solutions of electrolyte were prepared from Milli-Q water As
the kinetics of Fe(1lI) reduction at [Os(bipy)2(PVP)10Cl]CI modified
electrodes has been studied thoroughly 1n 0 1 mol dm-3 HySOq, this
electrolyte was used throughout this study The low pH ensured solubility

of the 1ron redox species and also prevents interconversion of the redox
states In addition, the redox polymer 1s soluble in 0 1 mol dm-3 H2SO4,

therefore this electrolyte presents sufficiently arduous conditions to test the
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stability of cross-linked films The salt NHa[Fe(SO4)2] 12H20O was used
for the preparation of Fe(Ill) solutions

4213 Cyclic Voltammetry and Rotating Disc Electrode Voltammetry

CV and RDE voltammetry were carried out using a conventional
three electrode assembly The potentiostat used was the EG&G Princeton
Applied Research Model 362 The rotating disc assembly was the
Metrohm Model 629-10 Voltammograms were recorded on a Linsers X-Y
recorder The working electrodes were 3 mm diameter glassy carbon discs
shrouded 1n Teflon (Metrohm) The counter electrode was 1 cm2 platinum
gauze placed parallel to the working electrode at distance of = 1 cm The
reference electrode was the saturated KCl calomel electrode All potentials
are quoted with respect to the SCE without regard to hiquid junction
potentials Slow sweep rate cyclic voltammetry was also carried out to
ascertain the polymer surface coverage with respect to time 1n the thin-
layer flow-cell using the CV option of the EG&G Princeton Applied
Research Model 400 electrochemical detector All measurements, unless
otherwise stated, were carned out at room temperature

The glassy carbon electrodes were prepared for modification by
polishing with 5 pm alumina as an aqueous slurry on a felt cloth The
electrodes were rinsed thoroughly with distilled water and methanol The
electrodes were then treated with chlorosulphonic acid to promote the
formation of surface oxide functional groups The electrodes were again
rinsed with distilled water and dnied in vacuo at room temperature The
electrodes were then modified with the redox polymer and the cross-
linking agent as described above

4214 Flow Injection Apparatus

The flow 1njection apparatus consisted of a Gilson Miniplus 3
penstaltic pump, a six port Rheodyne injector valve fitted with a 20 uL
fixed volume sample loop, an EG&G Princeton Applied Research Model
400 electrochemical detector connected with Teflon HPLC tubing, and a
Philips X-t chart recorder In the flow-cell, an Ag/AgCl electrode acted as
the reference electrode The stainless steel cell body acted as the counter
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electrode The working electrodes were also 3 mm diameter glassy
carbon shrouded 1n a Teflon block Modified electrodes were prepared as
described above All potentials are quoted after numerical conversion to
the SCE scale Sample injections were made using a 2 cm3 glass syninge
fitted with a Rheodyne injection needle The carmer electrolyte used was
0 1 mol dm-3 HpSO4 at a flow rate of 1 0 cm3 min

4215 InfraRed Spectroscopy

A solution of poly-(4-vinylpyndine) was prepared in methanol
Simularly, a methanolic solution of p-dibromobenzene was prepared
Appropnate amounts of both solution to give a 12 mol % quaternisation
of the vinyl pyridine residues, were transferred to a Teflon block, mixed
thoroughly and allowed to dry slowly in air When the methanol has dned
completely, the polymer films were removed from the Teflon and placed
in the sample beam of the Perkin Elmer 599 Infra Red spectrophotometer
A senes of IR spectra of the polymer films were recorded overa 21 h
period The cast films were stored 1n a vacuum desiccator between
measurements to prevent the absorption of water After 21 h the films
were heated to 85 ©C for a further 24 h and the IR spectra were again
recorded

4.3. Results and Discussion

431 General Observations and Considerations Concerning Stability

Before embarking on a detailed discussion on the effect of cross-
linking on the stability and electrochemical propertied of
[Os(bipy)2(PVP)10Cl]Cl, some general observations concerning the
stability of the homopolymer must be addressed From expenence, it 1s
clear that the stability of the redox polymer on the electrode surface
depends on a number of critical expenmental factors The molecular
weight of the polymer 1s one of these factors It 1s generally observed that
increased stability 1s obtained by increasing the molecular weight of the
PVP starting matenal Increasing molecular weight of the polymer may
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have a number of effects which brings about an increase in stability
Firstly, higher molecular weight matenals are less soluble than lower
molecular weight analogue compounds 36 Secondly, by increasing the
molecular weight of the polymer, the likelithood that some part of each
polymer chain can come 1nto contact with the electrode surface 1s
increased The number of vinyl pyridine units per chain for a particular
molecular weight which are likely to be adsorbed can be approximated A
monolayer of redox sites 1s = 1 x 10-10 mol cm-2 As the metal loading 1s
1/10, then about 1 x 10-9 mol cm2 vinyl pyridine umits are hkely to be
adsorbed on the surface For a surface coverage of 1 x 10-7 mol cm-2,
(vinyl pynidine groups), the number of polymer chains at the electrode
surface 1s ~ 1 x 1013 for a 600,000 g mol-1 polymer, and = 3 x 1014
chains for a 20,000 g mol-! polymer As only =~ 1% of the residues can be
involved in the direct adsorption at a surface coverage of 1 x 10-7 mol
cnrZ vinyl pyndine residues, and assuming all vinyl pyndine residues have
an equal likelihood of adsorption, then = 60 residues per polymer chain
are adsorbed for 600,000 g mol-! polymer and an average of 2 residues
per chain for the 20,000 g mol-1 polymer So, the electrode / polymer
chain interaction 1s, in theory, stronger for higher molecular weight
materials Also, as the adsorption s an equilibrium process, complete
desorption of the higher molecular weight polymer 1s less likely due the
large number of “contact points” along the chains The use of high
molecular weight polymers 1s especially important for high surface
coverages, where there 1s more competition for surface sites and where 1t
1s likely that not every chain can come 1nto contact with the adsorptive
surface

Another factor important in ensuring the stability of the modified
electrode 1s the speed of the casting solvent evaporation The procedure
used here involves the slow removal of the solvent to provide stable, well
adhered polymer films Rapid evaporation of solvent results 1n unstable
films which are, frequently, easily stripped from the electrode The reason
for this may be a result of either of two processes The fast evaporation
process may allow residual solvent to be trapped underneath a dry
polymer shell at the polymer surface, and the polymer associated with the
entrapped solvent 1s likely to be highly solvated and on immersion 1nto
electrolyte 1s easily dispersed Secondly, the kinetics of the adsorption of
the polymers onto the electrode surface may influence electrode stability
It 1s charactenstic of polymeric matenals that adsorption from solution on
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to surfaces 1s typically much slower than that for the monomers and that a
true equilibrium layer 1s not attained 1637 Fortunately, desorption rates
are even slower 16 A few studies of polyelectrolyte adsorption onto solid
electrodes have been reported In these, a rapid imitial adsorption process 1s
observed followed by a slow secondary adsorption process 16,38 The slow
nature of the secondary adsorption process has been attributed to the slow
conformational changes required in order that the initial adsorbed layer
can accommodate further adsorption 16 On carbon, this slow
conformational change may involve slow diffusion into voids in the
somewhat porous carbon surface 16 It s therefore likely that rapid
evaporation of the casting solvent from the electrode surface to leave dry
films, may inhibit the adsorption process sufficiently to prevent adequate
adhesion of the polymer film to the electrode surface Preparation of the
glassy carbon pnor to polymer coating 1s also critical The preparation
regime used here produces highly lustrous glassy carbon electrodes The
use of chlorosulphonic acid to promote the formation of oxygen-
containing surface functionalities allows the preparation of stable, well
adhered films This appears to enhance the adsorptive properties of the
carbon surface Finally, an observation should be made concerning the
adhesive properties of glassy carbon The adhesive properties of the glassy
carbon material which have been used here can vary dramatically
depending on the supplier and also on the particular batch supplied The
reason for this 1s unclear Poorly adsorptive glassy carbon, however, is
visually inhomogeneous

It 1s possible to prepare stable redox polymer modified electrodes
with careful control of the experimental conditions as outlined above for
use 1n quiescent solution However, under the severe hydrodynamic
conditions experienced with rotating disc electrode voltammetry and with
thin-layer electrochemucal flow cells, the physical stripping of the polymer
must be addressed It 1s hkely that for thick polymer films of low
molecular weight matenal, that much of the polymer does not contact the
underlying glassy carbon, and, as a result 1s not strongly immobilised at
the electrode surface It 1s conceivable that by cross-linking of the polymer
chains, these un-adsorbed or loosely adsorbed polymer molecules can be
“anchored” to the surface by stable chemical bonds
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4 32 Infra Red Analysis of the Solid State Cross-linking Procedure

Infra red spectroscopy is useful for momitoring reactions involving
polymeric matenials It 1s known that the IR stretching frequency for the
pyndine moiety in PVP occurs at 1600 cm-! On quaternisation of the
aromatic nitrogen of the pyndine residue, a shift i the stretching
frequency to 1640 cm-1 occurs 34 The relative intensity of these two
frequencies therefore gives a measure of the extent of quaternisation of the
pyndine residues This technique was used to study the cross-linking
reaction between PVP and p-dibromobenzene Pure PVP rather than the
redox polymer was used, as this material can be easily cast as thin films
from solution which are convenient for IR analysis Films cast from the
redox polymers are extremely brittle

The procedures reported previously for the solid state cross-linking
of PVP with alkyl dihalides involved elevated temperatures, typically 60 to
120 oC 29,3435 [t has been reported that such high temperatures were
required to activate the solid state reaction Such conditions were
undestrable 1n this work for a number of reasons as outhined earher Infra
red spectroscopy was used to investigate the possibility that this reaction
may proceed at room temperature The behaviour observed for this
material 1s also assumed to occur in the redox polymer It 1s known that
the reaction of PVP with dibromoalkanes leads to almost complete cross-
linking, 1 ¢ no free alkyl bromide 34

After the polymer and the 6 % cross-linking agent had been mixed
and the methanol evaporated to produce thin films, IR spectra were
recorded at vanous time tntervals It was assumed that the extinction
coefficient for both frequency are the same 34 After a ime penod of 1 h,
the ratio of absorption at the frequencies 1640 cm-1/ 1600 cm-! was 0 11
which indicates 11 £ 1 mol % quaternisation As the target level 1s 12 mol
% quaternisation, 1t appears that much of the reaction has been completed
after 1 h at room temperature The films were allowed to dry slowly
which took, ca 20 min for complete solvent evaporation It 1s possible that
the cross-linking reaction proceeded quickly while the reactants were 1n
solution at high local concentration on the electrode surface No further
discernible change 1n the intensity ratio occurred to 3 h The films were
then left for a further 19 h at room temperature and the relative intensities
remeasured These measurements reveal a quaternisation level of 12 + 1
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mol % vinyl pyridine units At this stage, the reaction appeared to have
gone to completion However, in order to examine the extent of
completion of the cross-linking reaction and the need for elevated
temperatures, the films were then heated to 85 °C for a further 24 h to
complete the cross-linking reaction of any unreacted cross-linking agent
The repeated IR measurements after the elevated temperature conditions
indicated that 13 + 1 mol % of the vinyl pyridine sites were quaternised
The target level was 12 mol % quatermisation These results suggest
complete reaction of the p-dibromobenzene in the polymer film and that
this reaction 1s 90 % complete after 21 h For this reason, the electrodes
used 1n this study were cross-linked for a 24 h period prior to use The
solubility of the cross-linked films in methanol was examined The films
were observed to swell considerably due to solvation of the polymer
chains, as expected, but dispersion of the polymer was not evident This
indicated cross-linking of the polymer

433 Stabihity of Uncross-linked [Os(bipy)2(PVP)10Cl]Cl

In order to ascertain stability improvements of cross-linked polymer
films, the stability of the homopolymer must be established and quantified
Using modified electrodes prepared according to the precautions outlined
earlier, electrodes were subject to severe hydrodynamic conditions and the
surface coverage of the polymer accesses with respect to time using slow
sweep rate CV In Fig 4 2 a plot of surface coverage, I', vs time can be
seen for modified electrodes placed in thin-layer flow cells The films were
allowed to “break-1n” by CV cychng for 15 min prior to measurements
The imtial surface coverage was 1 0 x 10-8 mol cm-2, 1t can be seen that
the polymer surface coverage slowly decreases linearly with time After a
period of 24 h, the surface coverage had reduced to 7 4 x 10-2 mol cm-2
which represents a loss of 26 % After a period of 46 h, approximately 50
% of the polymer remained on the electrode surface so the half life of the
polymer, t1/2, 1s approximately 46 h This 1s a considerable improvement
compared to the ruthenium analogue compound studied by Wallace et al
22 This 1s hkely due to the very high molecular weight matenial used in
this study As the redox polymer is soluble in the mineral acid used 1n
these experniments, the linear trend seen here probable represents a slow
solvation process of the polymer and the resulting physical removal of the
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dissolved matenial from the electrode surface The rate of removal of the
polymer s slow, = 1 1 +02 x 10-10 mol cm-2 h-1 At 48 h, the surface
coverage 1s reduced to 4 0 x 10-2 mol cm-2, which 1s 40 % of the original
value Between 48 h and 70 h the rate of removal drops considerably to =
42+ 02x 10-11 mol cm2 h-1 This appears to suggest that at a surface
coverage of about 4 » 10-% mol cm-2 a change 1n the stability, and
therefore physical nature of the polymer, occurs It likely that the polymer
chains close to the electrode surface possess more “contact points™ of
adsorption with the solid electrode surface than chains closer to the
electrolyte interface This would result in less polymer swelling and a more
ordered arrangement of chains at the electrode surface It has been
postulated by other workers that the structure of redox polymers close to
the electrode/polymer interface 1s different (more compact) from polymer
regions at the polymer/electrolyte interface 20 The results presented here
show that there 1s possibly a difference in the physical properties of these
regions and that the material at the polymer/electrode interface appear
more strongly adhered to the electrode At 72 h, the rate of polymer loss
levels off The surface coverage has fallen to 3 x 10-2 mol cm-2 which
represents = 30 monolayers of redox sites From these results, 1t 1s evident
that the polymer 1s slowly lost from the electrode surface, by possibly a
slow dissolution process to leave a strongly adsorbed layer The observed
instabihity of the polymer in the thin-layer electrochemical flow-cell has
serious consequences for sensor applications in FIA

We have also studied polymer film stability at rotating disc
electrodes at a rotation speed of 1000 rpm Typically, the tj/2 of the redox
polymer under continuous rotation conditions 1s = 24 h Thus half-life 1s
therefore approximately only half of that observed in thin-layer flow cells
and 1s a reflection of the more ngourous hydrodynamic conditions
encountered with the rotating disc electrode The rate of polymer stripping
was estimated to be 2 1 £ 02 x 10-10 mol cm-2 h-11n 0 1 mol cm-2
H2SO4 at 1000 rpm After 24 h, the surface coverage was found to
remain virtually constant at ~ 2 x 10-2 mol cm-2 Again, these results
suggest that a strongly adsorbed layer of polymer exists at the electrode
surface It seems likely this is due to a large number of adsorption sites per
polymer chain close to the electrode surface This behaviour 1s consistent
with that observed in the thin-layer flow-cell. In light of this, the estimate
made earlier concerning the number of monomer residues which may be
adsorbed for a particular molecular weight may be considerably
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underestimated, as it 1s likely that the assumption that every pyndine
residue has an equal opportunity for adsorption 1s invalid Therefore
increasing the importance of high molecular weight matenal for maximum
stability of thick polymer films

The stabihity of sensor response, for through film reactions, depends
on the stability of surface coverage, and stability is therefore of
considerable importance for sensor reproducibihty Typically in FIA
experiments, sample 1njections are bracketed by 1njections of calibration
solutions For a typical 3 injection sequence involving calibration-sample-
calibration solutions, with a 12 s peak width, the sequence results 1n a 36
second time 1nterval Based on the highest rate of removal in the thin-layer
flow-cell detailed above, this corresponds to a loss of 3 2 x 10-14 mol cm-2
over 36 s period Using the equation for the characteristic kinetic current
given by Saveant 39:40

k = nF A kK bo Ly @1)

The charactenistic kinetic current for a typical through film reaction can be
estimated before and after the 36 s time interval Fora 1 0 x 10-8 mol
cm-2 (bo L) film of [Os(bipy)2(PVP)10ClICl, the reduction of 1 0 x 10-3
mol dm-3 Fe(IIl) (yo) with kK =56 x 102 dm3 mol-! cm s-! 18 gives i
=54 x 104 A cm2, while after a time period of 36 s, the change 1n
due to polymer stripping 1s 5 9 x 10-8 A cm-2, which corresponds to a
0011 % change 1n 15 Over this time period, the change 1n response 1s
therefore negligible In order to effect an unacceptable 1% change 1n i for
a typical measurement sequence, a time interval of 40 min would be
required between calibration and sample measurement Although
important, the loss surface coverage 1s sufficiently slow to ensure no
significant difference 1n the catalytic properties of the modified electrode
over typical FIA measurement time scales where calibration 1s possible In
situations where direct or frequent calibration 1s impossible, then polymer
loss would significant alter modified electrode sensitivity over protracted
time penods
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434 Stability of Cross-linked [Os(bipy)2(PVP)1oCIICl

The osmium redox polymer, [Os(bipy)2(PVP)0CI}Cl, was cross-
linked with 1, 5, 10, 20 mol % of the three cross-linking agents, 1,5-
dibromopentane, 1,10-dibromodecane and p-dibromobenzene In order to
assess the stability of these films, the surface coverages with respect to
time were recorded for electrodes placed in thin-layer flow-cells and for
modified rotating disc electrodes

It was found that cross-linking with all three cross-linking agents
and at all levels resulted 1n highly stable polymer films For modified
electrodes placed 1n the thin-layer flow-cell, the surface coverages were
found to be maintained within 95 % of their oniginal level over 24 h of
continuous flow of 0 1 mol dm-3 HpSO4 Simular levels of stability were
found for the modified rotating disc electrodes The initial CV (A) and a
CV after 24 h (B) for a 1 0 x 10-8 mol dm-3 polymer film cross-linked
with 20 mol % p-dibromobenzene can be seen 1n Fig 4 3 No significant
difference 1in both CV’s ts evident For all cross-linking agents examined,
and at all levels, surface coverages for the RDE’s were within 10 % of the
imtial surface coverage after 24 h of continuous electrode rotation

No apparent difference in the level of stability between cross-linking
agents or between different levels of cross-linking was evident This
indicates that the simple anchoring of the outer-layer polymer chains 1s
sufficient to effect stability at cross-linking levels as low as 1 mol % When
it 1s considered that the polymer at the polymer/glassy carbon interface 1s
strongly adsorbed, 1t 1s not surprising that an “all or nothing” result 1s
observed, 1 e either cross-linking stabilised the films or 1t did not

It 1s clear from the discussion above, that cross-linking the osmium
polymer exerts considerable change 1n the physical stability of the polymer
films However, as cross-linking levels as low as 1 mol % were effective at
complete stabilising the polymer films, no discermible difference between
the various cross-linking agents and their respective levels was evident by
simple measurements of surface coverage As already mentioned, the
cross-linking reaction has the effect of producing a polymer network
structure on the electrode surface where both inter- and intra-molecular
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bonding is possible It 1s well known that cross-linking reduces the
possibility of ordered arrangements of polymer molecules in the solid state
(polymer crystallinity) 41 The cross-linking reaction also results m
permanent quaternisation of the bridging pyridine residues on the polymer
backbone These effects are likely to lead to gross changes in the bulk
structure of the polymer film, altered interactions with electrolyte which
ultimately lead to modified electrochemuical behaviour The study of the
electrochemical properties of the cross-linked redox polymers may identify
subtle differences between the various cross-linking agents and their level
of use For this reason the charge transport, electrocatalytic, Nernstian and
surface behaviour of the cross-linked redox polymers were examined The
results will be discussed along these areas

43 5 Charge Transport Characteristics

The rate of charge transport through redox polymer films can be
limited by (1) the intrinsic barrer to electron self-exchange (kex), (2) the
transport of charge compensating counter-ions into/out of the polymer
film, and (3) polymer segment motion required for redox site
juxtapositiomng 20 It has recently become clear that the conditions for
rapid electron transfer and rapid counter-ion motion are mutually opposed
32 Highly swollen films favour fast ion transport due to the considerable
void volume available to accommodate incoming counter ions within the
polymer, and the absence of diffusional barriers restricting 1on movement
Compact films favour electron transport for two reasons firstly the redox
sites are close together in compact films and secondly, the effective
concentration of redox sites within the polymer increases causing a
corresponding increase in the rate of self-exchange The effective rate of
electron diffusion, De, through redox polymers 1s given by equation 4 2 29

De = ﬂkex620/4 (42)

Where, kex 1s the rate contact for self-exchange, 8 1s the contact distance

between the reacting species and c 1s the concentration of electro-active
species within the polymer film Optimisation of Dgt 1s therefore often a
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compromise between these opposing requirements For this reason, any
change in polymer structure 1s likely to result in multiple physical changes
of which the nett effect 1s an increase, decrease or negligible effect on
charge transport rates It 1s therefore difficult to interpret D¢t data for the
purposes of elucidation of the nature and relative importance of the charge
transport controlling processes The purpose of this work was simply to
examune the effect of cross-linking on the overall rate of D¢t within the
polymer and consider the implications of the results for sensor

applications ’

The charge transport properties of [Os(bipy)2(PVP)19Cl]Cl have
been extensively studied From these studies 1t appears, although not
totally conclusively, that the overall rate of charge transport through the
osmium polymer 1s controlled by counter-ton motion 32 In Table 4 1 the
charge transport diffusion coefficient, Dy, for the cross-linked redox
polymers 1n the electrolyte used here are shown along with the D¢ value
for the homopolymer These values have been estimated by CV using the
Randles-Sevcik equation 20 At potential sweep rates > 100 mV s-1
charge transport 1s diffusionally controlled This techmque yields values
more representative of the bulk polymer structure, which 1s important 1n
the study of the effect of polymer chain cross-linking These D¢ results are
also graphed 1n Fig 4 4 for clanty The D¢ value for the homopolymer in
this electrolyte was estimated to be 1 8 x 10-10 ¢m2 s-1 which 1s
comparable to that found by Forster ef al 20 using CV It can be seen
from Table 4 1 and Fig 4 4 that the D¢ values for all mol % for p-
dibromobenzene are comparable with that of the homopolymer Therefore
cross-linking with p-dibromobenzene (Fig 4 4A) does not affect the overall
charge transport properties of the redox polymer Also, no systematic
trend appears In the results between different levels of cross-linking These
observations are encouraging as i1t appears that the D¢t properties are
maintained and the exact level of cross-linking 1s not of paramount
importance

It has been observed that cross-linking of redox polymer results in
compacting of the polymer film and hindered short range 10n motion
within redox polymers which yields lowered charge transport rates 42 It
is therefore expected that increasing the level of cross-linking agent should
hinder 10n transport and by imphcation reduce D¢; by decreasing the
extent of polymer swelling The polymers studied here are, however, only
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mol %

crosslinking

Det / em2 518

agent 1,5-dibromopentane  1,10-dibromodecane p-dibromobenzene
1 48x 10710 28x10° 13x10°10
+03x10°10% £02x10°10 +02x 1010
5 85x 1010 27x10° 07x 1010
+01x 1010 +02x 1010 +10x 10!
10 15x 109 29x 109 07x 1010
+03x 1010 +02x 1010 +10x 101
20 64x 1010 29x 109 20x 10°10
+01x1010 £02x 1010 +20x 1011
homopolymer 18x 1010+ 02x 1010

§ Esttmated by cyclic voltammetry with ¢ =07 x 10-3 mol cm-3

= Error estimated from measurements for at least two electrodes

Table 41 Charge transport diffusion coefficients for various
crosslinking agents and various levels of crosslinking The electrolyte
was 0 1 mol dm-3 H2S04 and the potential sweep rate was 1n the

region 100 mV s-1 to 500 mV s-1



lightly cross-linked (compared to electro-polymerised and electrostatically
cross-linked polymers) (< 20 mol %) and are expected to be swollen in the
acidic electrolyte due to pynidine protonation and the effect of
quaternisation As a result, mass transport may not be inhibited
dramatically by this level of cross-linking The opposite effect of cross-
linking, the reduction in inter-site distances by bringing swollen polymer
chains and therefore redox sites into close proximity, should not affect D¢t
if counter-1on motion 1s the rate imiting process for the uncross-linked
polymer Assuming counter-ion motion is rate limiting, cross-linking can
only decrease or mamntain D¢t values as the the rate of self-exchange
appears faster than mass transport

For the p-dibromobenzene, no significant change in Dt 1s evident
compared to the homopolymer Nernstian behaviour 43 suggests that the
p-dibromobenzene cross-linked polymers possess sufficient void volume to
accommodate the incoming charge compensating counter-ions (vide infra)
upon redox The redox waves are charactenstic of an ideal surface species
(no diffusional control, vide infra) at potential sweep rates < 100 mV s-1,
behaviour similar to the homopolymer Therefore, it appears that the
resulting cross-linked structure may not be grossly different from the
uncross-linked polymer It 1s possible that, as the cross-linking agent is
rigid, this may act to keep polymer chains apart to yield an open structure
stmilar to the homopolymer Through film mediated electrocatalysis of
Fe(IlT) reduction also supports the view of an open structure (vide nfra)
for p-dibromobenzene cross-linked polymer films

For 1,10-dibromodecane, the rate of charge transport was again
found to be constant (+ 5%) between different levels of cross-linking (Fig
4 4C) No systematic trend was observed The D¢ values are however
about one order of magmtude greater than that for the homopolymer,
which 1s again advantageous for sensor applications This indicates
considerable improvement in the charge transport properties of the
polymer films upon cross-linking with this compound The relative
importance of mutually opposing effects may be responsible for the
magnitude of D¢t As the rate determining process for uncross-linked
polymer 1s suspected to be counter-ion motion, increasing the compaction
of the polymer film should decrease or at best maintain D¢t values The
cross-linking of the polymer chains 1s however likely to bring inter-chain
redox sites into close proximity compared to the homopolymer (increase
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in ¢), which favours increased electron transport rates It appears that this
may be responsible for the increase 1n the rate of charge transport As an
increase 1n D¢t 1s observed, this suggests that counter-ion motion may not
in fact be the rate imiting process rather the rate of electron self-exchange
Recent quartz crystal microbalance studies on these matenals also indicate
that counter-1on transport may not be the charge transport limiting
process 4 The level of film compaction may not be sufficient to inhibit
rapid counter-ion motion and sufficient void volume for charge
compensation 1s available This view is supported by Nernstian results and
surface behaviour (vide infra) The n-alkyl chains are long and flexible thus
presenting little resistance to 1on transport It ts therefore reasonable that
Det should increase under these conditions with respect to the

homopolymer

The Dqt results for 1,5-dibromopentane (Fig 4 4B) are more
interesting Ata 1 mol % cross-linking level, the rate of charge transport 1s
shightly faster, by about a factor of two compared to that for the
homopolymer On increasing the level of cross-linking, the rate of D¢y
increased until about 10 mol % and then decreases again Thus clearly
shows the gradual improvement and then decline in the charge transport
properties of the polymer with cross-linking This behaviour again may be
explained qualitatively on the basis on the interplay between the mutual
effects on counter-ion motion and redox site concentration As the level of
cross-linking 1s increased, the rate of Dt increased due to compaction of
the polymer film resulting 1n a decrease 1n the inter-site distance (increase
1n ¢), the effect of increasing ¢ however, 1s not as significant as that due to
1,10-dibromodecane as increased 1on transport hindrance 1s likely to occur
due to the smaller si1ze of the 1,5-dibromopentane chain Thus 1s reflected in
diffustonal nature of the CV waves for 1,5-dibromopentane cross-linked
films at lower potential sweep rates compared to the 1,10-dibromodecane
At > 10 mol %, the effect of 10n transport becomes predominant and
lmiting and a corresponding decrease in D¢t occurs This 1s confirmed by
the Nernstian behaviour for 20 mol % cross-linked films, where super-
Nernstian slopes suggests insufficient free volume for the incoming charge
compensating counter-ions (vide infra)

The results presented here show that cross-linking of the redox
polymer affects the charge transport properties of the redox matenal
significantly No diminution 1n D¢ 1s evident for these stabilisation
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procedures which was one of the aims of a successful stabilisation scheme
In fact, cross-linking results in an increase 1n D¢t for 1,10-dibromodecane
and 1,5-dibromopentane In addition, Det values are relatively insensitive to
the level of cross-linking (except 1,5-dibromopentane) The increase 1n Dgt
appears to be a result of polymer film contraction compared to the
uncross-linked state and the corresponding decrease 1n redox site distance
and increase 1n the rate of self-exchange (as c increases) between the redox
sites within the film Long flexible cross-linking (1,10-dibromodecane)
agents appear to present little resistance to counter-ion motion as evident
by fast D¢t and pure thermodynamic (potential dependent) behaviour at
low potential sweep rates The short flexible cross-linking agent, 1,5-
dibromopentane, however, provides more diffusional resistance to ion
transport and result in diffusionally controlled behaviour

436 Nernstian Behaviour

Recently a model has been developed descnbing the coupling of
mechanical and electrochemical thermodynamics of redox polymer films
on electrode surfaces 43 The electrostatically enforced intrusion of
compensating counter-ions from the supporting electrolyte 1s predicted to
result in non-Nernstian behaviour because of the inequality of the finite
void volume available within the polymer film and the finite molar volume
of the compensating 1ons The physical consequences of this phenomenon
1s the forced swelling of the polymer film, a process which in the presence
of cross-links, requires energy input in excess of that needed for simple
electron transfer to/from the electrode The electrode potential in this
model 1s given by equation 4 2

E=Eo + RTmPF) In[f/ (I-Hl+nva2cKn (f-05)/(10HF2 (43)

Where E 1s the electrode potential, E© 1s the formal potential, R, T, #» and F
have their usual meaning , vA 1s the molar volume of the anion, c s the
concentration of electro-active sites within the film, K, 1s the bulk
modulus of elasticity of the polymer, f1s the fraction of redox sites within
the film 1n the oxidised state and z 1s the charge on the anion It 1s evident
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that the, mechanical properties of the polymer along with the size of the
charge compensating counter-ion can influence the Nernstian behaviour of
the redox matenial This model has been used to assess the chemical and
mechanical properties of plasma-polymernised (highly cross-linked)
polyvinylferrocene (PPVF) 45 The Nernstian behaviour of thin films of
PPVF on various electrode materials was examined and the films were
found to show super-Nernstian slopes of 120-150 mV decade-! This was
related to the stress induced by the forced inclusion of charge
compensating counter-ions The osmium redox polymer studied here has
been observed to exhibit super-Nemstian behaviour in perchlorate
electrolyte 18 This was attnibuted to the formation of inter-molecular
cross-links via 10n association 1n the interior of the polymer and the
resulting forced inclusion of counter-ions Simular behaviour has been
observed for linear PVF 1n perchlorate electrolyte 46 The model given
above was used to distinguish and describe three regions of behaviour in
linear PVF, (1) the 10n sensitive membrane model (Donnan behaviour) ,
(2) the redox site interaction model (phase separation) and (3)
mechanical/electrochemical coupling model

The Nernstian behaviour of the cross-linked redox polymer at a 20
mol % cross-linking level for each cross-linking agent was examined 1n
order to assess the effect of cross-linking on the electrochemical /
mechanical properties of the polymer films

In Fig 4 5 the Nernstian plots for the 20 mol % cross-linking of
1,5-dibromopentane, 1,10-dibromodecane, and p-dibromobenzene
polymer can be seen The Nernstian behaviour of the uncross-linked
polymer 1s 1dentical to that for 1,10-dibromodecane and p-
dibromobenzene The plots for 1,10-dibromodecane (A), p-
dibromobenzene (B) are linear and have slopes of 58 + 2 mV decade-! (at
20 oC) over the region -2 < log [(Os(II) / [Os(II)] < +2 The operational
potential, where [Os(III)] = [Os(II)] 1s found at 0 250 + 0 005V vs SCE
for both these cross-linking agents It 1s evident from these results that the
redox polymers exhibit 1deal Nernstian behaviour under the conditions
examined here This behaviour suggests that the vord volumes of these
two cross-linked polymers are sufficient to ensure electro-neutrality
without requirement for mechanical Gibbs energy for forced expansion of
the polymer for inclusion of the counter-ions 43 It 1s also possible that the
expulsion of solvent can occur to accommodate counter-1on incorporation
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again resulting in Nernstian behaviour These results indicate that these
cross-linked redox polymers contain considerable free volume and are
therefore possibly gel-like in nature It will be briefly mentioned in chapter
5 that |Os(bipy)2(PS)7 5(DMAP)2 5CI]Cl dissolved 1n dichloromethane
resulted 1n gel-like suspensions, possible due to inter-molecular cross-
linking with the difunctional solvent It seems likely that similar gel-like
structures are possible at the electrode surface These results are 1n
agreement with the D¢ results for 1,10-dibromodecane and p-
dibromobenzene, where the electrochemistry seems kinetically controlled

The Nernstian response for 20 mol % of 1,5-dibromopentane cross-
linked polymer 1s found to be linear up to log [(Os(III) / [Os(I)] = 0 0 with
a slope of 57 +2 mV decade-! This indicates that the redox polymer
possesses sufficient void volume to accommodate the incoming charge
compensating counter-ions up to about 50 % oxidation At > 50 %
oxidation, a super-Nernstian slope of 85 £ 3 mV decade-! was observed
The operational potential ( where [Os(III) / Os(II) = I 0) was found to be
0265+ 0005V vs SCE These results are consistent with and represents
forced polymer swelling to incorporate counter-ions to maintain electro-
neutrality 43 The increased operational potential is a reflection of the
Gibbs mechanical energy for counter-1on incorporation This observation
seems reasonable, as the 1,5-dibromopentane chain ts short and normally
coiled due to the C—C bond angle Thus 1s likely to result in a more
compact film 1n comparison to the ngid p-dibromobenzene (which
separates the chains) and the longer flexible alkyl chain of 1,10-
dibromodecane This Nernstian behaviour is in agreement with the charge
transport results, ¢ cross-linking with 1,5-dibromopentane causes
diffusional restriction on counter-1on movement

437 _Surface Behaviour of Cross-linked [Os(bipy)2(PVP);oClICI

Certain cnitena for the behaviour of 1deal surface immobilised
species have been established 47 , these cniteria has been discussed in
chapter 1 It s useful to examine these parameters as they can be helpful
in understanding the redox behaviour of modified electrodes The
parameters, EO, AEp, peak width at half maximum height (FWHM), ratio
ipa / 1pc and the sweep rate at which change over from semi-infinite to

mixed finite and semi-infinite diffusion behaviour occurs are listed 1in Table
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mol % Ein"  AE" il  FWHM® DCt

-~

crossiinking /mV vs /mV /mV /mV sl
agent SCE

p-dibromobenzene

| 250+5 00 1+001 0=+5 100
5 250+5 00 1 +001 N=+5 100
10 250+5 00 1+001 90 +5 100
20 250+5 00 1+001 90 =+5 100

1,5-dibromopentane

1 255+5 20+5 1001 N=+5 50
5 255 £5 105 1+£001 N=+5 50
10 255+5 30+5 1+001 ND=+5 50
20 255+5 105 1x001 N=+5 50
1,10-dibromodecane
1 250+5 00 1+001 90 =+5 100
5 250+5 00 1+001 9%0=+5 100
10 250+5 00 1 +001 90 +5 100
20 250+5 00 1+001 N=+5 100

1 Potential of change over to semu-infinite diffusional control

* Estimated at 1 OmV s-!

Table4 2 Parameters indicative of surface behaviour The
electrolyte was 0 1 mol dm-3 H2504 and the surface coverages were

10 x 10-9 mol cm=2 for each modified electrode



4 2 These results are for 1 0 x 10-2 mol cm-2 surface coverages It can be
seen that the polymers cross-linked with p-dibromobenzene and 1,10-
dibromodecane are comparable with the behaviour observed for the
homopolymer The values for AEp, tpa / tpc and FWHM for these cross-
linking agents are consistent with rapid reversible surface behaviour of the
redox couple In addition, the plot ip vs sweep rate 1s linear up to 100 mV
s-1 This indicates the near 1deal surface behaviour of the cross-linked films
The Ej1/2 obtained by CV 1s 1dentical to that obtained from the Nernstian
study Together, these observations indicates the absence restrictions on
10n movement at slow sweep rates and that charge transport 1s kinetically
controlled up to about 100 mV s-1 At higher sweep rates charge transport
becomes diffusionally controlled

Again the results for 1,5-dibromopentane differ slightly from the
other cross-linking agents The Ej/2 1s shightly larger at 255 mV vs SCE,
which 1s consistent with that observed for the Nernstian study The AE;
for all levels of cross-linking with 1,5-dibromopentane was > 0 which 1s
expected for a diffusionally controlled charge transport In addition, the
onset of semi-infinite diffusional behaviour occurs at about 50 mV vs
SCE The 1pa / ipc ratio of 1 0 indicate that the kinetics of the forward and
reverse reactions are the same Collectively, these results indicate a mixed
finite and semu-infinite diffusional behaviour of the redox polymer under
the slow potential sweep rate conditions examined 48

It 1s evident that cross-linking with p-dibromobenzene and 1,10-
dibromodecane does not affect the surface behaviour of the osmium redox
polymer This 1s not surprising since both these cross-linking agents appear
not to hinder 1on movement or electron transport to any extent (as evident
from D¢ values) However, cross-linking with 1,5-dibromopentane results
in deviation from the 1deal behaviour This 1s most likely due to the fact
that potential increase 1n the rate of D¢t due to a reduction 1n inter-site
distances 1s not realised as film compaction 1s sufficient to limit 1on
availability to a greater extent than that observed for p-dibromobenzene
and 1,10-dibromodecane

4 38 Kinetics of Fe(Ill) Reduction at Cross-linked Redox Polymers
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The theory of mediated electrocatalysis have been outlined 1n detail
in chapter 1 According to the theoretical models 33,39:39.49 | the reaction
of substrates at redox polymer modified electrodes can occur at any one
of six possible reaction zones The kinetic situation pertaining for a
particular system 1s controlled by the relative importance of the following
parameters, (1) the rate of charge transport through the polymer (D¢¢)
film, (2) the extent of substrate distnbution (K), (3) diffusion (Ds) within
the film, and (4) the rate of the cross-exchange reaction (k) It 1s therefore
likely that cross-linking of the redox polymer will exert considerable
influence over the kinetics and transport processes occurring during
mediated electrocatalysis The mediated reduction of Fe(III) at uncross-
linked [Os(bipy)2(PVP)10CHCl modified electrodes 1n sulphuric acid
electrolyte has been investigated in detail previously 18 Fe(IIl) was found
to partition into the film well (K =0 2) and for surface coverages up to 1 x
10-8 mol cm-2, the reaction occurs throughout the polymer fllm: e the
L kinetic regime At higher surface coverages, total catalysis is obtained
and a change over to the L.S; mechanism occurs The rate of the cross-
exchange reaction between the osmium sites and the Fe(III) was found to
be rapid with £ =2 8 x 103 mol-! dm3 cm s-1 It was found 1n perchloric
acid electrolyte that the mediated reaction occurred at the
polymer/electrolyte interface, Si”°, with the rate constant for the surface
reaction being 3 1 x 104 mol-1 dm3 cm s-1 In this section, the mediated
electrocatalytic reduction of Fe(IlII) at electrodes modified with various
surface coverages of redox polymer cross-linked with 1, 5, 10, 20 mol %
of p-dibromobenzene, 1,5-dibromopentane and 1,10-dibromodecane 1s
descnibed The implications for sensor applications are discussed

4381 1,10-Dibromodecane

In Fig 46 Levich plots for the mediated reduction of 1 0 x 10-3
mol dm-3 Fe(IlI) can be seen for a surface coverage of 1 0 x 10-9 mol
cm2 The polymer was cross-linked at levels of 5, 10 and 20 mol % with
1,10-dibromodecane (A,B and C respectively) The Levich flux (D) 1s also
shown Similar Levich plots were obtained for surface coverages of 1 0 x
10-2 and 5 0 x 10-10 mol cm-2 at the various levels of cross-linking It can
be seen that the reaction flux from the modified electrode is considerably
less than the Levich flux 1 e not total catalysis This indicates that
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Fig4 6 Levich plots for the electrocatalytic reduction of Fe(lll) at
a modified electrode cross-linked with 1,10-dibromodecane where
(A) [ 5 mol %, (B) ¢ 10 mol % and (C) ¢ 20 mol % cross-linking
and (D) | 1s the Levich flux The electrolyte was 0 1 mol dm-3
H2S04 and the Fe(III) concentration was 1 0 x 10-3 mol dm-3
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transport processes or a chemical limitation control the modified electrode
currents rather than simple mass transport from solution These results
suggest that the mediated reaction 1s controlled by the polymer film As
the rates of the cross-exchange reaction and charge transport are fast, it 1s
likely that substrate partition or diffusion are current hmiting The
corresponding Koutecky-Levich plots for 1 0 x 10-8,10x 10-9and 5 0 x
10-10 mol cm-2 surface coverages cross-linked at a level of 20 mol % are
shown in Fig 47 Simular plots were obtained for each level of cross-
linkmg The diagnostic scheme of Albery and Hillman 49-30 can be used to
identify the kinetic regime As the plots are linear and the limiting currents
are dependent on the electrode rotation speed, the kinetic regimes See,
LSte and LEg can be eliminated This 1s consistent with rapid D¢¢ within
the polymer The inverse slope of the Koutecky-Levich plots 1s given by
the Levich constant 33, C ey

CLev = 1554 D23 y-1/6 4 4)

This value has been estimated for clean unmodified electrodes in previous
studiesto be 1 01 x 10-3cms-1/218 and 1 04 x 10-3 cm s-1/250 For a
poly(hydroxyphenazine) modified electrode, a value of 1 14 x 10-3 cm
s-1/2 was found for the Levich constant 51 The average Levich slope for
all 1,10-dibromodecane cross-linked modified electrodes was found to be
91+08x 104 cm s-1/2 18 which 1s close to the reported values above
and to the value found for the uncross-linked polymer, 94 +0 8 x 10-4 cm
s'1/2 18 Thys allows the elimination of the LRZ ety kinetic regime It can
be seen from the Koutecky-Levich plot that modified electrode rate
constants, k’ME, are, within experimental error, independent of polymer
layer thickness This allows the elimination of ¢ and LEgy kinetic cases
This leaves the regimes Sg” and LSi A plot of In (1-f) vs In &’ME where f
1s the fraction of the redox sites in the oxidised state, has a slope of 0 95 +
04 This indicates that the kinetic regime 1s Si” In this situation, the
electron exchange reaction occurs between redox sites 1n a region of the
redox polymer of molecular dimensions at the polymer/solution interface
and the rate constant for the cross-exchange reaction control electrode
currents No partition of the Fe(IIl) into the film occurs The Sg” kinetic
case can arise 1n two situations, a) when charge transport through the
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Fig47 Koutecky-Levich plots for the electrocatalytic reduction of
1 0 x 10-3 mol dm-3 Fe(llI) at a redox polymer modified electrode
cross-linked with 20 mol % 1,10-dibromodecane, surface coverages
were, ] =10x 108 [J=10x 10 4 =50x 10-10 mol cm-2
The electrolyte was 0 1 mol dm-3 H2SO4
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polymer and the rate of the cross-exchange reaction are so fast that the
substrate flux is consumed without penetration of the polymer film, and b)
when the substrate 1s physically unable to penetrate the polymer film As
the observed current flux is considerably less than the predicted Levich
flux, 1t appears that the substrate 1s unable to penetrate the polymer film
The average value for A’ME 15 2 0 x 104 cm s-1, and the analytical
expression for K’ME under the kinetic regime Si” 1s given by 33

K'ME = k7 bo (45)

As bo, the concentration of electro-active centres within the polymer 1s 0 7
x 10-3 mol cm-3 (neglecting solvent swelling effects), then the second
order rate constant for the cross-exchange reaction, £”, 15285+ 10x
10-4 mol-! dm3 cm s-1 This is equivalent to that found for the reduction
of Fe(IIl) in perchloric acid at the homopolymer which was 3 1 x 104
mol-1 dm3 cms-1 18

4382 1,5-Dibromopentane

In Fig 4 8 Levich plots for the mediated reduction of 1 0 x 10-3
mol dm-3 Fe(III) can be seen for a surface coverage of 1 0 x 10-8 mol
cm-2 The polymer was cross-linked at levels of 5, 10 and 20 mol % with
1,5-dibromopentane (A,B and C respectively) The Levich flux (D) 1s also
shown Simular Levich plots were obtained for surface coverages of 1 0 x
10-9 and 5 0 x 10-10 mol cm-2 at the vanous levels of cross-linking It can
be seen that the reaction flux at the modified electrode is considerably less
than the Levich flux indicating that total catalysis 1s not achieved This
indicates that transport processes or a chemical imitation control the
modified electrode currents rather than simple mass transport from
solution These results suggests that the mediated reaction 1s controlled by
the polymer film, probably analyte transport The current flux at these
electrodes is stmuilar to that at 1,10-dibromodecane cross-linked films which
suggests a stmilar kinetic regime The corresponding Koutecky-Levich
plots for 1 0 x 10-8, 1 0 x 10-9 and 5 0 x 10-10 mol cm2 films cross-linked
with 5 mol % 1,5-dibromopentane are shown in Fig 4 9 Again, using the
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Fig 48 Levich plots for the electrocatalytic reduction of Fe(II) at
a modified electrode cross-linked with 1,5-dibromopentane where
(A) [1 5 mol %, (B) € 10 mol %, (C) ¢ 20 mol % cross-linking and
(D) ¥ 1s the Levich flux The electrolyte was 0 1 mol dm-3 HSO4
and the Fe(II]) concentration was 1 0 x 10-3 mol dm-3
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Fig49 Koutecky-Levich plots for the electrocatalytic reduction of

1 0 x 10-3 mol dm-3 Fe(IlI) at a redox polymer modified electrode
cross-linhed with 20 mol % 1,5-dibromopentane, where [] =1 0 x
108, #=10x 109 € =50x10-'0mol cm2 The electrolyte

was 0 1 mol dm-3 HySO4



Albery and Hillman diagnostic criteria 49 .50 | the exact kinetic regime can
be distinguished The limiting currents are dependent on the electrode
rotation speed, and the Koutecky-Levich plots are linear, therefore the See,
LE and LSte kinetic cases can be eliminated The slope of the Koutechy-
Levich plots are 9 0+ 0 5 x 10-4 cm s-1/2, which 1s equivalent to that
observed previously for the unmodified electrode This allows the
elimination of The LRZety kinetic regime As the modified electrode rate
constants, k’ME are independent of layer thickness, this allows the
elimination of the L and LSk cases to leave the Sg” and LSy regimes A
plot of In (1-/) vs In &’ME 1s linear with a slope of 095 + 0 1 which
indicates the Si” kinetic case Again, the reaction locus 1s the
polymer/electrolyte interface, with the rate constant for the cross-exchange
reaction controlling electrode currents Also, as the Levich flux 1s greater
than the actual measured reaction flux it appears that hindered substrate
partition 1s current limiting The average modified electrode rate constant
was estimated to be 2 1 x 104 cm s-1 This yields a value for the second
order rate constant, £’, of 295 + 1 0 x 104 mol-1 dm3 ecm s-1 This 1s
equivalent to that obtained at the same cross reaction for the
homopolymer in perchlorate electrolyte .

4383 p-Dibromobenzene

Levich plots for the reduction of Fe(llI) at electrodes with surface
coverages of 10 x 10-9 mol cm-2 cross-linked with 1, 5, and 10 mol % p-
dibromobenzene (A,B and C respectively) can be seen along with the
Levich flux (D) in Fig 4 10 Again, the modified electrode current flux 1s
less than that for the Levich flux, suggesting film control of the mediated
reaction Koutecky-Levich plotfor 1 0x 10-8,10x 10-2anda 5 0x
10-10 mol cm-2 surface coverages cross-linked with 1 and 10 mol % p-
dibromobenzene can be seen if Fig 4 11 The behaviour observed 1s
clearly different to that for observed for 1,10-dibromodecane and 1,5-
dibromopentane The Koutecky-Levich plots are linear and the limiting
currents are dependent on the rotation speed of the electrode The average
Levich slope for these plots1s 1 4 + 1 5 x 10-3 cm s-1/2, which 1s close to
those cited earlier These observations allows the elimination of the kinetic
cases, Ste, L.Ste, LEx and LRZtety The 1ntercepts of the Koutecky-Levich

plots are inversely related to layer thickness, therefore, the modified
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Fig 410 Levich plots for the electrocatalytic reduction of Fe(1II)
at a modified electrode cross-linked with p-dibromobenzene where
(A)[] 1 mol %, (B) € 5 mol %, (C) ¢ 10 mol % cross-linking and

(D) I 1s the Levich flux The electrolyte was 0 1 mol dm-3 HySO4
and the Fe(IIT) concentration was 1 0 x 10-3 mol dm-3
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Fig 411 Koutecky-Levich plots for the electrocatalytic reduction

of 1 0x 10-3 mol dm-3 Fe(lll) at redox polymer modified electrodes
cross-linked with 1 mol % (®) and 10 mol % (+) p-dibromobenzene
The surface coverages were (A) 1 0x 10-10,(B) 1 0 x 10-° and (C)

50x 1010 mol cm2 The electrolyte was 0 1 mot dm-3 H2SO4



electrode rate constant, &’ME, 1s dependent of polymer layer thickness, a
plot of In L vs In &’ME has aslope of 1 1 + 0 1 indicating a first order
relationship This indicates that the kinetic regime 1s Ly This suggests that
the Fe(1IT) penetrates the polymer film and the mediated reaction occurs
throughout the film with the rate constant for the cross-exchange reaction
controlling electrode currents The average values for k’ME at the
following thickness of film , calculated from the dry density of the polymer
are, L=35nm, AME=588x105cms ], L=75mm, kK’mMg=1 18 x
104 cms!, L =35nm, K’ME =6 7 x 10-4 cm s-1 The analytical
expression relating £’ME to the second order rate constant for the L
regime 1s given by 33

KME = k K bo L (4 6)

This yields a value of 2 5+ 0 2 x 102 dm3 mol-! cm s-1 for the apparent
rate constant, kK Assuming that the rate constant for the cross-exchange
reaction 1s stmilar for the cross-linked polymer compared to the
homopolymer, k=2 8 x 103 mol-1 dm3 cm s-1, then the partition
coefficient, K, can be estimated to be = 0 1 This value 1s approximately
haif of that obtained for the homopolymer As the Koutecky-Levich lines
for each level of cross-linking are co-incident, it appears that K 1s relatively
insensitive to the level cross-linking over the range 1-20 mol %

4384 Polymer Cross-linking and Mediated Electrocatalysis

Optimum conditions for mediated electrocatalysis corresponds to
the situation where the maximum amount of the redox polymer
participates 1n the reaction This correspond to the LSk and LEg kinetic
regimes A consequence of the cross-linking the redox polymer 1s
compaction of the films on the electrode surface The D¢t values for the
cross-linked films were generally found to increase, in combination with
near 1deal Nernstian and surface behaviour, 1t appears, therefore, that the
cross-linked polymer films are sufficiently swollen to incorporate charge
compensation counter-ions without physical restrictions From the kinetic
results for 1,10-dibromodecane and 1,5-dibromopentane, 1t 1s evident that
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cross-linking with there agents results in polymer films which are
impermeable to Fe(II) Cross-linking at levels as low as 1 mol % was
sufficient to prevent penetration of the polymer by the substrate In fact,
the co-incidence of the Koutecky-Levich plots is somewhat surprising The
complete impermeability seems surprising considering the expected open
structure of the cross-linked films The Fe(III) 1on, however, 1s known to
be hydrated with six aqua species, [Fe(H20)6]2+, therefore the overall
1onic radius of the substrate may be sufficient to physically prevent
distribution into the cross-linked polymer film In addition, the driving
forces for for the incorporation of counter-ions and substrates are
different, the partition of the Fe(III) 1s concentration driven, while the
incorporation of charge compensating counter-ions involves potential
driven active transport A direct comparison of the permeabulity of
counter-tons and substrates 1s therefore not necessarily appropriate As the
rate constants for the surface reactions are similar to that for the
homopolymer, this suggests that the surface redox site micro-environment
(and concentration) 1s preserved upon cross-linking This indicates
structural similanty between cross-linked and uncross-linked polymers

From the kinetic results for p-dibromobenzene, it 1s clear that cross-
linking with this material results in polymer films which are permeable to
Fe(lll) This suggests a more open structure in comparison to the other
cross-linking agents This confirms the belief that the rigid cross-links act
to separate the polymer chains, however, the reduced rate of substrate
permeation (K = 0 1) 1s indicative of some film compaction The ability to
“fine tune” film permeability 1n this fashion may be of considerable
advantage

4.4. Conclusions

The pninciple objective of this study was the development of a
simple in situ stabilisation protocol for osmium redox polymer It 1s clear
that this objective was realised by the cross-linking of the polymer chains
with 1,5-dibromopentane, 1,10-dibromodecane and p-dibromobenzene
The levels of stability obtained for all cross-linking agents and at all levels
of cross-linking examined are sufficient for long term operation of the
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modified electrodes under rigourous hydrodynamic conditions such as
those observed 1n thin-layer flow cells and rotating disc electrodes The
cross-linking approach has a number of advantages compared to other
stabilisation techniques, such as, overlaying with polymer and manipulation
of the polymer backbone The rate of charge transport for cross-linked
polymers 1s maintained or enhanced in comparison to the homopolymer
This 1s advantageous as the responses from sensors constructed from these
cross-linked redox polymers are not subject to electron transport limitation

at high substrate concentration, such as that observed for the analogue
polymer [Os(bipy)2(PS)7 s(DMAP); 5CI1CI (chapter 5)

The rate of charge transport, D¢, 1s relatively insensitive to the level
of cross-linking used (with the exception of 1,5-dibromopentane) Also the
permeation of the electro-active substrate 1s insensitive to the levels of
cross-linking This 1s desirable, as providing exact levels cross-linking is not
critical, in order to maintain the response charactenstics of the modified
electrodes For future commercialisation of operational sensors, this would
be of considerable significance

The mass production of chemical sensors by lithographic
technology is crucial for successful commercialisation of the devices It 1s
obvious that simple construction 1s of benefit if commercialisation is to be
realised The simple stabilisation procedure adopted here is conducive to
mass production technology The cross-linking agent need only be added
to the polymer solution prior to deposition As the cross-linking reaction
proceeds in the solid state, the stabilisation reaction occurs after
manufacture There 1s no requirement for overlaying of the polymer film
or exposure to UV radiation to induce stabihisation /n sifu cross-linking,
by virtue of 1ts simplicity, results in potentially simple manufacturing
processes

It was also evident from this study that the reaction locus for the
mediated electrocatalytic reaction can be controlled by the choice of
cross-linking agent This can be used to control the magnitude of response
from the modified electrode In situations where a through film reaction 1s
desirable, cross-linking with p-dibromobenzene is useful Surface reactions
can be achieved by cross-linking with the n-dibromoalkanes It 1s possible
that careful choice of the nature of the cross-linking agent may control the
the extent of partition, K, and the reaction loci of analytes and
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interferences at these electrodes This may be used to exclude interfering
species from permeating the redox polymer film while simultaneously
obtaining efficient electrocatalysis of the analyte of interest In addition, the
construction of electrode arrays with deliberately controlled selectivity
coefficients based on selective transport (K, Ds) and thermodynamic (AG)
control of the processes involved 1n mediated electrocatalysis for the
detection of co-existing electro-active species may be possible Such
arrays, in combination with multi-vanate calibration protocols may provide
powerful, selective multi-species sensors

A final note concerning the calculation of the second-order rate
constant for the cross-exchange reaction at the surface of the polymer 52
According to the theory of Albery and Hillman 33, £” 1s calculated from
equation 4 5 where by 1s the concentration of electro-active sites within the
polymer film, with units mol dm-3, to give £” 1n units of mol-! dm3 cm
s-1 As the surface reaction s generally considered a heterogeneous
process, then a more approprnate form for the calculation should reflect
the surface concentration of electro-active sites in mol cm-2 rather than the
bulk concentration of redox sites This should yield mol-1 cm s-1 as the
units for A All the literature values for & are calculated according to the
calculation proposed by Albery and Hillman, therefore the values quoted
here are calculated on the same basis for comparative purposes
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Chapter 5§

Synthesis, Characterisation and Analytical Application of

[Os(bipy)2(PS)7.s(DMAP); sCIJCI

237



5.1. Introduction

An important property of modified electrodes is their physical
stability Many modified electrodes possess very useful and interesting
properties which may be utilised for analytical purposes However, their
application 1n typical solutions with extremes of pH and complea matrices
remain difficult due to the instability of the modifying layer ! It was stated
in chapter 1 that many different polymeric matenals have been used for
electrode modification and that preformed polymers offered the
advantages of synthetic variability and control of the physical properties of
the electro-active materials Although these materials tend to be less stable
than electro-polymerised materials, manipulation of the chemical structure
of the polymer backbone can result in significant enhancement of the
physical stability of the polymer film 2 It has been demonstrated that the
redox polymer, {Ru(bipy)2(PVP)sCI]Cl, is unstable under the
hydrodynamic conditions of thin-layer electrochemical flow-cells 3 and
that overlaying the redox polymer with conducting and non-conducting
polymers 1s relatively unsuccessful in stabihising the polymer 4 It has,
however, been shown that simple incorporation of styrene moteties into
the polymer backbone, at various mole ratios, results 1n a significant
stabihity improvement 2 Ths 1s thought to be due to the glass-like,
hydrophobic nature of the styrene residues 1n aqueous electrolytes Such
manipulation of the physical properties of the polymer can result in
changes 1n the mass and charge transport properties of the polymer It s
often found that procedures used for the enhancement of modified
electrode stability can have a detrimental effect on their catalytic efficiency
As a result, effects caused by electrode stabilisation must be assessed fully
in order to understand the charge and mass transport properties of the
electrode, and predict the kinetic behaviour and catalytic efficiency of the
modifying layer 3

The use of polymer-bound catalysts for thermal reactions 1s well
established due to the advantages associated with such systems ¢ In
particular, the use of the polymenc analogue of DMAP (where DMAP =
4-(N,N-dimethylamino) pyndine and the polymer 1s poly[styrene-co-4-(N-
methyl-N-p-vinylbenzylamino) pyndine]) 1s well documented 7 In the late
1960’s the catalytic efficiency of DMAP for difficult acylation reactions
was reported 82 Since then, many applications for this pyridine moiety
have been developed including the formation of polyurethanes 10,
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estenification !! reactions and the catalysis of the polymernisation of acrylic
resin formulations 12 Verlaan era/ 13 discovered that copper complexes
of DMAP are among the most active and specific catalysts for the
oxidative polymensation of 2,6-dimethylphenol to produce the
engineering plastic, poly-2,6-dimethyl-1,4-phenyleneoxide This copper
complex of the DMAP residue incorporated into a styrene polymer
backbone was found to be very stable under the reaction conditions
employed for the oxidative coupling of the phenolic compounds 1415
Due to the stability of this polymer backbone and the relative instability of
PV P-based modifiers used previously 3.4, the analogoues electro-active
osmium metallo-polymer, [Os(bipy)2(PS)7 s(DMAP)2 sCI|Cl, was
prepared tn order to investigate the possibility of constructing stable
modified electrodes for electroanalysis

In this chapter, the synthesis of [Os(bipy)2(PS)7 s(DMAP)2 5CI]Cl 1s
descnbed The resulting material was charactenised using UV/visible and
luminescence spectroscopy The electrochemical and charge transport
properties of the polymer were then investigated using cyclic
voltammetry The electrocatalytic and transport properties and analytical
application of the material as an electrode modifier are also described A
brief overview of charge transport processes which can occur at redox
polymer modified electrodes 1s also given

511 Charge Transport Properties of Redox Polymers

A model for the interior of polyelectrolyte coatings on electrodes
has been proposed by Anson ef al 16 In this model, 1t 1s envisaged that
the polymer 1s swollen with electrolyte and 1s compnised of two domains
Firstly, a tangled polyelectrolyte chain network with their accompanying
counter 10ns and secondly, “islands” of electrolyte devoid of polymer It 1s
assumed that Donnan equilibna 17 prevail within the volume of electrolyte
close to the polyelectrolyte chains The solution that occupies the region
outside the Donnan domain has a composition that is determined by the
composition of the bulk electrolyte 16 In the case of highly swollen
polymeric coatings, the electrolyte inside and outside the polymer may be
essentially identical However, some partitioning of electrolyte components
may be evident 18 Charge transport through electro-active polymers
with fixed redox sited occurs due to any one or combination of the
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following processes 16, self-exchange (“electron hopping”) between fixed
redox sites, 1on diffusion within the Donnan and electrolyte “islands”, or
migration of counter ions due to the influence of applied electric fields
However, 1t 1s generally accepted that the predominant process of charge
transport through the redox polymers studied here is electron hopping
between fixed redox sites 19 The rate of charge transport 1s normally
controlled by one of three processes which can occur at the modified
electrode upon redox reaction 20 These are, a) the mtrinsic barrier to self-
exchange, b) counter i1on movement to maintain electro-neutrality, and ¢)
physical displacement of the polymer chains to allow the mean separation
between fixed redox sites to become sufficiently small to allow electron
transfer to take place (typically =1 nm ) Factors which affect rates of
charge transport include electrolyte type and concentration, pH, redox site
loading, polymer backbone and temperature 20,21 A schematic depiction
of heterogeneous and homogeneous charge transport processes can be
seen 1n Fig 5 1 Heterogeneous electron transfer 1s characterised by a
standard rate constant, k°, and a symmetry factor, o. 22 Normal pulse
techniques have been used to determine these parameters for redox
polymer modified electrodes 23 Heterogeneous electron transfer at redox
polymers 1s thought to obey conventional Butler-Volmer kinetics (1 e
potential controlled), and in situations where no mass transfer effects are
encountered, an over-potential associated with any current serves solely as
an activation energy 24 Itis generally recognised that the rate of
heterogeneous electron transfer is significantly faster then homogeneous
transfer 25 Homogeneous charge transfer processes appears to be
concentration driven and can be characterised by a charge transport
diffusion coefficient, Dy 26,27 Methods such as CV, chronoamperometry
and chronocoulometry have been used to estimate Dot 28 It has been
observed by many authors that D¢t values estimated by different
techniques can result 1n different D¢ values 2930 This phenomenon is
thought to be due to the differing ime scales of measurements 2930 In
addition, CV appears to probe greater portions of the film compared to
potential step techniques For this reason, D¢t values have been estimated

almost entirely by CV 1n this study

The success of any attempt to exploit polymer modified electrodes
for the electrocatalytic detection of substrates lies 1n the detailed
understanding of the mechanisms and rates of charge transport The rate
of charge transport must be sufficiently fast so as not to limit the response
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Fig 51 Schematic depiction of the charge transport processes at
redox polymer modified electrodes Processes 1 and Il represents the J
heterogeneous and homogeneous charge transfer respectively
(Reproduced from Ohsaka et al , Bull Chem Soc, Jpn , 1984
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of the sensor In such an event, imited linear ranges would be
encountered The investigation of charge transport rates through
polymeric matenals has been carned out by many workers 20.28-30 The
techmques used for the estimation of charge transport rates have been
described in chapter 1 A feature of early publications concerning charge
transport was the absence of quantitative data regarding 1on and electron
movement within the films Parameters such as wave shape and position
were used to broadly discuss possible charge transport mechanisms In an
early paper, Kaufmann et al 19 discussed 10n and electron transport in
tetrathiafulvalene polymer films using a combination of CV and potential
step techmques Khoo ef al 31 have examined the effect of electrolyte
type on the charge transport diffusion coefficient 1n
tetracyanoquinodimethane (TCNQ) and tetracyanoethylene (TCNE)
modified electrodes using the Randles-Sevcik equation for cyclic
voltammetry, and have attributed the changes 1n D¢t to the 1on-painng
effect of the perchlorate anion 1n the polymer film Inzelt and co-workers
3233 have also studied the effect of the nature and concentration of the
counter 10n on the wave-shape and the CV behaviour of TCNQ polymer
films and have concluded that salt or 1on pair formation between the
reduced forms of the redox films and the counter 10ns contribute to the
variabilities observed with different electrolyte types and concentration
Charge transport rates through radio frequency plasma-polymerised poly
vinylferrocene (PVF) have been shown to be controlled by both polymer
chain motions and counter 1on diffusion 34 Activation energies and
entropies of approximately 16 kJmol-! and -140 Jmol-1K-1, respectively,
corresponding to the rate hmiting diffusion of counter 1ons have been
determined for these films 34 Bowden ef al 3537 have considered the
thermodynamics of PVF modified electrodes In this study controlled
potential coulometry and CV were used to examine the reversibility of the
redox reactions A model was developed to explain the observed response
in terms of forced inclusion of charge compensating counter 1ons into the
film dunng redox cycling Other workers have reported the effect of
counter 10n size on the rates of charge propagation Albery ef al 38 have
shown that for thionine coated electrodes, the rate of charge transport 1s a
function of counter 10n size Ohsaka and co-workers 39 reported that the
rate determining process for charge transport through
poly(methylviologen) films was not the electron hopping process between
adjacent fixed redox sites, but rather the processes of charge compensating
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counter 1on motion and/or polymer segment motion, based on Dct
variations with different electrolyte type and concentration

For most polymer films studied, an increase 1n redox site loading
within films of equal thickness results 1n an increase 1n the rate of charge
transport through the film These observations are not surprising as the
swollen polymer may act according to Dahms-Ruff behaviour 40 Using
this formulation, the apparent diffusion coefficient 1s a function of physical
diffusion of the electro-active species and self-exchange reaction, and as
the inter-site distance decreases (with increased redox site loading) the
apparent diffusion coefficient increases Anson has reported that the
concentration dependence of the diffusion coefficients of redox 1ons that
undergo rapid electron exchange in solution according to the Dahms-Ruff
equation has been observed for [Co(bipy)3]2+ incorporated in Nafion 40
In a stmilar study, Oyama demonstrated a linear dependence on the
apparent diffusion coefficient, Dapp on the concentration of electro-active
sites within redox polymer films, although the exact slope was not that
predicted by theory 4! The variation of homogeneous charge diffusion
coefficient with fixed redox site loading has been studied for osmium
redox centres bound to films prepared from electro-polymerised
bis(bipy)bis(N-4-pyndylcinnamamide)osmium(Il)
hexafluorophosphate42 43 Facci ef al 43 used ruthenium redox centres
to dilute the osmium centres within the film while keeping the redox site
loading constant, and observed three regions of behaviour depending on
the inter-site distance In the more popular ton exchange type membranes,
several reports concerning the effect of metal site loading have appeared
Oh and Faulkner 30 varied the loading of [Fe(CN)g]3-/4 within partially
quaternised PVP films and have concluded that counter 10n motton is not
limiting 1n these polymers because of similanities between D¢t measured by
transient and steady-state techniques It was shown that D¢t decreased with
increasing redox site loading due to cross-linking of the polymer film by
the multicharged redox centre These workers have also investigated the
effects of cross-linking on charge transport through the films of PVP
bound [Ru(bipy)2Cl}+, and found that activation energies were linearly
dependent on the degree of cross-linking It was also concluded that the
amon dependence observed 1n D¢; values for these films was a structural
effect and that polymer segment motion controlled the diffusion process.
44 In a senes of contributions by Forster er al 4547, the charge transport
charactenistics of the osmium-containing polymers, [Os(bipy)2(Pol),Cl]Cl
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where Pol = PVP or poly-(N-vinylimidazole), (PVI), were investigated as a
function of redox site loading, electrolyte type and concentration and
temperature Increases in D¢y with increasing electrolyte concentration was
observed n all cases except perchlorate electrolytes The decrease in D¢y
with increasing perchlorate concentration was attributed to the 1on pairing
properties of this anion The rate imiting step for charge transport through
these polymers 1s believed to be counter i1on movement for most systems,
with all of the polymers showing vanation in D¢t and activation

parameters with electrolyte concentration and type

It 1s evident from this discussion that the rate of charge transfer
through the polymer film 1s of paramount importance for optimum
efficiencies of the redox polymer modified electrodes Charge transfer
rates are, however, dependent on a wide number of experimental
variables, which are often difficult to control under possible operational
conditions As a result a detailed knowledge of the charge transport
characteristics of electro-active materials 1s required prior to the
development of electrochemical sensors

512 Activation Parameters

The evaluation of activation parameters for the charge transport
processes which can occur at polymer modified electrodes can be helpful
in order to delineate the rate determining process 48 As discussed earlier,
the mechanism of charge transfer in the films studied here 1s believed to be
electron hopping between fixed redox sites accompanied by counter 1on
movement to maintain electro-neutrality 19 Both processes can be
described by Ficks laws of diffusion and can therefore be described by the
Arrhenius equation for activation diffusion or chemical reaction 49

Det = Det® exp(-Ea/RT) S h

with the Eyring equation being used to calculate activation entropies
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Dcei© = ed2(kp T/ h) exp(ASt /R) ‘ (52)

In these equations E, refers to the activation energy of the process, &
denotes the mean separation of the fixed redox sites, € 1s the base of the
natural log, and kB 1s the Boltzmann constant and / is the Planck constant
The activation enthalpy, (AH?), can be calculated directly from the
activation energy using the relation

AH! = E, -RT (53)

Low values for E; (typically < 10 kJ mol-1) are characteristic of charge
transfer being controlled by the intrinsic barrier to electron self-exchange
Higher values (=~ 40 kJ mol-1) are believed to represent charge transport
control by counter 10on movement maintaining electro-neutrality, while
values = 100 kJ mol-! are typical of polymer segment motion controlling
charge transport Entropy values can be used to assess
ordering/disordering deformations of the polymer structure upon redox
and 1on transport Such information is useful in predicting the limiting
process for charge transport 49

5.2. Experimental

521 Matenals and Reagents

5211 Synthesis of [Os(bipy)2(PS)7 sS(DMAP)2 sCI}Cl

The polymenc matenal, poly[styrene-co-4-(N-methyl-N-p-
vinylbenzylamino) pynidine, ((PS)7 sS(DMAP); 5)), was supplied by the
authors of reference 15 The synthesis of [Os(bipy)2Clz] was described 1n
chapter 2 A metal loading of 1/10 (metal centre monomer) was chosen
for the redox polymer as this loading exhibits optimum charge transport
properties for the PVP-based redox polymers 20 This metal loading was
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obtained by the reaction of stoichiometric amounts of co-polymer and
[Os(bipy)2Clz] 100 mg of the co-polymer, poly[styrene-co-4-(N-methyl-
N-p-vinylbenzylamino)pyridine] was weighed accurately and dissolved 1n
40 cm3 of 2-methoxyethanol (BDH) This solution was then transferred to
a 150 cm3 round bottomed flask Next 55 1 mg of [Os(bipy)2Cl3] was
dissolved 1n 40 cm3 of 2-methoxyethanol, this solution was then added
and mixed with the co-polymer solution 1n the round bottomed flask This
solvent was used instead of ethanol due to insolubihity of the co-polymer in
ethanol The resulting mixture was held under reftux at 125 °C for48 h
The reaction was monitored by UV/visible spectroscopy and
electrochemically by CV The formation of a product with a redox wave at
025 V vs saturated calomel electrode (SCE) and the disappearance of the
wave at 0 0 V vs SCE due to [Os(bipy)2Cl3] indicated the formation of
the redox polymer When the starting matenal redox wave has
disappeared completely, the redox polymer was precipitated twice from 2-
methoxy ethanol in diethylether The precipitate was dried in vacuo at 80
oC for 24 h 136 mg of product was recovered which corresponds to a
88% yield

522 Procedures

5221 UV/Visible Spectroscopy
3

The redox polymer was found to be insoluble in the solvents usually
used for the dissolution of these redox polymers ¢ g methanol and
ethanol ! The polymer was, however, found to be soluble 1n
dichloromethane, but gelling of the solution was evident after several days
This was suspected to be a result of quaternisation and possibly cross-
linking of the polymer via the free pyridine moieties by dichloromethane
52 The polymer was found to be soluble and stable ina 1 1 mixture of
methanol/acetonitrile This mixed solvent system was used throughout for
the preparation of polymer solutions

UV/visible spectroscopy was carried out using a Shimadzu UV 240
spectrophotometer 1 cm matched quartz cells were used UV/visible
spectra were recorded 1n the region 900 nm to 190 nm A scan speed of
10 nm s-1 and a shit width of 2 nm was used Spectra were recorded on
4 polymer solutions over the concentration (of redox centres) range 1 48 x
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10-5 mol dm-3 to 1 48 x 10-4 mol dm-3 The methanol/acetonitrile solvent
was used in the reference beam These solutions were prepared by serial
dilution The Apmax values were obtained directly from the recorded
spectra The molar extinction coefficient, €, was estimated from the slope

of the plot of absorbance vs redox polymer concentration

5222 Luminescence Spectroscopy

Luminescence spectroscopy was carried out using the Perkin Elmer
L.S50 luminescence spectrophotometer interfaced to an Epson AX2e PC
For the room temperature luminescence measurements a 1 cm
fluorescence cell was used, while at -196 °C, a quartz tube and holder
were employed The excitation and emussion slit widths were 10 nm for all
experiments No evidence of luminescence was observed for the redox
polymer at both room temperature and at -196 °C

5223 Cyclic Voltammetry and Rotating Disc Electrode Voltammetry

CV and RDE voltammetry were carrned out using a conventional
three electrode assembly The potentiostat was the EG&G Princeton
Applied Research Model 362 The rotating disc assembly was the
Metrohm Model 629-10 Voltammograms were recorded on a Linseis X-Y
recorder The working electrodes were 3 mm diameter glassy carbon discs
shrouded in teflon (Metrohm) The counter electrode was 1 cm? platinum
gauze placed parallel to the working electrode at distance of = 1 cm The
reference electrode was the saturated KCI calomel electrode All potentials
are quoted with respect to the SCE without regard to liquid junction
potentials All measurements, unless otherwise stated, were carried out at
room temperature In situations where the temperature was varied, this
was carried out using a thermostatically controlled waterbath circulating to
a jacketed electrochemical cell The electrolyte and modified electrode
were allowed to equilibrate at each temperature ( + 1 °C ) for 15 minutes

Modified electrodes were prepared by polishing the glassy carbon
electrodes with 5 pm alumina as an aqueous slurry on a felt cloth The

electrodes were rinsed thoroughly with distilled water and methanol The
electrodes were then treated with chlorosulphonic acid to promote the
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formation of surface oaide functional groups The electrodes were again
rinsed with distilled water and dried 17 vacuo at room temperature The
electrodes were modified by drop coating using a 1% w/v solution of the
polymer The electrodes were allowed to dry slowly 1n air and allowed to
cure overnight n vacuo before use

In studies where electrolyte type were varied, all experiments were
carried out on fresh coatings 1n order to prevent any problems associated
with “memory effects”, where the rate of charge transport through the
films would be affected by the electrolyte to which it had previously been
In contact

5224 Coulometry

Coulometry was carried out to investigate the extent of electro-
activity of the surface immobilised redox sites The conventional three
electrode assembly described above was used in conjunction with the
EG&G Princeton Applied Research Model 379 digital coulometer placed
in series between the working electrode and the potenttostat return The
coulometer was operated in the anodic mode with a current scale setting
of 10 pA The instrument output was recorded using a Philips X-t
recorder The charge resulting from the oxidation of osmium within the
film was recorded dunng slow potential sweep (1 mV s-!) of the potential
from0OO0V vs. SCEto 06 V vs SCE Results were corrected for
background charging currents

523 Flow Injection Analysis

The flow 1njection apparatus consisted of a Gilson Miniplus 3
peristaltic pump, a six port Rheodyne injector valve fitted with a 20 pLL

fixed volume sample loop, a Hewlett Packard 1049A electrochemical
detector connected with teflon HPLC tubing, and a Philips X-t chart
recorder In the flow-cell , a solid state silver electrode (SSAg) acted as the
reference electrode A stainless steel electrode acted as the counter
electrode Sample injections were made using a 2 cm?3 glass syringe fitted
with a Rheodyne injection needle The carner electrolyte used was 0 1 mol
dm-3 H3SO4 The applied potential was -0 05 V vs SCE (numencal
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conversion from SSAg) and an optimum carrier electrolyte flow rate of

1 0 cm3 min-1 was used Iron tablet samples were prepared by dissolution
in the electrolyte followed by the addition of excess 35% H20; to oxidise
the ferrous salt to the ferric form The solutions were then made up to the
mark with electrolyte These solutions were used directly Calibration
solutions (and all other iron solutions) were prepared from
[(NH4)Fe(SO4)2] 12H20 1n the sulphuric acid electrolyte Solutions were

prepared fresh daily

524 Spectrophotometric Determination of Iron in Therapeutic
Formulation

The method used was a standard spectrophotometric technique
prescribed by Vogel 53 The tablets were finely ground, weighed and
transferred to a evaporating dish The sample was dissolved with 0 1 mol
dm-3 H2SO4 Dilute KMnO4 (2 g dm-3) was then added to oxidise Fe(Il)
to Fe(111) The mixture was then transferred to a volumetric flask and
made up to 500 cm3 40 cm3 of this solution was then transferred to a 50
cm3 volumetric flask, 3 cm3 of 4 mol dm-3 HNO3 was added along with 5
cm3 of 2 mol dm-3 KSCN The solution was then made up to the mark
with deionised water A blank was prepared 1n a ssmilar manner The
absorbance was measured at 480 nm using the Shimadzu UV /visible
spectrophotometer at fixed wavelength Standards were prepared in an
identical manner from [(NHg)Fe(SO4)2] 12H20 Solutions were prepared

fresh daily

5.3. Results and Discussion

531 Charactensation of [Os(bipy)2(PS)7 s(DMAPY> sCIICl

The synthetic strategy used here was that developed
previously 31,5455 The polymer backbone was firstly synthesized and
then charactensed The organic polymer was subsequently functionalised
by coordination with osmium redox centres This synthetic strategy allows
the redox polymer to be isolated and charactenised both 1n solution and as

249



thin films on electrode surfaces The formation of the redox polymers 1s
based on the well documented lability of the chlonde ligand in the
[Os(bipy)2Cla] complex according to the following reaction sequence >4

[Os(bipy)aClal + S — [Os(bipy)2(S)CII* + CI- (5 4)
[Os(bipy)2(S)CIJ* + Poly — [Os(bipy)2(Po)aCII*Cl- + S (55)

where S = solvent (1n this case 2-methoxyethanol), Pol 1s the polymer and
n 1s the number of monomer units/metal centre Extensive studies have
shown that the first chlonde ligand 1s easily removed under reflux in
ethanol or methanol (reaction 5 4) leading to the subsequent substitution
by the pyridine pendant groups of the polymer 31,555 Removal of the
second chloride ligand 1s known to be promoted by the presence of water
in the reflux solvent or the use of high boiling point solvents 33,56
Fortunately, the second chlonde of [Os(bipy)2Cl2j 1s very nert and 1s not
substituted easily The metal loading of the polymers was based on the
quantity of starting material employed during reflux It was assumed that
the reaction goes to completion stoichiometrically The validity of this
assumption 1s supported by the CV data obtained while monitoring the
reaction, which indicates complete consumption of starting redox matenal
and the formation of a single electro-active product The high product
yield (88%) also confirms this It 1s also assumed that the co-polymer
structural umts and the coordinated osmium centres are randomly
distributed along the polymer chain This 1s an important assumption as
the metal-to-metal inter-site distance must be constant and known (or
approximated) for the interpretation of the activation parameters 42 In the
present case, the inter-site distance has been approximated using crystal
structure data for the structurally similar polymer, PVP 37 This polymer
has a mean separation of 0 25 nm between adjacent monomer units and
thus, assuming a rigid rod structure 1n the metallo-polymer studied here,
the osmium redox centres are assumed to be separated by 2 5 nm when
the metal loading 1s n =1/10 The structure of the polymer can be seen in
Fig 52 It should be noted that the matenal is the cis isomer The
formation of the frans 1somer 1s unfavourable due to steric restrictions
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5311 Absorption and Emission Spectroscopy

Electronic spectroscopy has proven useful in the charactenisation of
redox polymers containing coordtnated osmium and ruthenium centres
51,5455 In the case of ruthemum 3433, spectroscopic data has been useful
in asstgning the coordination sphere of the metal centre Spectroscopic
data pertaining to osmium redox polymers have been compared to model
compounds and have been used to confirm the structure of the redox
polymers 3! Approximate extinction coefficients were found to be useful
in determining the metal loading of the redox polymer 3! For the redox
polymer studied here, the spectroscopic data will be compared to the
previously charactenised analogous polymer [Os(bipy)2(PVP)10ClICl A
typical UV/visible spectrum for [Os(bipy)2(PS)7 s(DMAP); 5CHCl n
methanol/acetonitrile solvent 1s shown in Fig 53 Two overlapping bands
in the UV region occurring at 220 £ 5 nm and 255 + 5 nm can be
1dentified, and can be attnibuted to the m — xt* transitions of the
aromatic electrons of the styrene and pyridine moteties on the polymer
backbone In the visible region, three electronic transitions are present,
occurring at 740 nm (log € = 3 18), 510 nm (log € =3 75) and 358 nm
(log € =3 93) A shoulder at 430 nm (log € = 3 77) can also be 1dentified
These transitions are due to metal-to-ligand charge transfer, : ¢ from the
metal d orbital to the 7* orbital of the bipyndyl ligand,(MLCT) 38 In
comparison to the model compound, [Os(bipy)2(PVP)10CI]Cl, the
wavelengths of transition are in close agreement e 358 nm vs 364
nm, 430 nm vs 431 nm, 510 nm vs 486 nm and 740 nm vs 730 nm
respectively for the polymer vs the model compound 3! Molar extinction
coefficients are also 1n good agreement with log e, 393 vs 405, 377 vs

408, 405vs 375and 3 18 vs 345 respectively 31 Shght differences in
¢ and A may be attributed to factors such as steric and solvent effects and
diffenng degrees of hydration of the polymer chain Considering that the
solvent used 1n this study and the polymer backbone are entirely different
from that of the model compound, these results can be considered to be in
good agreement The results are consistent with the belief that the
coordination sphere of the metal centre 1s [Os(N)5Cl] and that the metal

loading 1s 1/10 as expected from the synthetic protocol 31

In luminescence experiments, no evidence of fluorescence was
observed at both room temperature and at -196 ©C This indicates that the
metal-to-ligand charge transfer occurs from a ground singlet state to an
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excited singlet state and that electronic relaxation 1s radiationless This
observation again confirms the coordination sphere of the metal centre as

[Os(N)sCl] 5!

5312 Electrochemistry

The formal potential of a redox couple 1s a function of the
coordination sphere of the metal centre, the supporting electrolyte and
electrolyte concentration For this reason, the use of electrochemustry 1s
valuable in the structural characterisation of redox polymers A single
redox wave was observed in the CV of the redox material This has been
assigned to the Os(II)/Os(11T) redox couple 1 The formal potential of the
Os(1I)/Os(1I) redox couple was determined 1n several electrolytes using
slow sweep rate CV ( 1 mV s-1) These results can be seen in Table 5 1 In
the sulphate electrolytes, the formal potential for the Os(I1)/Os(III) couple
was found to be 0 245 + 0 005 V vs SCE and, 0250 £ 0005 V vs SCE
for NapS0O4 and H2SO4 respectively In toluene-p-sulphonic acid, (TpSA),
electrolyte the formal potential was 0200 + 0 005 V vs SCE In
perchlorate electrolytes, the formal potentials were determined to be
01800005V vs SCEand 0170 + 0005 vs SCE for the sodium and
acid form respectively The results are 1n general agreement with that
observed for the model compound and therefore confirm the
spectroscopic data concerning the coordination sphere of the metal
centre 20,31

It 1s evident that gross changes in the polymer backbone and
consequently the redox centre micro-environment does not exert a
significant effect on the spectroscopic properties and electrochemical
formal potential of the redox moiety As a result, the spectroscopic data
and electrochemical data presented thus far indicates that the redox
polymer has the chemical structure, [Os(bipy)2(PS)7 s(DMAP), sCI]Cl, as

expected from the synthetic strategy

532 Electrochemistry and Charge Transport Properties of
[Os(bipy)2(PS)7 s(DMAPY, sCIICl
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It was stated earlier that 1t 1s generally accepted that the mode of
charge transport through redox polymer films 1s by a process of electron
self-exchange (“electron hopping™) between fixed redox sites 19 The rate
determining step for charge propagation can be limited by the intrinsic
barrier to self-exchange, counter ton movement, or by the rate of polymer
segmental motion required for redox site juxtapositiomng 20 Traditionally,
both qualitative and quantitative descriptions of the charge transport
parameters and processes have been presented 2931 Here, a qualitative
description of the CV behaviour of the electro-active material will be given
along with a quantitative investigation of the charge transport properties of
the polymer along with possible explanations for the behaviour observed

A typical CV of [Os(bipy)2(PS)7 s(DMAP)2 sCIJCl in aqueous
electrolyte (0 1 mol dm-3 H3SO4) can bee seen in Fig 54 a The surface
coverage ( ' ) of the polymer calculated from the amount of material
deposited on the electrode was expected to be 1n the region 2 x 10-8 mol
cm-2 Intuitively, from the limited current response, it appears that only a
small portion of the immobilised redox centres are electro-active on the
CV time scale used This behaviour was observed 1n all aqueous
electrolytes examined Using coulometry, it was found that for T" less
than = 5 x 10-2 mol cm-2, the entire film was electro-active at moderate
time scales such as at a potential sweep rate (v) of 1 mV s-1 while at
higher surface coverages, e g 12 x 10-8 mol cm-2. the entire film was not
electro-active over prolonged time periods This behaviour is thought to be
a result of the high styrene content of the polymer backbone along with
the sterically cumbersome pendant coordination group InFig 54b,aCV
for the same modified electrode 1n electrolyte comprising 10% ethanol can
be seen It 1s evident that an increase 1n the electro-activity of the redox
polymer occurs 1n the presence of ethanol The organic solvent acts to
solvate or plasticise the polymer on the electrode surface and 1n doing so
appears to expose more of the electro-active centres within the polymer
film for redox processes It was found that for thick polymer films, full
redox activity can be obtained at ca 25% ethanol, but the films quickly
become unstable and are stripped from the electrode surface The electro-
inactivity of large portions of the polymer has serious implications for the
charge
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E/V vs SCE

Fig 54 CVof [Os(bipy)2(PS)7 s(DMAP); sCHCHin (A) 0 1 mol
dm-3 H2504 and (B) 0 1 mol dm-3 HySO4 containing 10 %
ethanol, sweep rate = 100 mV s-!



transport and catalytic properties of the material, which by implication,
may affect the performance of sensors constructed from these modified
electrodes

Using polymer films with I of the order of ~ 5 x 10-9 mol cm-2,
the CV behaviour of the redox polymer was investigated Certain critenia
for the behaviour of 1deal surface immobilised species have been
established (vide supra) 59-61 The wave shape illustrated in Fig 54 a 1s
characterised by considerable diffusional tailing and considerable peak-to-
peak separation, behaviour which 1s indicative that the charge transport
process is diffusionally controlled 62 Simlar waves shapes have been
observed 1n all electrolytes used The peak-to-peak separation ,(AE), for
various electrolytes 1s presented 1n Table 5 1 It should also be noted that
in the ethanol-containing electrolyte, the general wave shape remains
unaltered, although more of the redox centres become electro-active This
indicates that the charge transport limiting process may not change in the
presence of the organic component The ratio of the anodic / cathodic
peak currents, Ipalipc, for vanous electrolytes are also presented in Table
5 1 These can be seen to deviate from umty (1deal behaviour) therefore
indicating non-ideal behaviour Plots of 1pa vs v are useful for the
diagnosts of surface behaviour 92 For all the electrolytes studied, such
plots were found to be non-linear from 1 mV s-1 to 500 mV s-1 However,
plots of 1pa vs v!/2 were found to be linear Typical plots can be seen in
Fig 5 5aandb These results indicate that the polymer does not exhibit
any surface behaviour what-so-ever, and the current 1s limited by semui-
infinite diffusional processes and/or by migration effects As the osmium
redox centre 1s known to exhibut fast self-exchange rates and rapid
heterogeneous electron transfer with glassy carbon electrodes, the
observations made here indicate that the polymer backbone exerts
considerable influence on the charge transport behaviour of the this class
of matenal

The accurate determination of charge transport rates using the
models employed in this study requires that the current response be
diffusional 1n character and that migration effects be absent 2630.63 The
examination of migration within metallo-polymers of this type have
recerved considerable attention and diagnostic cnteria have been
established 64.65 It appears that migration effects are not observed in the
type of polymer used here using potential step techmques such as
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Electrolyte* Ey/2/ mV* AEp/mV  itpafipe Dct / 10-12 cm2 s-1
H2S04 250+ 5 115+5 087001 045 +02%**
Na2S04 250 £5 105+5 087001 031+02
HCIO4 167+ 5 1155 103+£001 150+03
NaClO4 180 +5 145+5 08001 076+03
TpSAS 2005 100£5 087+00F 44+02
H2S504/ 250+ 5 105+5 086001 063+03

10% Ethanol

# Al electrolytes are 0 1 mol dm-3
*  Potennals quoted with respect to SCE

**  Det esttimated by CV on at least 3 different films

§ TpSA 1s toluene-p-sulphonic acid

Table 51 The effect of electrolyte on charge transport parameters,
surface behaviour and half-wave potential for a
[Os(bipy)2(PS)7 s(DMAP)2 sClCl modified electrode



chronoamperometry 20 Leech ef al 2 used co-polymers of vinyl pyridine
with high styrene content and also found migration effects to be absent In
the present study, Cottrell plots were found to have a zero current
intercept which is indicative of the absence of migration effects In
addition, the diffusional nature of the charge transport process indicates
that the charge transport is a result of the Os(II)/Os(III) concentration
gradient or hindered counter-ion transport rather than the effect of applied
potential As cychc voltammetry reveals information representative of the
bulk structure of the polymer, and the semi-infinite diffusional behaviour
outlined above 1s 1deal for the estimation of D¢t by CV, the charge
transport diffusion coefficients presented here have been estimated
predominantly using this techmque 66

The rate of charge percolation through the polymer,
[Os(bipy)2(PS)7 s(DMAP), sCIHCl, 1n vanous electrolytes are given in
Table 5 1 In all cases, the concentration of electro-active species within the
redox polymer is assumed to be equal to that of the analogue PVP
homopolymer 7 e. 0 7 mol dm-3 51 The most striking aspects of these
results 1s the low values for D¢t for every electrolyte The values vary in
the range 3 1 x 10-13 cm2s-1 to 44 x 10-12 cm2 s-1 These values are
significantly lower, by 1-3 orders of magnitude depending on electrolyte,
than those found for [Os(bipy)2(PVP)10Cl]Cl 1n the same supporting
electrolytes 20 Another sigmificant difference from previously reported
Dct studies 1s that the D¢t values obtained for sulphate-based electrolytes in
this study, are smaller than those found for perchlorate electrolytes The
reverse situation exists for |[Os(bipy)2(PVP)oCIJCl 20 The “break in”
behaviour of the polymer films also supports this observation, with

currents breaking downwards in sulphate electrolyte while breaking
upwards 1n perchlorate It 1s noteworthy that the difference in D¢t between

H2S04 and NapSO4 1s small However, charge transfer appears slightly
faster 1in the acidic electrolyte As the effect 1s small, this may be a
reflection on the relative insensitivity of the predominantly polystyrene
backbone to pH compared to PVP based redox polymers It can also be
seen that the rate of charge transport 1s increased with the use of
electrolyte containing 10% ethanol The organic electrolyte TpSA exhibits
the fastest charge transport characteristics

It 1s known that the rate of charge transport through this type of
matenal depends on a large number of factors including temperature, film
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thickness, electrolyte type and concentration and polymer morphology
20,21 It ys also becoming clear that the structure of the redox polymer and
consequently the redox site micro-environment 1s important in
determining the current carrying capacity of these materials As a result,
detailed interpretation of D¢t results 1s difficult In trying to rationalise the
D¢ values found for this polymer, consitderation must be given to the
structure of the polymer and the type of electrolyte used As the polymer
1s predomunantly composed of styrene residues, 1t 1s envisaged that the
model for polyelectrolyte coatings, upon which much of the theory of
redox polymers 1s based 16, may be inappropnate here It 1s hikely that the
polymer coated on the electrode surface 1n aqueous electrolyte 1s glass-like
and unswollen Considering that PVP-based redox polymers in ClO4-
electrolytes are of similar compact structure but exhibit faster charge
transfer, 1t 1s likely that an additional physical restriction on charge transfer
exists for the polymer studied here The slow rate of charge transport
observed for all electrolytes can therefore be attributed, in part, to the
intractable nature of [Os(bipy)2(PS)7 s(DMAP);2 sCIJCl compared to the
highly swollen PVP-based systems In addition, considerable portions of
the polymer films are electro-inactive, so it i1s possible that the structure of
the polymer on the electrode surface 1s grossly inhomogeneous with many
redox centres being “shielded”, presumably 1n hydrophobic insulating
domains (akin to biological redox centres) from the effect of charge
compensating counter-tons or the applied potential Behaviour of this kind
was suggested for styrene-containing redox polymers 67 previously and 1t
1s known that the structure of Nafion comprises of hydrophobic and
hydrophilic domains 68 In a senes of papers from Anson’s group 69-72,
the possibility of spontaneous segregation of polymer blends on electrode
surfaces into segregated hydrophobic and hydrophillic domains was
discussed In a follow up study 72, the effect of random and block co-
polymers on the electrochemustry of electrostatically incorporated
Fe(CN)g4 was addressed Again the presence of segregated domains was
evident and these were found to affect the electrochemical properties of
the redox centre Such a process may also contribute to the severely
hindered homogeneous charge transports rates observed This model 1s
supported by the low value obtained for the rate of heterogeneous charge
transfer, ° , found using sampled current voltammetry in 0 1 mol dm-3
H7SO4, where k0 =2 + 1 5 x 10-6 cm s-1 The value of k° found here was
ca 1-2 orders of magnitude smaller compared to PVP- 73 and the
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PS/PVP- 74 based redox polymers This effect may reflect non-conducting
regions of the redox polymer blocking surface sites for heterogeneous
electron transfer Such behaviour has been previously suggested 47 It has
also been suggested recently that counter-ton movement at short time
ranges and redox site juxtapositioning at longer times scales may be
responsible for vanations in £°, however, the orders of magnitude
difference suggests that this 1s unlikely here 46 From these observations,
the presence of a highly swollen polymer containing Donnan domains 16
and electrolyte “islands” 1s unlikely As a result, charge compensating
counter-1ons must travel from the bulk of solution to the interior of the
polymer upon redox and segmental polymer chain motion must occur 1n a
ndged micro-environment

From the results presented and discussed above, 1t 1s clearly evident
that D¢ values are controlled by a diffusional like process This process 1s
either polymer chain movement or counter-ton motion The third possible
process, the energy barrier to self-exchange can be discounted due to the
large self-exchange rates for the redox sites In order to delineate the rate
limiting process, the activation parameters for charge transport 1n the
more 1nteresting electrolytes, 0 1 mol dm-3 HCIO4 and 0 1 mol dm-3
TpSA were determined over a temperature range, 16 °C to 50 °C It
should be noted that the assumptions concerning inter-site distances made
earlier may not be strictly valid as the redox polymer appears
inhomogeneous However, the activation results may be useful in assigning
the rate limuiting process for charge transfer A typical Arrhenius plot
obtained with the TpSA electrolyte can be seen in Fig 56 The activation
parameters are listed in Table 52 In perchlonc acid, a intermediate value
for the activation energy was obtained This value (71 kJ mol-1) 1s

.indicative of charge transport control by counter-ion motion 4% An
entropy value close to zero was also obtained which indicates no
significant ordenng of the polymer chains occurs upon redox For TpSA,
a shghtly smaller activation energy was recorded, the magnitude of which,
47 kJ mol-1, suggests that in this electrolyte that counter-ion motion 1s the
charge transport imiting process A relatively large negative entropy value
was obtamned 1n TpSA which suggests considerable ordering of the
polymer film upon incorporation of this counter-ion This 1s expected as
this 1on appears to significantly affect the properties of the polymer.
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Activation HCIO4 TpSA*

Parameter 0 1 mol dm3 0 1 mol dm-3
Ea / kJ mol-! 712 + 88 47 4 + 48
ASt/Jmol-l K-1 -57+8 76613
AG1t / kJ mol-! 7046 678 +4
AH#/ kJ mol-1 687 +7 450 +4

* TpSA 1s toluene-p-sulphonic acid |
§ Errors are calculated from the standard deviation of the
slope and intercept of the least squares fit for each line

Table 52 Activation parameters for charge transport
through [Os(bipy)2(PS)7 s(DMAP); sC1]Cl in HCIO4 and
TpSA



The electrochemical properties and charge transport parameters of
[Os(bipy)2(PS)7 s(DMAP), sCIJCl suggest that charge transport
properties are, at best, poor This appears to be a result of the intractable
and possibly inhomogeneous structure of the redox polymer Such slow
charge transport properties, the compact nature of the polymer and the
apparent “shielding” of redox centres will have significant limiting effects
on the catalytic efficiency of the redox polymer In order to study these
effects, the mediated electrocatalysis of [Fe(H20)g}3+ reduction was

examined

533 Medated Electrocatalytic Reduction of [Fe(HgO)§]3_+ by
[Os(bipy)2(PSY7 s(DMAP), sCHCI

The electrochemical behaviour of [Fe(H30)g]3+ at glassy carbon 1s
poor and this substrate does not undergo redox chemustry in the potential
region of the electrocatalyst studied here However, the formal potential
for the reduction of [Fe(H20)6]3+, according to equation 5 6,1s 046 V
vs SCE 75, which 1s positive of the Ej/2 of the Os(II)/Os(III) redox couple

[Fe(H20)63+ + ¢ —  [Fe(H20)6]2+ (5 6)

On this basis, 1t 1s expected that the redox polymer would mediate the
reduction of [Fe(H20)s]3+ with a thermodynamic driving force of 0 21 V

according to equation 5 7

[Fe(H20)6]3+ + Os(Il) — [Fe(H20)6]2+ + Os(II) (57)

In Fig 5 7a, a CV for the reduction of [Fe(H20)g]3+ at a modified

electrode can be seen This CV, when compared to Fig 5 4a, shows that
the redox polymer mediates the reduction of [Fe(H20)g)3+ It 1s also

evident that a reverse wave 1s absent, suggesting that the mediated
reaction 1s trreversible This 1s expected considering the thermodynamics
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Fig 57 CV of (a) 1 0 x 10-3 mol dm-3 [Fe(H20)6]3+ at an
[Os(bipy)2(PS)7 s(DMAP)2 sCI]CI modified electrode and (b)
current-potential curves for [Fe(H20)6]3+ reduction (1 0 x 10-3 mol
dm-3) at (A) 500 rpm, (B) 1000 rpm and (C) 2000 rpm Curve (D)
s the reduction of [Fe(H20)g)3+ at glassy carbon at 500 rpm



of the system In Fig 5 7b, current-potential curves for the reduction of
[Fe(H20)6)3+ at a bare glassy carbon electrode and an electrode modified
with [Os(bipy)2(PS)7 s(DMAP)2 sC1JCl are shown These traces again
clearly demonstrate that the redox polymer mediates the reduction of
[Fe(H20)6]3+ As the onset of mediation occurs at the onset of Os(II)
generation 1n the film, the electron transfer process occurs via redox
cycling of the Os(I11)/Os(111) sites within the polymer film It 1s also evident,
from the well defined current-potential curves for the mediated reaction,
that the electrochemical behaviour of the reduction reaction is significantly
improved compared to that at glassy carbon

A number of theoretical models have been described for the
analysis of the kinetic and transport properties of mediation at redox
polymer modified electrodes 76-84 These models can also be used for the
optimisation of modified electrode responses These theories have been
discussed in detail in Chapter 1 Rotating disc electrode voltammetry was
used to probe the behaviour of the mediated reduction of [Fe(H20)g]3+
Analysis 1s carried out by examining the effect of angular velocity of the
electrode, w, the reciprocal slope of the Koutecky-Levich plot, polymer
layer thickness, L, and the concentration of electro-active species within
the film, bo The diagnostic scheme proposed by Albery, Boutelle and
Hillman 84 has been used to analyse the transport and kinetic behaviour
of [Fe(H20)613+ reduction at the modified electrode

In Fig 5 8, typical Koutecky-Levich plots for the reduction of
[Fe(H20)6]3+ at an [Os(bipy)2(PS)7 s(DMAP); 5CICI modified electrode
are presented At an [Fe(H20)g]3+ concentration of 8 0 x 10-4 mol dm-3,
the plots (Fig 5 8b) are linear and are proportional to the rotation speed of
the electrode This information allows the elimination 84 of the kinetic
situations, Ste, LSte and LE; The inverse slope of the Koutecky-Levich

plots are constant for all the surface coverages examined and were found
tobe 10+08x 10-3 cms-1/2 This value 1s equivalent to the Levich
constant which 1s given by,

CLev = 1554 D2/3 v -1/6 (5 8)
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where D is the diffusion coeffictent of the substrate in the electrolyte and v
1s the kinematic viscosity of the electrolyte This value has been estimated
for clean unmodified electrodes in previous studies to be 1 01 x 10-3 cm
s1/2 and 1 04 x 10-3 cm s-1/2 8485 For a poly(hydroxyphenazine)
modified electrode, a value of 1 14 x 10-3 cm s-1/2 was found for the
Levich constant 86 Therefore the Levich slope found for the
[Os(bipy)2(PS)7 5(DMAP)2 sC1]JCl modified electrode is the same as that
obtained at bare electrodes Armed with this information, the kinetic case,
LRZ ety can be ehminated 84 With the exclusion of the above cases, the
mechanism of the mediated reaction must lie within the Sg”, LSk, L or
LEy kinetic zones These cases can be distinguished by the dependence of
kK’MEe (modified electrode rate constant) on L and b, From the
Koutecky-Levich plots, it can be seen that &’ME 1s independent of polymer
layer thickness, L, therefore the kinetic cases Lx and LE;y can be
elimmated By examining the dependence of b, on k’ME the two cases

St and LSk can be distinguished The concentration, by has been
estimated at various potentials by step-wise integration of the charge under
slow sweep rate CV InFig 59, a plot of In (1-f) vs In &’ME can be seen
(where f = fraction of redox centres in Os(III) oxidation state) The slope of
this plot1s 1 02 £ 0 11 This suggests that the kinetic situation 1s Sg”
Under this kinetic regime, electron transfer occurs from a region of
molecular dimensions at the surface of the polymer to a solution phase
[Fe(H20)6)3+ and the rate constant for the cross-exchange reaction 1s
current hmiting The Sg’” Kinetic case can arise in two situations, a) when
charge transport through the polymer and the rate of the cross-exchange
reaction are so fast that the substrate flux 1s consurmed without penetration
of the polymer film, and b) when the substrate 1s physically unable to

penetrate the polymer film It 1s evident from the kinetic analysis that
[Fe(H20)6]3+ does not permeate the polymer film Ths 1s a result of the

unswollen and ntractable nature of the modifying layer This 1s not
surprising as similar kinetic behaviour has been observed for the reduction
of [Fe(H20)6]3+ at electrodes modified with [Os(bipy)2(PVP)10CIICl in

1 0 mol dm-3 HCIOy4 electrolyte In the perchlorate electrolyte, the
polymer films are thought to be highly compact and dehydrated, thus
preventing partitioning of the substrate 85 In both of these cases, 1t 1s the
physical properties of the polymer which results 1n the zero permeabilities
of the substrate 85 It 1s now evident that the physical properties of the
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polymer affect both the charge transport and mass transport behaviour of
the polymer film

The analytical expression describing &’ME for the Sg” kinetic case 1s
of the form 76,

K’'ME = bok” (59

where k” 1s the homogeneous second order rate constant for the surface
cross-exchange reaction A value of 16 05 x 104 cm s-1 has been
estimated for K’ME The relatively large error associated with this value
may be a further indication of the apparent inhomogeneity of the polymer
films and consequently the vanation in available surface redox sites Using
this expression, a value for k” was estimated to be 23 £ 07 x 104 mol-1
dm3 cm s~ This compares favourably with the value, 3 1 x 10-4 mol-1
dm3 c¢m s-1, obtained for the same surface reaction at
[Os(bipy)2(PVP)1oClICl modified electrodes in 1 0 mol dm-3 HCIO4
electrolyte 85 This confirms the surface nature of the mediated reaction
and demonstrates that for surface reactions, the rate of the cross-exchange
reaction between the mediator and the substrate 1s independent of the
polymer matrnix

At higher [Fe(H20)g]3+ concentrations, for example I 4 x 10-3 mol
dm-3, the currents generated at the rotating disc electrode become
independent of rotation speed (Fig 5 8a) According to the theory of
Albery and Hillman 76, this indicates a change of kinetic case from Sg” to
Ste, with the transport of electrons through the polymer film becoming
current hmiting This observation is consistent with the slow rates of
charge transport observed for the polymer and the zero permeabulities for
the 1ron species

The use of steady-state techniques for the estimation of charge
transport rates through metallo-polymers has received considerable
attention recently 2930 These methods frequently yield charge transport
rates significantly faster than the transient techniques such as CV and
chronoamperometry This ts believed to be a result of a negligible
contribution from counter-ion transport and polymer segment motion in
steady-state measurements At high [Fe(H,0)6]3+ concentrations, with no
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substrate permeation of the polymer film and the reduction reaction being
controlled by electron transport, (1 € the Ste case), this situation can be

considered akin to the sandwich electrode 27 Under these steady-state
conditions, according to Saveant, the electron diffusion coefficient, De, can

be estimated using the equation 16,

te = (nFDeT)/L2 (5 10)

where 1¢ 15 the charactenistic electron diffusion current 78-83 and L 1s the
film thickness In using this technique, 1t 1s assumed that electron transport
1s slower than both the rate of forced convection of the substrate to the
electrode and the rate of the cross-exchange reaction 2930 These
assumptions can be shown to be vahd by estimation of the substrate mass
transport current, I, and charactertstic kinetic current, i1, and comparing
these to the expenmentally estimated electron diffusion current e, which 1s

~28x 104 A cm2 The charactenstic solution substrate mass transport
current, 75, given by,

ta =nFDs Yo/ & (5 11)

12 has been estimated to be = 3 3 A cm2, where Y = the [Fe(H20)g]3+
concentration at = 1 x 10-1 mol dm-3, Dy, the diffuston coefficient of the
substrate in solution 1s 2 X 10-6 cm?2 s-1 , and § 1s the diffusion layer
thickness at w = 8 33 Hz The charactenstic kinetic current, 1, under
these conditions 1s given by

ik = n FAK by yo (512)

For the surface catalytic reaction observed here, this characteristic current
has been estimated to be =2 1 mA cm?2 Therefore 13 > > 1 and 15 >> e,
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which is entirely consistent with the charge transport results and kinetic
observations as reflected 1n the zero slopes found for the Koutecky-Levich
plots for concentrations of [Fe(H20)g]|3+ greater than 1 0 x 10-3 mol
dm-3 Using saturated [Fe(H20)g]3+ solutions (= 1 x 10-! mol dm31n 0 1
mol dm-3 H2SOy), the average maximum current flux through the
polymer was found to be 2 8 x 10-4 A cm-2 Inserting into equation 5 10,
this yields a value for De of 62 x 10-11 em2s-1 withL=15x10-5cm
and bo = 07 x 10-3 mol cm-3 Ths value 1s significantly greater than the
value for D¢t found by CV 1n the same electrolyte It 1s however similar to
the value obtained using chronoamperometry in the same electrolyte,
which1s 12 +01 x 10-10 cm? s-1 Many examples of “mis-match”
between the current carrying capacity estimated from D¢t measurements
and those found experimentally have been reported The reason for this 1s
still unclear In the present study, it 1s possible that over the short time-
scale measurement using chronoamperometry, where only a small portion
of the film 1s probed, counter-ion availability may not be rate limiting
Therefore the experimentally obtained D¢t (PS) value may reflect the true
electron diffusion value De The agreement between the
chronoamperometry and steady-state results may indicate this While with
the CV measurement, a larger portion of the film 1s examined and counter-
1on availability may then become the rate determining process, as indicated
by the thermodynamic parameters discussed earlier, it 1s also possible that
in the compact films of [Os(bipy)2(PS)7 5(DMAP); sCI]Cl, insufficient void
volume exists to accommodate incoming counter-1ons for total oxidation
of the polymer film during CV  As only a small portion of the film is
oxidised with potential step techmques, sufficient void volume within the
polymer may exist to ensure rapid electro-neutrality over this time-scale,
which may lead to an equivalence 1n the steady-state measurements and
potential step measurements of D¢y These results are a clear
demonstration that process controlling charge percolation through metallo-
polymers 1s variable depending on the time-scale of measurement and by
implication, the techmque used for the estimation

It was predicted earlier that the slow charge transport properties
and the physical properties of the redox polymer may have detrimental
effects on the catalytic efficiency of the electro-active matenal From the
results presented 1t 1s clear that modified electrodes constructed from
[Os(bipy)2(PS)7 5(DMAP)2 sCI]Cl do not operate in the 1deal three

dimensional zone The electrocatalytic matenal however, significantly
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improves the electrochemical behaviour of [Fe(H20)6)3+ reduction at
electrodes, but at high substrate concentration electron transport through
the polymer will become current imiting As the electrode used here 1s
operating under electron transport control at concentrations > 1 x 10-3
mol dm-3 under steady-state conditions, sensors constructed from these
modified electrodes may have limited linear ranges However, modified
electrodes exhibiting stmilar surface electrocatalytic properties but with
rapid electron transport dynamics, currents may be diffusionally controlled
(substrate) over considerable concentration ranges These results
demonstrate the need for rapid electron transport through redox
polymers The behaviour of such sensors will be discussed in the next
section

534 Analytical Application of [Os(bipy)2(PS}7 s(DMAP); sCIICl

The use of redox polymer modified electrodes for electroanalysis is
well documented 13:87-89 The polymer under investigation n this study
was apphed to the determination of ferrous fumarate 1n iron supplement
tablets Analysis was carried out using flow 1njection analysis (FIA) at a
constant applied potential Typical FIA traces can be seen in Fig 5 10
These peaks are well defined and are useful analytically The sensor was
found to have a limit of detection (LOD) of 3 x 10-6 mol dm-3 and to be
linear over the concentration range, 1 0 x 10-5 to 1 x 10-3 mol dm-3 of
[Fe(H20)6)3+ This range, although significant, 1s smaller than that
normally found for sensors constructed from redox polymer modified
electrodes 67 The truncated linear range observed for
[Os(bipy)2(PS)7 stDMAP), sCI]Cl 1s not surprising and can be easily
explained from the kinetic/transport data At low substrate concentrations,
the current 1s controlled by the rate of diffusion of substrate to the
electrode surface, consequently, the sensor response obeys a linear
relationship with respect to [Fe(H2O)g]3+ concentration While at higher
[Fe(H20)6]3+ concentrations (> 1 x 10-3 mol dm-3) the sensor response
becomes limited by electron transport dynamics, and because of this the
sensor response levels off This can be seen in Fig 511 We have observed
that for {Os(bipy)2(PVP)10ClCl modified electrodes, linear ranges for this
substrate extend significantly further, 1n fact up to 1 x 10-2 mol dm-3 ,with
perchloric acid as the carnier electrolyte This extended range 1s a result of
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1 min

Fig 510. Typical FIA peaks for the detection of [Fe(H20)6)3+ at
an [Os(bipy)2(PS)7 s(DMAP); sCI|Cl modtfied electrode A, B,C
and Dare40x 104,60x 104, 80x 104and 1 0 x 10-3 mol
dm-3 [Fe(H20)g]3+ respectively The carrier was 0 1 mol dm-3
H2S04 at a flow rate of 1 0 cm3 mun-!
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Fig 511 Typical calibration plot for the FIA determination of
[Fe(H20)6I3+ Expenimental conditions as for Fig 5 10



the significantly more rapid charge transport through the PVP-based
polymer although the reaction 1s also surface 1n nature These two
examples demonstrate how rapid electron transfer improves the
performance of sensors by extending their linear range although the
reaction [oci are identical The slope (sensitivity) of the sensor over the
linear range was 1 8 + 0 1 pA mmol-! dm3 Sensor responses were found
to be insensttive to changes 1n polymer layer thickness as expected from a
surface reaction under substrate transport control (Sy’*) 84

The primary purpose for the synthesis of
[Os(bipy)2(PS)7 s(DMAP), 5CI]ClI was to produce a highly stable redox
matenial In Fig 5 12, the response of the sensor in the flow system to
various concentrations of [Fe(H20)g]3+ over several days can be seen It
1s evident that the response increased slightly over the first 48 h and then
levelled off to a constant value In this experiment the concentration of the
test [Fe(H20)g)3+ solutions were hept above the linear range to ensure
observation of any improvement of the charge transport charactenstics of
the polymer film These results demonstrate the excellent long term
stability of the modifying layer Such stability 1s impressive compared to
many modified electrodes proposed previously The high stability 1s
probably a function of the high styrene content of the polymer which
renders the material insoluble 1n aqueous electrolytes Some possible
explanations for the nse 1n response over the 1nitial 48 h period include, a)
very slow “break-in” effect with release of “shielded” redox centres, or
b) mass changes within the polymer It is becoming evident recently
from electrochemical quartz crystal microbalance studies that sudden
influxes or egress of mass (solvent and/or electrolyte) can occur to
apparently equilibrated, stable polymer films 20 The cause and effects of
this phenomenon have yet to be established It can be seen from these
results that the stability of the modifying layer is excellent

For the analysis of iron tablets, a concentration of 105 +3 mg /
tablet of Fe was found using the sensor while 104 + 1 mg / tablet of Fe
was found using a standard spectrophotometric assay The tablet
formulation, according to the manufacturers specification, contains 100 mg
/ tablet Fe These results clearly demonstrate the utility of redox polymer
modified electrodes for electroanalysis Advantages such as sensitivity,
simplicity, stability and ease of automation can be cited for this sensor
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Fig 512 Sensor response stabulity, plot of sensor responses 1n a
thin-layer flow-cell to various concentrations of [Fe(H20)g]3+ with
respecttotime A,B,C,DandEare20,30,40,50and 60 x
10-3 mol dm-3 [Fe(H20)s]3+ respectively



5.4. Conclusions

The synthetic strategy developed previously for the preparation of
redox polymers from PVP and PVI was successfully applied to the
synthesis of the redox polymer used 1n this study and indicates the general
applicability of the synthetic route The spectroscopic and electrochemical
data obtained suggest that the the polymer backbone exerts hitle effect on
the spectroscopic properties and electrochemical thermodynamics of the
redox centre 1n solution These results also indicate that the coordination
sphere of the redox centre 1s that expected 1 e [Os(N)sCl] The abulity to
charactense the materal in this fashion 1s of particular advantage

The primary purpose of this study was the preparation of a highly
stable redox polymer This objective was achieved, with the polymer being
extremely stable in aqueous electrolyte under the severe hydrodynamic
conditions of thin-layer electrochemical flow-cells From the results
presented, it 1s clear that the conditions required for high stability are
mutually opposed to those required for ideal behaviour of the immobilised
redox site In order to ensure rapid homogeneous charge transfer, the
redox polymers must have strong interactions with the contacting
electrolyte to provide a bulk structure conducive for rapid counter-ion
transport and juxtapositioning of the fixed redox sites For the polymer
studied here, these conditions are not satisfied due to the hydrophobic
nature of the polymer back-bone This results in slow charge transport
rates and zero permeability of the polymer by the substrate [Fe(H20)g]3+
As the rate of self-exchange between the osmium redox centres 1s known
to be fast and the rate of cross-exchange reaction with [Fe(H2O)g]3+ 1s
also rapid, then 1t 1s obvious that the polymer backbone must be
“designed” with physical properties to provide sufficient charge transport
rates and analyte permeability to ensure that sensor responses are not
limited by the rate of electron transport through the polymer

Although the sensor described does not operate according to the
ideal three dimensional reaction zone, the electrochemical responses to
[Fe(H20)6]3+ are significantly improved compared to the unmodified
electrode According to the theory of Saveant 91, in situations where the
direct reaction occurs at rates much less than those predicted by the
Marcusian relation, monolayers of redox mediators can be very effective
in improving electrode responses This situation was encountered here and
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the improvement 1n the electrochemical behaviour of |Fe(H20)g]3+
reduction 1s clearly evident The sensor described has the advantages of
simplicity, direct detection of the analyte, good sensitivity, moderate linear
range, good precision, accuracy and the analysis may be easily automated
Also the analytical protocol 1s simple compared to the operator intensive
spectrophotometnc procedure This shows that 1n real analytical
applications, mediation, even in the non-ideal two dimensional reaction
zone, can be very useful for electroanalysis
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Chapter 6

Sensor Characterisation and Performance
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6.1. Introduction

In the preceding chapters, the use of osmium- and ruthenium-
containing redox polymers for the preparation of electrocatalytic surfaces
for the detection of certain analytes has been described 1n detail It was
shown that the polymer, [Os(bipy)2(PVP)10C1]Cl, 1s a powerful
electrocatalyst for the reduction of the nitrosonium 10n and that this
reaction could be easily harnessed for the development of a novel
detection system for nitrite It was also shown that osmium- and
ruthenium-containing redox polymer modified electrodes could, when
posttioned parallel 1n thin-layer flow cells, be used for the speciation
analysis of the redox parr Fe(II)/Fe(IIl) The potential for the detection of
multiple redox pairs using this stmple principle is clearly evident The use
of a ruthenium polymer modified electrode as an alternative detection
system in the conventional analysis of nitrate was also demonstrated This
approach had a number of advantages such as low limit of detection and
large linear range compared to existing spectrophotometric detection
systems These novel examples demonstrate the potential use of these
devices for real analytical application Many other unique and powerful
examples of the utility of modified electrodes for sensor development have
been described 1n the hiterature 14 Given the unique advantages obtained
with the use of these devices and the immense number of potential
applications which have been developed, it 1s disconcerting that to date no
chemically modified electrode has been commercialised for analytical
purposes The reason for this 1s probably a combination of many factors
Some of these factors are however inherent in the problems associated
with the application of these devices in real analysis

The many examples of modified electrodes for electroanalysis which
have been described 1n the literature generally describe the construction of
the devices and detection of the analyte of interest in batch type
experiments or 1n flow analysis (HPLC, FIA) Generally, little regard has
been given to the detailed performance charactenstics of the sensors
described 4 Parameters such as selectivity, interferences, sensitivity,
matnx effects, robustness, reproducibility and response saturation have
generally been ignored It 1s problems associated with these parameters
which, 1n part, imit the usefulness of modified electrodes for real analysis
In this chapter, the overall performance of the sensors developed 1n the
course of this work from redox polymer modified electrodes will be
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discussed In particular, strategies for the control of sensor sensitivity,
selectivity and interference are described The consequences of possible
matrix effects and response saturation will also be addressed Finally a
general discussion concerning the utility of these devices for real analytical
apphcation will be given

6.2. Experimental

621 Procedures

6211 Cyclic Voltammetry and Rotating Disc Electrode Voltammetry

CV and RDE voltammetry were carried out using a conventional
three electrode assembly The potentiostat used was the EG&G Princeton
Applied Research Model 362 The rotating disc assembly was the
Metrohm Model 629-10 Voltammograms were recorded on a Linseis X-Y
recorder The working electrodes were 3 mm diameter glassy carbon discs
shrouded 1n Teflon (Metrohm) The counter electrode was 1 cm?2 platinum
gauze placed parallel to the working electrode at distance of ~ 1 cm The
reference electrode was the saturated KCl calomel electrode All potentials
are quoted with respect to the SCE without regard to liquid junction
potentials Slow sweep rate cyclic voltammetry was carried out to
ascertain the polymer surface coverage All measurements, unless
otherwise stated, were carried out at room temperature

The glassy carbon electrodes were prepared for modification by
polishing with 5 um alumina as an aqueous slurry on a felt cloth The
electrodes were rinsed thoroughly with distilled water and methanol The
electrodes were then treated with chlorosulphonic acid to promote the
formation of surface oxide functional groups The electrodes were again
rinsed with distilled water and dried in vacuo at room temperature
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6212 Fow Injection Apparatus

The flow 1njection apparatus consisted of a Gilson Miniplus 3
penstaltic pump, a six port Rheodyne 1njector valve fitted with a 20 uL
fixed volume sample loop, an EG&G Princeton Applied Research Model
400 electrochemical detector connected with Teflon HPLC tubing, and a
Philips X-t chart recorder In the flow-cell, an Ag/AgCl electrode acted as
the reference electrode The stainless steel cell body acted as the counter
electrode The working electrodes were also 3 mm diameter glassy
carbon shrouded 1n a Teflon block Modified electrodes were prepared as
described above All potentials are quoted after numerical conversion to
the SCE scale Sample mjections were made using a 2 cm3 glass syringe
fitted with a Rheodyne injection needle The carrier electrolyte used was
0 1 mol dm-3 NapSO4 at a flow rate of 1 0 cm3 min-!

622 Matenals and Reagents

The redox polymers [Os(bipy)2(PVP)19Cl]Cl and
|Ru(bipy)2(PVP)10l]Cl were synthesised as described in chapters 2 and 3
Ascorbic acid solutions were prepared 1n 0 1 mol dm-3 NapSOg4 at pH 4 5

Where the pH was varied, this was achieved by the preparation of a
standard 0 05 mol dm-3 solution of H2SO4 containing and making the
appropnate dilutions with distilled water The Na2SO4 concentration was

maintaimed at 0 1 mol dm-3 at all pH values Nitnite, Fe(II) and Fe(Ill)
solutions were prepared as described 1n chapters 2 and 3

6.3. Results and Discussion

63 1 Sensor Sensitivity Control

The sensitivity (response per unit concentration) of any sensor 1s
important for a number of reasons Firstly, high sensitivity results in larger
analytical signals and therefore 1s conducive for lower limits of detection
and secondly, highly sensitive detection systems can easily discriminate
between samples of similar analyte concentration There are a number of
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approaches which may be utilised in order to increase the sensitivity of
redox polymer modified electrodes The current response from the sensors
for a surface reaction (Sg”) 1s given by the following equation 310

1 = nFA K by ywo (61)

where k” 1s the second order rate constant for the cross-exchange
reaction, by, 1s the concentration of electro-active sites within the polymer
film and y is the bulk concentration of the substrate The other symbols
have there usual meaning For a through film reaction (L) the additional
terms L (polymer film thickness) and K (substrate partition coefficient) are
included 1in this equation (k nstead of &) It 1s clear from this equation that
increasing b, will increase sensitivity for the S and Ly mechanisms This
is evident in the dependence of k’ME on b for the reactions studied in
earlier chapters Increasing L. and K will have a similar effect on sensitivity
for through film reactions However, b, and L are normally limited by
charge and mass transport considerations which are usually a function of
the polymer structure and are normally optimised with respect to charge
transport (D¢t) Ultimately, D¢t 1s the most important parameter to
optimise as cathodic or anodic current must be delivered efficiently to
ensure that response saturation 1s not occurring It was seen that charge
transport through the polymer, |Os(bipy)2(PS)7 5({DMAP); 5CI|Cl, was
sufficiently slow to result 1n response saturation at 1 0 x 10-3 mol dm-3
Fe(Ill) A less obvious means of controlling sensor sensitivity 1s by

controlling the rate constant for the cross-exchange reaction, £ (k) in
Alberys notation and k12 1n Marcusian terms Any cross-exchange

reaction may be considered according to the general reaction scheme 11

P +e < Q (62)
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k12

A+ Q < B+ P (6 3)
k21
k22
A + e <= B (6 4)

Where P/Q 1s the redox couple of the electrocatalysts and A/B 1s the
substrate redox couple The equilibrium constant for the cross-exchange
reactton is given by

Kiz = k12 / k21 (65)

The equiibrium constant 1s related to standard electrode potentials of the
substrate and the mediator catalyst by the relation

(RT/F) InK12 = +(E°a/B - E°p/Q) (6 6)

Where EO 1s the formal potentials of the respective redox couples and the
+ and - sign corresponds to the reduction or oxidation of the substrate
respectively The apparent free energy relationship between the formal
potentials of the substrate and electrocatalyst can be examined by the
Marcusian relation for outer-sphere electron transfer (neglecting work
terms) with the equation 12

ki2 = (k11 k22 K2 fHU2 67)

Where f1s given by,

log f = (logK12)2/[4 log(ki1k22/ Z2)] (6 8)
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Where Z is the bi-molecular collision frequency for two reactants 1n
homogeneous solution It 1s obvious from these equations that a
loganthmic relationship exists between the rate constant for the cross-
exchange reaction and the electrochemical driving force

In order to investigate the possibility of such a relationship existing
for the redox polymer modified electrodes studied here, the rate constants
(k” or k12) for a number of substrates reacting at several polymer
modified electrodes were examined Only surface reactions were
considered in order to avoid complications of variations 1n substrate
partition coefficients,K, and diffusion rates within the polymer, Dy The
previously reported reactions which were examined are, the reduction of
Fe(III) at a [Os(bipy)2(PVP)10ClICI modified electrode (K taken from
Forster et al 13) and the reduction of Fe(III) at a polythionine modified
electrode (k” taken from Albery ez al 14) The rate constants for the
oxidation of Fe(II) at [Ru(bipy)2(PVP)10CI]Cl 1n perchloric acid electrolyte
(Sx”) and the oxidation of ascorbic acid (S¢”) at [Os(bipy)2(PVP)10ClI]ICl
were found experimentally (vide infra) A plotof log k” vs AE 1s shown
in Fig 61 It can be seen that the rate constants for the cross-exchange
reactions increase logarithmically with increasing electrochemical driving
force as predicted by the Marcusian relationship above The general trend
1s not unexpected, as Leidner and Murray 15,16 studied the rates of “up
hill” electron transfer reaction of a series of metal complexes at an
osmium modified electrode with varying formal potentials and found that
the rates of the cross-exchange reactions agreed quantitatively with the
Marcusian relation The purpose of modifying electrodes with
electrocatalysts is to accelerate electrode reactions, but from these results it
can be concluded that the exact level of acceleration can be precisely
manipulated by carefully controlling the AE between the electrocatalyst
and substrate The E ;2 of the electrocatalytic centres used in this study
can be easily controlled by manipulation of the coordination sphere of the
metal centre This has previously been demonstrated elegantly by the in
situ photo-substitution of the labile chlonde ligand of ruthenium redox
polymers. 17 The manipulation of the E1/2 of organic redox polymers 1s,
however, synthetically more difficult and the level of control 1s
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Fig. 61 Plotoflogk” vs electrochemical driving force Point a 1s
the reduction of Fe(Il) at [Os(bipy)2(PVP)10CH]Cl, point b 1s the
reduction of the same substrate at thiomine modified electrodes,
point ¢ 1s the oxidation of Fe(Il) at a [Ru(bipy)2(PVP)10CI]Cl
modified electrode while point d corresponds to the oxidation of
ascorbic acid at the osmium redox polymer All rate constants are
for surface reactions



uncertain 18 The good linearity of the results 1s surprising and
noteworthy for a number of reasons Firstly, the second point on the
graph relates to the reduction of Fe(IlI) at an organic redox polymer
(polythionine 14) while the rest of the data points correspond to reaction at
metallo-polymers Secondly, the final point on the graph (AE = 350 mV)
corresponds to the oxidation of the organic substrate, ascorbic acid, which
proceeds by an EC mechanism (vide infra) 19 The fact that the
experimental data, for the organo-metallic and organic mediators, and
metallic and organic substrates fall on a common line 1s indicative of the
general nature of the cross-exchange reactions That 1s, the energy barrier
for the cross-exchange reaction 1s a function of AE and not on the nature,
size or charge on the reactants or any chemical interaction with the
electrocatalyst 15.16 The results also indicate no difference n the rate of
oxidation or reduction with respect to AE Thus relationship may also be
useful in predicting the second order rate constant for reactants with
known formal potentials

In theory, increasing the rate of the cross-exchange reaction should
result in a corresponding change in electrode sensitivity This can be seen
in Fig 6 2 where the log of the theoretical sensitivity (calculated from
equation 6 1) vs AE 1s plotted The sensitivities are normalised with
respect to b and n 1t can be seen that increasing AE results in the
corresponding increase 1n sensor sensitivity The ratio of the theoretical
sensitivities for Fe(Il) oxidation at [Ru(bipy)2(PVP)10Cl]Cl and Fe(IIl)
reduction at [Os(bipy)2(PVP)10CIJCl 1s 1 7 while the experimentally (FIA)
found ratio1s 2 1 Considenng that the FIA response is not at steady-state,
this close agreement indicates that the values obtained can be used to
predict the sensitivity of modified electrodes in thin-layer flow-cells It
should be noted that increasing the free energy difference beyond the
point where the currents become diffusionally controlled or fall into the
Marcusian “inverted region” 1s futile from the sensor point of view, as no
further increase 1n electrode current will result and the likelihood of
increasing the number of interference 1s real 15,20,21

In addition to the manipulation of the Ej/; of electrocatalyst,
formation of complexes which result in an increase in the free energy
difference between the redox catalyst and the substrate can increase
electrode sensitivity e g the 2,2'-bipyndyl complexes of Fe(Il) and the
thiocyanate complexes of Fe(Ill) This can be seen in Fig 6 3 The steady-
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force Point a 1s the reduction of Fe(lIl) at [Os(bipy)2(PVP)ioCIICl,
point b 1s the reduction of the same substrate at thionine modified
electrodes, point ¢ 1s the oxidation of Fe(Il) at a
[Ru(bipy)2(PVP)10CICl modified electrode while point d
corresponds to the oxidation of ascorbic acid at the osmium redox
polymer All rate constants are for surface reactions
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Fig 6 3 The response of an [Os(bipy)2(PVP);0CHCl modified
electrode to 1 0 x 10-3 mol dm-3 Fe(lI) and to the same solution following
addition of excess SCN- Point B represents the addition of the Fe(lII) to
the electrolyte and point A represents the subsequent addition of SCN-
The electrode rotation speed was 1000 rpm and the applied potential was
0120V vs SCE The electrolyte was 0 05 mol dm-3 HpSO4



state response to 1 0 x 10-3 mol dm-3 Fe(III) reduction at a
[Os(bipy)2(PVP)10CICl modified electrode 1s 42 0 pA Addition of excess
SCN- results 1n the rapid formation of [Fe(SCN)x]3-¥) + (where x = 1,2
or 3) and a rapid increase in electrode response to 60 0 pA which
corresponds to a 50 % 1ncrease 1n electrode response A second effect,
increase 1n K due to the reduction 1n the overall charge of the substrate
may also be evident 1n this example However, the expennment was carried
out with a mono-layer surface coverage (= 1 x 10-10 mol cm-2) to try to
eliminate this effect

6 3 2 Interference / Selectivity Control of Sensors

Traditionally, the greatest hmitations of electroanalytical techniques
was the lack of selectivity of electrochemical procedures and the severe
surface fouling of conventional electrode surfaces 22 Conventional
methods of controlling electrode selectivity and prevention of surface
fouling have been reviewed recently 23 These generally are reliant on the
masking of interferents, in-line separations, pulsed and sampled current
techniques or mathematical deconvolution of mixed signals These
problems have also resulted in the introduction of chemically modified
electrode surfaces for selective detection 22 Redox polymer modified
electrodes can increase sensor selectivity as acceleration of the electrode
reaction of interest allows detection at lower operational potentials
resulting 1n an exponential decrease 1n potential interference 24 In
addition, only simple outer-sphere electron transfer reactions are feasible at
the modified electrodes studied 1n this thesis This prevents reactions
requiring involved inner-sphere electron transfer for reaction So
modification with the redox polymers results in an inherent improvement
in selectivity It 1s possible, however, that co-existing electro-active species
may interfere with the response for the analyte of interest A typical
example of this 1s the presence of Fe(III) and Cu(lI) in samples for the
determination of nitrite by electrocatalytic reduction with
[Os(bipy)2(PVP)10CI}Cl The formal potential for the Fe(II)/Fe(Ill) redox
couple 1s 0 46 V vs SCE 25, therefore, the reduction of Fe(IIl) can be
mediated by the osmium centres within the polymer film which have an
E1/2=025V vs SCE The formal potential of Cu(II)/Cu(I) redox couple is
0275 V vs SCE 26, therefore, the electrocatalytic reduction of Cu(ll) 1s
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also possible, although the thermodynamic dniving force 1s small (0 025 V)
The effect of these interferents can be easily eliminated by manipulation of
the thermodynamics of the system Formation of the ethylenediamine-
tetraaceticacid (EDTA) complexes of these metal 10ns results in a shift in
formal potential to a region negative of the formal potential of the
electrocatalyst and therefore are thermodynamically excluded from
reaction The [Fe(EDTA)]* formal potential being -0 13 V vs SCE and
for [Cu(EDTA)] the formal potential 1s -0 46 V vs SCE 26 This effect
can be seen in Fig 6 4 for Fe(lll) It can be seen from this diagram that
simple formation of [Fe(EDTA)]* eliminates interference A large body of
information concerning the electrochemical behaviour of metal complexes
exists, and this information may be useful 1n providing simple means of
overcoming selectivity problems with co-existing electro-active species

Another common nterferent in the determination of nitrite using
the standard spectrophotometric methods 1s ascorbic acid 27-28 Ascorbic
acid 1s known to mterfere with the diazotisation step for the colorimetrc
reaction Thus species is ubiquitous 1n biological samples such as saliva,
processed meats and fruit Juice and exists at concentrations significantly
greater than nitrite, and poses considerable difficulty in determining nitrite
in biological matrices The applied potential for the detection of nitrite by
reduction at an [Os(bipy)2(PVP)10Cl]Cl electrode is 0 120 V vs SCE The
formal potential of ascorbic actd (at pH 7 0) 1s -0 190 V vs SCE 29,
therefore the oxidation of this compound 1s thermodynamically favourable
at the osmium polymer modified electrode Ascorbic acid was however
found not to interfere 1n the detection of nitrite This 1s evident from the
traces seen 1n Fig 6 5 The presence of ascorbic acid in ten fold excess
compared to mtrite does not affect the response of the modified electrode
1n the FIA system to nitnte The reason for the absence of interference
from ascorbic acid oxidation, although thermodynamically favourable can
be explained In order to appreciate this explanation in full, the transport
and kinetics of ascorbic acid oxidation at [Os(bipy)2(PVP);oCl]Cl will be

described

It has ben established that the oxidation of ascorbic acid proceeds
via two consecutive one-electron processes mnvolving the participation of a
radical anion intermediate resulting 1n the formation of dehydroascorbic
acid 30 This species finally undergoes a hydration reaction charactenstic
of carbonyl groups to form an electro-inactive product The overall
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Fig 64 Current-potential curves showing the effect of EDTA on
the electrocatalytic reduction of Fe(Ill) at the osmium redox
polymer modified electrode Curve A represents the reduction of
free Fe(IIT) at the redox polymer while curve B shows the current
potential curve of the same Fe(IIT) solution 1n the presence of excess
EDTA The potential sweep rate was 5 0 mV s-1, the electrode
rotation speed was 1000 rpm and the electrolyte was 0 05 mol
dm-3 H7SO4
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Fig65 The effect of ascorbic acid on the [Os(bipy)2(PVP)10CICl
modified electrode response to mitnite, (A) 500 ug cm-3 ascorbic
acid, (B) 50 pg cm-3 NO3- and (C) 500 pg cm-3 ascorbic acid plus
50 ug cm-3 NOy- The electrolyte was 0 1 mol dm3 H28O4 at a
flow rate of 0 2 cm3 mun-!



reaction process can be classified as an EC process 19 The fundamental
electrode kinetics of this reaction have been studied extensively at
conventional electrodes such as Hg 31, Au 32, Pt 34 and glassy carbon 35
The electrocatalytic oxidation of ascorbic acid at modified electrodes has
also been descnibed The outer-sphere homogeneous oxidation of ascorbic
acid by a senes of ron(I1l)-phenanthroline complexes has been studied in
detail by Pelizzetti 36 The reaction rate was found to be first order with
respect to ascorbic and to the metal complexes Anson ef al 37 studied
the oxidation at Nafion coated electrodes with [Os(bipy)3] incorporated
electrostatically Both these studies indicated that the electrocatalytic
reaction proceeds via the radical anion intermediate and that the rate of
the cross-exchange reaction 1s very facile

The formal potential (E©) of the ascorbic acid oxidation 1s 0 058 V
vs SHE at pH 70and 0 140 V vs SHE at pH 50 38 As the E° for the
oxidation reaction 1s negative of the formal potential of the Os(I1)/Os(111)
couple, the mediation of the oxidation reaction by the osmium redox
polymer is thermodynamically possible In this study, the reaction order
with respect to ascorbic acid and proton concentration was examined in
0 1 mol dm-3 NazSO4 at pH =4 5 The reaction order for ascorbic acid
and proton concentration was found to be unity for both reactants (slope
=102 005 and 095 + 005 respectively) These results indicate that the
oxidation reaction at [Os(bipy)2(PVP)10Cl]Cl modified electrode proceeds
via the two electron process as observed for other modified electrodes 37
In Fig 6 6 Levich plots for the ascorbic acid oxidation at three modified
electrodes with various surface coverages at pH 4 5 can be seen These
plots are linear and all pass through the ongin These observations suggest
that the reaction flux 1s equivalent to the Levich flux : e mass transport
controls electrode currents and the reaction occurs at the surface of the
polymer Simular surface behaviour has been observed for ascorbic acid
oxidation at Nafion coated electrodes 37 The corresponding Koutecky-
Levich plots are shown in Fig 6 7 Using the diagnostic scheme of Albery
and Hillman, the exact kinetic regime can be elucidated The Koutecky-
Levich plots are linear and the limiting currents are dependent on the
rotation speed of the electrode This allows the elimination of the Ste, LSte
and LEy kinetic cases The Levich slope for the modified electrode was
found to be 7.4 £ 0 2 x 10-4 cm s-1/2, while at the bare glassy carbon the
slope was 6 2 + 03 x 10-4 cm s-1/2 The shghtly smaller slope may be a
result of sluggish kinetics at the carbon electrode These
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Fig 6 6 Levich plots for the oxidation of 4 0 x 104 mol dm-3
ascorbic acid at [Os(bipy)2(PVP)19CI]Cl modified electrodes The
points ¢, []and ] represents polymer surface coverages of 3 3 x
10-10,5 5 x 10-10and 2 8 x 10-9 mol cm-2 The electrolyte was 0 1

mol dm-3 NapSO4 at pH 4 5 The potential sweep rate was 5 mV
s-1
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Fig 67 Koutecky-Levich plots for the oxidation of 2 0 x 10-4
mol dm-3 ascorbic acid at [Os(bipy)2(PVP)oClCl modified

electrodes The points ¢, [J and [} represents polymer surface

coverages of 33 x 10-10,55 x 10-10 and 2 8 x 10-9 mol cm-2
respectively The electrolyte was 0 1 mol dm-3 NaSOg4 at pH 4 5
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values are however, within experimental error the same, therefore the
LRZety case can be ehminated The reaction order with respect to L and
bo was found to be zero for L and unity for b, slopes of 0 0 = 0 05 and
095 £ 005 respectively This indicates that the kinetic regime ts S This
1s expected from the linearity and zero intercept of the Levich plots The
second order rate constant £” can now be estimated from the modified
electrode rate constant, k£’ ME by the relation 37

KME = n k” bo (69)

Where # =2 The value of &’MEg was foundtobe 1 10 +005x 104 cm
s! Ths yields a value for k" of 78 + 04 x 10-4 dm3 mol-l cms-! The
cross-exchange reaction therefore occurs between solution phase substrate
and osmium redox sites at the surface of the polymer Ascorbic acid does
not permeate the polymer film under these conditions

According to the theory of Saveant 39 and Laviron 40, the rate
constant for the self-exchange reaction between the osmium sites within
the polymer film can be calculated from the following equation

De = /6082 bgkex (6 10)

Where d is the 1nter-site distance, ~ 0 2 nm, and De 1s the electron
diffusion coefficient (assumed equal to Dc(CV) = 1 x 10-10 cm2 s-1) This
gives a value of ~4 85 x 104 dm3 mol-! s-1 for kex As Dc; values

measured by transient techniques tend to under estimate the true current
carrying capacity of redox polymers, this estimate for kex 1s likely to be

conservative

The processes which may occur at the [Os(bipy)2(PVP)10CICl

modified electrode in the presence of nitnte (as NO*) and ascorbic acid
(H2AA) are schematically represented in Fig 6 8 NO* partitions 1nto the

polymer film with K = | where upon the following cross-exchange
reaction occurs
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Fig 6 8 Schematic representation of the mediated reactions occuring
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K =partition coefficient, &, k¥’ are the second order rate constants for the
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NO+ + Os() — NOg + Os(ill) 6 11)

]

Thermodynamically, oxidation of Os(1I) by HAA can not occur
However, the Os(I1]) sites generated by reaction 6 11 can theoretically
participate 1n following reaction

HoAA + 20s(lll) — 2H* + AA + 20s(l]) (6 12)

If reaction 6 12 proceeds then the overall reaction can be given by

HzAA + 2NO*+ — 2NOgg + 2H* + AA  (613)

The nett effect of this would be electron flow from the ascorbic acid to the
nitrosonium 10n and a suppresston in the cathodic electrode current This 1s
not observed for a number of reasons Firstly, the ascorbic acid does not
penetrate the polymer film (K = 0) therefore only a mono-layer of osmium
sites may come 1nto close enough proximty to participate 1n reaction 6 12
Secondly, the rate of self-exchange between the Os(II) and Os(III) sites (=
4 85 x 104 dm3 mol-! s-1) 1s significantly faster than the cross-exchange
reaction between the Os(IIl) and ascorbic acid (7 8 x 10-4 dm3 mol-! cm
s-1) And finally, since the nitnte reaction 1§ carned out at pH 1 0, as the
reaction order for HpAA oxidation 1s -1 for [Ht], and as the reaction 1s
unfavourable under these conditions The overall effect of the possible
mediated electron transfer from HyAA to NO+ would therefore be
negligible Also no direct reduction of NOt+ by H2AA is evident over the
time-scale of the measurements made From this, the redox polymer can
be seen to act as an “electron valve” at the electrode surface allowing uni-
directional current flow

Another biologically important anion which causes considerable
interference 1n the detection of nitrite by electrochemical methods 1s
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thiocyanate, SCN- 27 The oxidation of this anion results in the formation
of (CNS); according to the following reaction 26

2 SCN- — (CNS)2, + 2e (6 14)

The product of the oxidation reaction adsorbs onto the electrode surface
and results in rapid electrode passivation This is evident from the
following observations The alternating injection of 1 0 x 10-3 mol dm-3
NO>- and 1 0 x 104 mol dm-3 SCN- solutions results 1n a 15 % decrease
In response to nitrite over a 12 alternating injection sequence at the bare
glassy carbon electrode, while no significant change in response to nitrite
at the |Ru(bipy)2(PVP)10CICI modified electrode (RSD =0 87 %) was
evident This behaviour may be attnibuted to the lack of adsorptive
properties of the polymer films and also to the catalytic nature of the
reaction which ensures that any SCN- permeating the film to the
underlying surface does not react there It should be noted that the
ruthenium polymer mediates the oxidation of thiocyanate, therefore SCN-
interferes electrochemucally with the determination of nitrite oxidatively
However, reduction of nitrite at low potentials using the osmium redox
polymer eliminates this electrochemical interference in addition to
eliminating the passivation effect The lack of adsorptive properties of the
redox polymers is also responsible for the absence of surface fouling found
for the direct oxidation and reduction of nitrite at carbon electrodes 41
This, and the absence of passivation due to protein, have been discussed 1n
chapter 2

In the speciation analysis of Fe(II) and Fe(III), Cu(Il) was found to
interfere with the detection of Fe(IlI) Presumably this 1s a result of the__
reduction of Cu(ll) The coordination chemistry of Fe(III) and Cu(II) are
similar, therefore the use of complexing reagents to discriminate between
these complexes 1s difficult This 1s further complicated by the fact that
Cu(ll) complexes are relatively un-stable at the low pH’s required for the
speciation analysis A certain degree of selectivity can however be
obtained by increasing the polymer layer thickness The exact kinetic and
transport processes have not been evaluated for Cu(ll) reduction at
[Os(bipy)2(PVP)10CIICl, however, increasing the surface coverage of the
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Surface Coverage/ Fe(III) Cu(Il

Ratio of
mol cm-2 1p/ nA ip/ nA  Responses
10x 10-10 376 100 39
10x 109 432 92 47
10x 108 523 89 59
Table 6 1

The effect of surface coverage on Fe(Il]) sensor

response to Fe(111) and Cu(ll) The concentrations were | 0 x
10-3 mol dm-3 for both species The electrolyte was 0 1 mol

dm-3 H2SOy4 at a flow rate of 1 0 cm3 mun-!



polymer results 1n a decrease in the response due to Cu(ll) and increases
the response due to Fe(11) This effect 1s seen 1n Table 6 1 From these
results it appears that the Cu(II) reduction occurs in a small portion of the
polymer film or possibly at the surface of the polymer Increased
selectivity 1s achieved by increasing the number of catalytic sites available
for reaction with the analyte

633 Background, LOD and Linear Ranges

The background current (neglecting electronic noise and
environment fluctuations) at electrodes can be attributed to a number of
sources 42 Firstly, non-faradaic charging currents (capacitance) are
evident in voltammetric techniques where the electrode potential 1s
changing with respect to time As the sensors used here operate at
constant apphed potential, this allows the capacitance current to decay to
zero during measurement Charging currents therefore generally do not
present a problem for these sensors However, injection of samples into
the FIA carmier stream with matrix composition grossly different from the
composition of the carrier, 1 ¢ widely different pH or 1onic strength, may
present difficulty The structure of the electrode double layer at the
electrode surface at constant potential 1s a function of the apphied potential
and the composition of the electrolyte Sample plugs with differing
composition therefore results 1n a transient response due to the
perturbation of the double layer This process has been detailed recently
for glassy carbon electrodes in flow cells 43 We have observed that the
transient charging current under the usual experimental conditions 1s about
2 5 umes less than that for the bare glassy carbon electrode under 1dentical
conditions So modification of the electrodes decreases sensitivity to small
changes 1n the double layer structure

This type behaviour has been observed for the detection of nitrite
described in chapter 2 because the sample plug 1s about pH 7 while the
carnter 1s pH 1 0 This presents difficulties at low mitrite concentration This
can be overcome by using injection volumes sufficiently large such that
the resident time of the sample plug in the thin-layer flow-cell 1s greater
than the decay time of the capacitance current 43 Under these conditions
pure faradaic current can then be measured Fortunately, injection of
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samples with matrices identical to the carrier results in minimal disturbance
of the normal background such as for the detection of Fe(1l) and Fe(Il})

Another source of background response 1s faradaic current This
onginates from the oxidation or reduction of electro-active impurities 1n
the carrier electrolyte In order to minimise this source of noise, electrolyte
concentrations should be kept as low as possible while sufficient to still
maintain efficient charge transport through the redox polymer film It1s
expected that the three dimensional arrangement of electro-active sites at
the modified electrodes would significantly increase the background
faradaic current This behaviour however 1s not observed The background
faradaic currents at the modified electrode are typically = 25 % of that
observed for the bare glassy carbon The reason for this i1s not clear It 1s
however known that the level of porosity of glassy carbon electrodes
determines to a large extent the level of background current experienced
under operational conditions 44 The presence of adsorbed polymer on the
surface may decrease the effect of porosity by blocking pores from the
contacting electrolyte and thus suppressing this source of background
current The magnitude of background current is of significant importance
as this determines the limit of detection (S/N =2/1) Thus, the modified
electrodes can lower limit of detection by decreasing background noise (N)
as well as increasing the analytical signal (S)

The theoretical imit of detection, 1 e the concentration of substrate
required to produce a signal twice that of the background current, for the
Fe(1ll), Fe(Il) and NO>" sensors can be estimated under conditions of
infinite mass transport (& — 0) using equation 6 15 5-10

i =nFA kK bo L ys (6 15)

Using this equation, assuming a normal background current of =0 1 nA, 5
% conversion efficiencies at the optimum flow rate for each sensor, and
surface coverages of about 1 x 10-8 mol cm-2, the following theoretical
L.ODs were found, for Fe(Il), 6 5 x 10-11 mol dm-3, Fe(III), 5 2 x 10-2 mol
cm2 and NO2-, 3 1 x 10-6 mol dm-3 The expenmentally estimated LOD
were, Fe(11), 5 0 x 10-8 mol dm-3, Fe(1II), 5 0 x 10-8 mol dm-3 and NO»-,
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50 x 10-6 mol dm-3 Under these conditions, the electrode responses
should be under kinetic control,s ¢ L Itis evident that the
experimentally observed LODs for nitnite agrees well with that found
using equation 6 15 This i1s probably due to the rapid permeation of the
polymer film by the substrate (K = 1 0) and the absence of mass transport
control on the electrode currents, 7 ¢ the catalytic reaction is controlled by
k rather than K or Dg (diffusion of substrate 1n solution) This 1s confirmed
by the strict first order relationship with respect to L in the thin-layer flow-
cell (Fig 2 20) For both Fe(ll) and Fe(III) sensors the theoretical LLOD’s
are significantly lower than that obtained expenmentally It 1s likely that
the partitioning of these substrates into the films under flow conditions is
far from equilibnum (equilibrium conditions are used to calculate the
apparent second order rate constant kK used above), and as a result the
electrode currents are likely to be less than those predicted by equation

6 15 This again 1s reflected in the effect of surface coverage on electrode
response 1n the flow cells where the slopes of InT" vs In s are << 1 0 for
both Fe(Il) and Fe(III) sensors (Fig 3 8) It 1s possible that steady-state "
conditions may be fulfilled, and therefore results in lowering of the LOD’s
obtained with the use of larger injection volumes or slower carrier flow
rates However due to the thin-layer nature of the sample plug 1n the flow-
cell, the possibility of complete depletion of the substrate in the interfacial
region may limut the usefulness of these measures

We can also calculate the theoretical sensitivity (WA mmol-1 dm3)
for each sensor at steady-state from equation 6 15 and compare the values
to those found expenmentally The theoretical sensitivity of the nitrite
sensor calculated (from the experimental conditions) 1s = 1 3 uA mmol-1
dm3 while the experimentally estimated value 1s 2 3 pA mmol-! dm?3
These are, within experimental error, identical This close agreement again
appears to be a result of the rapid permeation of the substrate into the film
and the kinetic control of the reaction in the thin-layer flow-cell The
calculated sensitivity for the Fe(III) is = 40 pA mmol-1 dm3 while the
experimental value 1s 3 08 pA mmol-1 dm3 The experimental value 1s
considerably less than the predicted value This may be attributed to the
non-steady-state conditions 1n the thin-layer flow cells Similar deviant
behaviour 1s observed for the Fe(II) sensor The estimated sensitivity for
the Fe(Il) sensor 1s = 3 mA mmol-! dm3 while the experimental value 1s
6 4 uA mmol-1 dm3 This may also be attributed to non-steady-state
conditions 1n the flow-cell for this reaction
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The theoretical lower mit of detection has been calculated using
equation 6 15 The upper limut of linearity can also be estimated using this
equation Direct comparnison between the top of the linear range estimated
theoretically 1s not directly comparable to that found expennmentally 1n the
thin-layer flow-cell as the hydrodynamic conditions are different for both
sttuations It 1s however informative to compare these parameters as this
gives an estimate of the “saturation concentration” The current response
for a particular concentration of substrate at any redox polymer modified
electrode 1s a function of the four charactenstic currents defined by
Saveant 510 these are, the electron transport current, I, the Levich
current, 15, the Kinetic current, 14 and the substrate diffusion current, g
For the osmium and ruthenium redox polymers used for the detection of
Fe(1I), Fe(llI) and NO3-, the rate of charge transport measured by
chronoamperometry, ( D¢ (PS) ), in sulphuric acid electrolyte 1s = 1 x 10-2
cm2s-1 45 Using this value and equation 6 16 for 1¢, the maximum
current flux possible at the modified electrodes can be estimated

te = FDagI /L2 (6 16)

This yields a value for the maximum current flux fora 1 0 x 10-8 mol
cm-2 surface coverage of 4 3 mA cm2 The charactenstic kinetic current,
1, for the oxidation of 1 0 x 10-3 mol dm-3 Fe(Il) at the ruthenium
modified electrode 1s estimated from equation 6 15 to be 43 4 mA cm-2
The corresponding Levich current (13) estimated from equation 6 17 1s
47 1 mA cm2

la = FywDs/d 6 17)

As the kinetic current 1s smaller the Levich current at this surface
coverage, the electrode responses are kinetically controlled under these
conditions As the kinetic current increases with increasing substrate
concentration, the sensor response will deviate from lineanty when the
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magnitude of the kinetic current reaches that of the maximum electron
diffusion current For the Fe(llI) sensor, the kinetic current 1s 0 54 mA cm-
2 while the Levich current 1s 47 1 mA cm2 Again, under these conditions
the sensor response will deviate from linearity when the kinetic current
approaches the electron diffusion current Using equation 6 15 this
situation arises for the Fe(I1l) sensor when the substrate concentration
reaches 8 3 x 10-3 mol dm-3 for the 0 3 cm diameter electrodes used 1n
the flow-cell This is shightly less than that found experimentally,1e 10 x
10-2 mol dm-3 For the Fe(II) sensor, the substrate concentration, where i
exceeds Ie, 1 1 0 x 104 mol dm-3 This 1s considerably less that that found
experimentally, 1 ¢ 10 x 10-2 mol dm-3 The larger linear range found
expenmentally may be attributed to the non-steady-state conditions
operating in the flow-cell for this reaction

For the NO37- sensor, the slow nature of the cross-exchange reaction
ensures that 14 << 153 and te, so the electrode current 1s himited by the
kinetics of the cross-exchange reaction rather than electron transport (1)
or by mass transport (z3) of the substrate to the electrode surface Using
equation 6 15 the concentration of nitrite required for 1 = ¢ 18 5 2 mol
dm-3 The reason for this extended hinear range 1s the slow nature of the
electrocatalytic reaction and the absence of mass transport control

634 Inter-Electrode Variability

The application of polymer modified electrodes for routine analysis
requires reproducibility of inter-electrode responses to be within an
acceptable imit In situations where direct calibration 1s impossible, such as
remote sensors or 11 vivo sensors, then strict reproducibility of the
electrodes 1s essential The use of automated lithographic technology
appears the most fruitful approach to the production of mass produced
modified electrodes Such processes have the advantage of very
reproducible production of the electrode surface The manual method for
the modification of electrodes probably represents the least reproducible
form of electrode production It 1s useful to quantify the exact level of
reproducibility attainable by manual methods 1n order to estimate the
worst case It has already been shown 1n previous chapters that intra-
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electrode reproductbility is excellent at less than 1 5 % RSD for the Fe(ll),
Fe(1ll) and NO2- sensors This level of reproducibility 1s probably a
reflection on the reproducibitity of injection of the sample in to the FIA
system rather than an inherent feature of the sensors

The inter-electrode reproducibility was estimated by preparing a
sertes of 8 electrodes from [Os(bipy)2(PVP)10Cl}C] and measuring the
response for standard solutions of 10 x 10-3 mol dm-3 Fe(1ll) and
ascorbic acid These substrates reflect the effect of electrode reproducibility
on through film reactions (Fe(1iI) and surface reactions (ascorbic acid) It
was found that for the detection of ascorbic acid the relative standard
deviation over 8 electrodes was of 27 % This level of vanation may be
considered low taking in to account the minute quantities of
electrocatalysts deposited on the electrode surfaces For the through film
reaction the RSD over the same number of electrodes was 4 4% The
slightly higher value here represents the greater sensitivity to small
changes in polymer layer thickness This level of reproducibility may also
be considered excellent With the use of automated coating procedures
increases 1n the reproducibility of electrode preparation is inevitable

6.4. Conclusions

In this chapter it was demonstrated that the polymer bound
electrocatalysts behave 1n a general fashion These matenals can therefore
be applied to the analysis of a wide range of potential analytes The only
requirement 1s that electron transfer 1s outer-sphere 1n nature and that the
Gibbs free energy of the reaction 1s negative This has been demonstrated
by the constriction of sensors for the analysis of substrates such as Fe(II)
and Fe(II) The general nature of the behaviour observed also allows to a
certain extent the prediction of the behaviour of potential analytes under
operational conditions It has also been shown that the basic
thermodynamic principles can be used to control the sensitivity of the
sensors In addition, greatly enhanced selectivity can also be accomplished
by manipulation of the formal potentials of the redox catalysts and that of
the analyte and potential interferents The large body of information
available 1n the literature concerning the electrochemustry of electro-active
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species can be applied to control the reactivity of the modified electrode
and also the reactivity of the substrates This results 1n the elimination of
many potential interferences in real analytical systems It was also shown
that thermodynamically favourable electron transfer reactions of
interferents such as ascorbic acid were suppressed due to rapid electron
self-exchange rates between the catalytic sites within the polymer film The
polymer was seen to act as an “electron valve” by allowing current flow
in cathodic direction only At conventional electrodes the nett current 1s a
sum of both anodic and cathodic currents Obviously, ascorbic acid
oxidation proceeds at the operational potentials used in this study using
conventional electrode matenals

Modified electrodes also exhibit lower background currents and
lower transient capacitance currents than conventional electrode material
This, along with the acceleration of the electrode reaction of interest,
results 1n lower limits of detection The upper limut of the linear range for
the sensors can also be calculated using conventional theory in order to
access the “saturation concentration” For modified electrodes in flow
cells extended linear ranges are possible due to the non-steady-state
conditions prevailling under these hydrodynamic conditions In general, the
use of the theory of mediated electrocatalysis 1s very useful in predicting
and descnibing electrode responses in FIA applications

It was also shown that modified electrodes could be prepared
reproducibly (< 5 % RSD) by manual methods By imphcation automated
procedures for the manufacture of such devices could produce devices
with highly controlled electrocatalytic and transport properties This 1s of
considerable advantage for the commercialising of such devices for routine
analytical applications
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Chapter 7

Concluding Comments
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Much of the previously published work concerning redox polymer
modified electrodes involved the fundamental aspects of these devices
These studies included theoretical models of charge transport processes
and mediated electrocatalysis Generally, studies of electrocatalysis at these
electrodes were designed for the testing of proposed theoretical models
rather than the development of strategies for electroanalysis, however the
potential for sensor development has often been alluded to As a result
relatively little attention has been given to the detailed investigation of the
analytical applications of such modified electrodes The purpose of the
work reported in this thesis was to investigate some concepts for the
development of redox polymer modified electrodes for electroanalysis and
consider general strategies for analytical applications

Much of current interest in electrocatalysis revolves around the use
of under-potential deposition, adatoms and 1norganic films at electrode
surfaces Although useful and elegant, such approaches are often severely
limited by stability problems and synthetic difficulties The use of
polymeric redox catalysts offer many advantages over other modified
electrodes for electroanalysis These advantages can be attributed to the
possibility of three dimensional reaction zones, and more importantly, the
level of synthetic vanability which can be used 1n the preparation of
organo-metallic polymers Throughout this thesis, the predominant
underlying theme 1s of, control, by mantpulation of the inherent properties
of the mediating layer By controlling the properties of the redox polymer.
the reactivity of the electrode can be regulated, and with this the possibility
of performing selective detection of target analytes becomes real With the
ability to manipulate the properties of the redox polymer, consideration
must be given to what parameters are to be optimised and for what
reason The implications of such manipulations on the various processes
occurring at the electrode must also be considered The parameters which
can be manipulated that are useful in designing electrochemical sensors
from redox polymer modified electrodes are, polymer layer thickness, L,
the concentration of electro-active sites within the film, by, the rate
constant for the cross-exchange reaction, &, partition and diffusion of the
substrate into the film, K and Dy respectively and the rate of charge
transport, D¢t Traditionally, all of these parameters are considered difficult
to control with the exception of L Probably the reason for this view 1s the
predominance of electro-polymerisation of both organic redox polymers
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and organo-metallic maternials Such synthetic approaches offer limited
scope for vanability

Probably the most frequently measured parameter in the study of
redox polymers 1s the rate of charge transport, D¢t It has often been
stated that the first parameter to be optimised for for the development of
redox polymer modified electrodes 1s charge transport An example of the
importance of rapid charge transport was seen in chapter 5, where the
response for Fe(Ill) at an [Os(bipy)2(PS)7 5(DMAP), 5CI1]Cl modified
electrode was limited by electron transport at substrate concentrations
greater than 1 0 x 10-3 mol dm-3 The assumption that charge transport
must always be rapid appears to onginate 1n the field of electro-synthesis
rather than in the arena of sensor development Obviously, electro-
synthetic procedures requires maxtmum efficiency from the working
electrode However, this assumption begs the question how fast should
D¢t be for operational sensors? The answer to this question 1s simply
only as fast as required The strategy for the development of any sensor
must be application specific For most potential sensor applications, the
approximate concentration, and the level of variabtlity of the target analyte
concentration is generally known In addition, environmentally important
analytes tend to exist at low concentrations e g ppb — ppm As a result,
there 1s little to be gained from the use of modified electrodes where the
current carrying capacity of the polymer greatly exceeds the expected
reactant flux to the electrode surface In terms of Saveant’s theory, the
charactenstic electron diffusion current, ie, need only exceed the expected
charactenistic mass transport current, 1; In fact, conditions for rapid
charge transport are mutually opposed to those for maximum polymer
stability, so, much can be gained by using polymers with application
specific charge transport rates Only 1n situations where the analyte
concentration varies over several orders of magnitude or exists at high
concentration are optimum charge transport rates required

It was demonstrated 1n chapter 4 that cross-linking
[Os(bipy)2(PVP)10CIICl with vanous levels of 1,5-dibromopentane
resulted 1n polymer films with varying charge transport properties In
addition, previous studies on these matenals demonstrate that the structure
of the polymer backbone and the composition of the contacting electrolyte
can 1nfluence the charge transport properties of these matenals
remarkably Also, manipulation of b, has a marked influence on the
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charge transport rates The results suggests that D¢t 1s more controllable
than originally believed With the synthetic strategy used for the
preparation of these materials, the polymer backbone, concentration of
electro-active sites, the type and level of cross-linking can be controlled at
will

With the prospect of modified electrodes with controlled charge
transport rates, certain applications become apparent Controlled charge
transport allows the possibility of defined maximum current fluxes through
the polymer For example, many analytical procedures for environmental
monitoring are designed to indicate when the analyte concentration
exceeds the maximum permitted level for that species It i1s possible that
devices constructed from redox polymer modified electrodes may be used
to indicate a specified upper limut for the concentration of the target
analyte In designing such a system, the maximum electron flux through
the redox polymer under operational conditions would correspond to the
analyte mass transport flux at the maximum permitted concentration
Simple measurement of the electrode current would indicate when the
maximum current flux has been attained and consequently the upper
concentration limit Such “on/off” devices would however require precise
control of hydrodynamic conditions and potential interferences

It was seen in chapter 6 that the sensitivity and selectivity of sensors
for electro-active substrates depended on the free energy difference
between the substrate and the electrocatalyst The free energy difference
can be controlled by either manipulation of the Ej/7 of the electrocatalyst
or of the interfering species A very clear example of this was the
simultaneous detection of Fe(Il) and Fe(lII) in a single sample aliquot by
enveloping the formal potential of the Fe(Il)/Fe(lIl) redox couple by the
half-wave potentials of the osmium and ruthenium electrocatalysts This
allows speciation analysis of the free metal species without mampulation of
the oxidation states of the analyte redox pair This approach has
considerable advantages compared to existing techniques and the potential
for application to other redox couples and multiple redox states is clearly
evident The same principles were applied to enhance the sensitivity of
{Os(bipy)2(PVP)10CI]CI modified electrodes for the detection of Fe(III) by
the formation of iron-thiocyanate complex, [Fe(SCN)x](3-¥)+ Removal of
Fe(IIl) and Cu(Il) interference was also accomplished in this manner The
use of the slow cross-exchange reaction for the nitnte sensor was also
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shown to be advantageous The independence of mass transport controlled
allowed the electrode response to be directly related to known and easily
measurable parameters The equation describing the sensor response may
be used for the internal calibration of the sensor Due to the well
established coordination chemustry of osmium and ruthenium, control of
the free energy difference between the analyte and the redox catalysts 1s
relatively straight forward in comparison to organic redox polymers or
electro-polymenised organo-metallic matenals

In the case of the nitrite sensor, ascorbic acid interference was
prevented by inhibiting the oxidation reaction although the applied
potential was favourable Oxidation of ascorbic acid was prevented as the
redox polymer acted as an “electron valve” and allowed uni-directional
(cathodic) current flow Essentially, a co-existing electro-active species was
prevented from imterfering by manipulation of the thermodynamic of the
system At conventional electrodes, this analysis would be impossible It 1s
concervable that the other simple concepts may be exploited to carry out
unique electroanalytical measurements A possible example of this 1s the
determination of co-existing electro-active substrates by control of the
reaction zones If we consider a system where species A can permeate the
polymer film and react 1n a three dimensional reaction zone, L, (e g
Fe(II) in [Ru(bipy)2(PVP)10Cl]Cl) and species B which can not permeate
the polymer film and reacts at the polymer/electrolyte interface, Sk”, (e g
ascorbic acid at [Ru(bipy)2(PVP)10ClICl) Assuming sufficient charge
transport to accommodate both reactions simultaneously at a polymer film
of thickness, L1, then the current flux 1s the sum of the fluxes for both
reactions At another modified electrode with a thicker polymer film, L3,
the current flux again 1s the sum of the surface and film reactions,
however, the difference 1n current response 1s due to the differences in
layer thickness, AL, and consequently the oxidation of A Under identical
hydrodynamic conditions, the current for the oxidation of A at L} can be
1solated and consequently the current response for B Again, this concept
would be impossible to implement at conventional electrodes or
monolayer devices These novel approaches 1s a direct consequence of the
unique, controllable behaviour of the redox polymers

Currently, much attention 1s being directed towards the
development of electrode arrays, for example, potentiometric arrays for
the determination of a range of 10ns 1n blood These approaches stemmed
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from the success of multi-linear regression techniques applied to near IR
spectroscopy 1n the 1970’s In these applications, the absolute specificity of
each sensory element 1s not cntical, the calibration procedure models the
sensory elements response to various substrates in a series of cahibration
solutions (“‘learning sets”) Due to the general nature of the mediated
electrocatalysis studied here, 1t 1s likely that absolute specificity in complex
samples for these electrodes is unattainable unless under very defined
conditions In the above discussion, numerous approaches are available to
impart certain levels of selectivity and sensitivity to individual sensors It is
likely that arrays of modified electrodes may be constructed with
synthetically controlled selectivity and sensitivity for a range of analytes
The use of the well developed calibration procedures using multi-linear
regression may prove successful 1n establishing modified electrodes as real
analytical devices

In summary, the use of redox polymer modified electrodes for
electroanalyis 1s 1n a early stage of development It 1s quite clear that the
metallo-polymers used for sensor development offer a range of advantages
over the more commonly used electrocatalytic surfaces The use of simple
synthetic strategies to control selectivity on the basis of partition (K), free
energy (k) and reaction loct 1s of particular advantage Many simple
concepts which can be implemented for the 1solation of information for
analytical purposes are available and it i1s certain that many more will be
proposed and developed The future prospect for these devices lies in the
“fine tuning” of the properties of the polymer layers, truly engineering on
the molecular scale

324



