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This thesis is concerned with the development and laboratory assessment of
an electrochemical sensor for the detection and measurement of the volatile
inhalation anaesthetic, forane. Investigations were therefore based on the
heterogeneous and homogeneous reduction of this agent in non—aqueous electrolyte.

Preliminary experiments at a mercury and other rotating disc electrodes
(RDEs) revealed that the direct reduction of forane was not possible and therefore
the use of an electron transfer mediator was examined. To this end, the radical
anion of the polyaromatic compound, fluoranthene, (F), was investigated as a
possible electro—reduction catalyst and the mediated reduction of the anaesthetic,
via a catalytic process, demonstrat :d.

Theory was presented for the calculation of chronoamperometric and
steady—state responses at the RDE resulting from one electron transfer and coupled
(catalytic) homogeneous kinetic processes. The latter enabled a precise mechanism
to be assigned to the F + forane process, while a comparison of the former theory
with experimental chronoamperometric results was used, in conjunction with AC
impglance studies, to investigate the adsorption of F at the mercury/acetonitrile
interface.

A polymer modified electrode, based on the  polymer
poly—(11—vinylfluoranthene) was demonstrated to be effective in the heterogeneous
reduction of forane but displayed only a limited lifetime. Therefore, a Clark—type
membrane electrode was constructed and the detection and measurement of forane,
in the absence of oxygen, demonstrated using this device. However, the sluggish
response of this sensor, together with interference problems from oxygen encouraged
the development of a device which utilised a channel electrode (ChE) sensing
approach.

Theory was presented for the deduction of steady—state currents at the ChE
resulting from coupled catalytic kinetics and this was used to demonstrate that the
same mechanism for the F + forane system operated at the ChE as the RDE. The
conventional ChE was then modified by the incorporation of a membrane and this
sensor, which was shown to operate successfully in the presence of high
concentrations of oxygen and nitrous oxide, responded linearly to forane, while
displaying an excellent response time of under ten seconds. The device should find
application in clinical monitoring.
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CHAPTER ONE
INTRODUCTION

The development of a sensor capable of measuring the new volatile
anaesthetic, forane, is essential if this gas is to find continued safe success in clinical
anaesthesia. Such a device must be able to quickly and accurately determine the
concentration of the anaesthetic in a mixture of several gases and to this end, this
thesis is concerned with detecting forane by amperometric means. The aim of this
chapter is to explain the necessity for research into new anaesthetics, such as forane,
and to introduce electrochemical sensors. The merits of these devices will be
emphasised. A review of the gases which have found use in anaesthesia will also be

presented and the techniques available for their determination discussed.

1.1 The History of Volatile Inhalation Anaesthetics

Credit for the first anaesthetic gas is given to Valerius Cordus, who
synthesised diethyl ether in 1540. Its pain relieving qualities were observed in the
same year by Paracelsus [1]. Three centuries later, this agent was used for the first
time as a general anaesthetic for the relief of pain during surgery by Crawford Long
[2]. Around the same time, nitrous oxide, chloroform and ethyl chloride were also
finding use in anaesthesia and despite the apparent undesirable side effects and
physical dangers of these agents [3—6], they remained popular in clinical use for the
following century. The chemical formulae of the gases discussed here are shown in

Table 1.1.



Table 1.1: The empirical formulae of the anaesthetic gases discussed in Chapter
One.

ANAESTHETIC EMPIRICAL FORMULA
1 Diethyl ether CH;CH,OCH,CHj3;
2 Nitrous oxide N,O
3 Chloroform HCCl;
4 Ethyl chloride CH;CH,C1
5 Ethylene CH,CH,
6 Cyclopropane (CH2);
7 Divinyl ether CH,CHOCHCH;
8 Ethyl vinyl ether CH;CH,OCHCH,
9 Trichloroethylene CCl,CHC1
10 Fluroxene CF3;CH,OCHCH,
11 Halothane CHB:CICF;
12 Methoxyflurane CHCl1,CF,0CH;
13 Enflurane CHY,OCHF,CHFCI1
14 Isoflurane CHF;0CHCICF3




The flammable nature of diethyl ether means that its use is hard to justify in
modern operating theatres [7], while evidence of hepatic toxicity explains the seldom
use of chloroform [8,9], despite the appearance in the literature of work calling for a
resurgence of this particular agent [10]. Ethyl chloride has several disadvantages
including flammability, a narrow margin of safety and administration difficulties
[11]. Nitrous oxide, however, has remained popular. It is a colourless gas with a very
faint odour and sweetish taste. When inhaled in its pure form, it causes asphyxia,
but in high concentrations (>80%), with sufficient oxygen present to avoid this
problem, nitrous oxide induces rapid and shallow anaesthesia. The gas is a
non—irritant, gives no unpleasant aftermath and is rapidly eliminated unchanged
from the bloodstream on completion of anaesthesia. It is now most often employed
as a background anaesthetic in conjunction with more potent additives for major
surgery or in dilute mixtures with oxygen as an analgesic. A more detailed review of
the physical and anaesthetic properties of nitrous oxide is provided elsewhere [12].

In the 1920°s, a new era arrived in anaesthesia with ethylene [13],
cyclopropane [14] and several other hydrocarbons [15] finding success in clinical
anaesthesia. The anaesthetic properties of ethylene closely resemble those of nitrous
oxide with the additional advantage that it is slightly more potent [13]. However the
flammable nature of this agent along with the others mentioned above, means that
they are rarely used today [7]. Between 1930 and 1950, there followed the discovery,
testing and clinical use of a wide range of anaesthetic agents, which have since, on
the whole, been discarded because of either undesirable side effects or physical
dangers. These agents included divinyl ether (which is flammable, causes
convulsions and is associated with a toxicity of the hepatic and renal systems [11]),
ethyl vinyl ether [5] (which causes convulsions), trichloroethylene [16] (unstable to
alkali and therefore difficult to administer [17]) and fluroxene [18] (non—flammable
but causes seizures and is believed to metabolise in the patient [19]).

Halothane was first synthesised in 1951 by Suckling [20] and after initial trials
on animals showed it to be a non—flammable, potent and safe anaesthetic [21], it
was clinically evaluated on man [22], where these properties were confirmed and its

great versatility became apparent [23]. Today it is the most universally used
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inhalation anaesthetic [1,24]. However, soon after the introduction of halothane,
certain disadvantages became apparent. Those proposed included cardiovascular
depression, incompatibility with adrenalin [25] and the possibility of liver damage
[26]. These have all since been confirmed [1,27,28).

Thus the search for better and safer anaesthetics continues. More recently, the
fluorinated anaesthetics, methoxyflurane [29] and enflurane [30], have enjoyed
limited popularity but problems with inorganic fluoride metabolates [1,31] in the
former case and convulsions in the latter [32], has restricted their use. An isomer of
enflurane, isoflurane (or forane) is the most recent fluorinated ether anaesthetic to
be introduced [33]. While showing excellent anaesthetic properties, it underwent
over 3000 initial clinical tests on human cases [34], before investigations were
suspended due to reports of possible carcinogenity induced by its use in rats [35].
However, these preliminary results were not confirmed and forane is now approved
for clinical use by the American Food and Drug Administration [36]. Forane is
believed to be "closer to the ideal than any compound previously tested" [1].

Forane is a non—irritant, potent anaesthetic, which has a low blood/gas
partition coefficient [36,37] and therefore gives rapid induction of anaesthesia.
Stimulation of the central nervous system is thus minimised, while no evidence of
neuromuscular irritation has been observed. Forane has been shown to be
compatible with adrenalin and to have a greater hypnotic, analgesic and muscle
relaxant effect than either halothane or enflurane [38], which may explain its
slightly slower recovery period [39—41]. No abnormal biochemical disturbances [42]
or retrograde amnesia [43] occur after forane anaesthesia. There is no significant
metabolism of this compound in vivo [44,45] so that the plasma inorganic fluoride
levels remain virtually unchanged, even after prolonged clinical anaesthesia [46].
This can be partly attributed to its low fat and blood solubilities [1] and also to the
chemical inertness of forane [45,47], which appears to be greater than any other
fluorinated anaesthetic currently available. Therefore, no antioxidant or stabiliser
additives are required to prevent molecular breakdown and its inertness facilitates
anaesthetic administration since it does not react with carbon dioxide absorbents,

strong alkali or metal and it is not affected by ultra—violet light [12]. Finally,
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reports suggest that forame causes no hepatic [48,49] or renal [50] functional or
pathological abnormalities confirming its favorable comparison in every way with all
other inhalation anaesthetics. More complete reviews of the properties of forane are
given by Dobkin [1] and Eger [36,45].

It will now be useful to consider the various techniques which have been
employed to monitor the administration, uptake and recovery from the anaesthetic
agents discussed above. This section will be divided into two broad categories —
those techniques which employ electrochemical measurements and those which

utilise other non—electrochemical methods.

1.2 Methods of Determining Anaesthetic Gases

The need for continual monitoring of anaesthesia is unequivocal [51,52] and
hence several techniques have been applied to this task. The merits of each method
for detecting and determining an anaesthetic agent in breath gas or blood will

therefore be described briefly.

1.2.1 Non—electrochemical Techniques

Mass spectrometry has a relatively long history of in wvivo gas analysis [53]

since the early work of Waldring [54], who first reported its use for arterial oxygen
and carbon dioxide partial pressure (P02 and PCOz) measurements in animals.
Despite this, few examples of actual human studies are apparent. Measurements are
possible using invasive blood gas probes via the use of a catheter [55], non—invasive
transcutaneous blood gas methods [56] and respiratory gas analysis [57]. The former
technique usually employs a stainless steel catheter [58]. Flexible plastic probes have
been employed [56], but problems arise due to diffusion of water vapour through the
catheter walls. The catheter is covered with a silastic or teflon membrane at the tip
to permit diffusion of gas molecules; tips constructed from a sintered porous
substrate [59] have also been employed. This technique has been used to successfully

analyse volatile anaesthetics but the waiting time between analysis is too long to

—5—



reasonably serve the needs of anaesthesiologists [60]. Transcutaneous sensors are
commercially available and in clinical use [61]. Mass spectrometry has also been
used successfully on—line to determine respiratory gases down to 0.1ppm [62], but
despite this excellent sensitivity, the shear cost and complexity of these devices has
limited their practical use.

The method by which gas chromatography is employed in determining

blood—gas levels involves prior infusion of fluid, pre—equilibrated with six tracer
gases, into a patients vein [63]. After allowing a period for equilibration, blood
samples are removed in gas—tight glass syringes, mixed with nitrogen and an exact
volume of this gas mixture injected into a gas chromatograph [64]. Unknown arterial
concentrations can be determined by interpolation of the data obtained for the
tracer gases [65] and remarkably precise results have been found using this approach
[66]. However, this technique is time consuming and limited to only a few blood
samples in each experiment and has so far been limited in use to specialised
respiratory function tests [61].

Oxygen was observed to quench the fluorescence of inorganic adsorbents in the
1930°s [67] and this property has since been exploited to measure both dissolved
oxygen [68] and carbon dioxide [69] using in vivo fibre optic intravascular sensors.

Fibre optical fluorosensors have recently been reported to be successful in the

simultaneous measurement of halothane and oxygen [70]. The sensor works on the
principle that these test gases reduce the intensity of the fluorescent light emitted
from a photoexcited polycyclic aromatic molecule such as anthracene.
Advantageously, this technology can be incorporated into a catheter probe. However
these sensors are still undeveloped [61], and further progress may be hindered by
their slow response times (v 2 minutes) [70].

Two commercially available detectors for monitoring anaesthetic gases work

on the principle of the adsorption of, for example, halothane on a quartz crystal [71]

and the characteristic IR absorption of an anaesthetic gas [72]. Other noteworthy

analytical techniques for the determination of breath and blood gas include UV [73]

and NMR spectroscopy [74] and surface plasma resonance [75]. Lastly, a recent

article describes the continuous detection of respiratory anaesthetic gases using ion
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mobility spectroscopy [76]. This appears to be a superior technique for the

determination of trace levels of volatile halogenated anaesthetics and therefore may
have applications to the study of recovery over a period of hours. However responses
plateau at practical concentrations restricting its on—line monitoring capability.

The aim of this discussion is to highlight the wide range of sensing devices
available, to consider the strengths as well as the flaws of each and to emphasise the
importance of sensitive and selective continuous monitoring. These are both
qualities associated with electrochemical sensors, which have the additional merits

of reliability, ease of use and economy of construction and maintenance [61].

1.2.2 Electrochemical Techniques

Amperometric electrochemical sensors employ the principle of destroying the
gas to be detected at a working electrode (WE). This electrode is held at a potential
(measured against a reference electrode (RE)) which is sufficiently extreme to
electrochemically reduce (or oxidise) all the gas which reaches it. The Faradaic
current flowing between the WE and counter electrode (CE) is a function of the gas
species concentration. For simplicity, the RE and CE are sometimes combined
although the precise potential of the WE cannot then be deduced.

Practical sensors employing this approach are constructed by trapping a thin
layer of electrolyte solution over the electrodes using a gas permeable membrane.
The gas under investigation can therefore diffuse rapidly through the membrane and
electrolyte to the WE. Reasonably fast response times might therefore be expected
using these devices. The concentration of gas reaching the WE, [gas]o, is a function
of the gas concentration external to the membrane, [gas]s [61]. The first design to
employ this technology was devised by Stow [77] and measured P CO, [78], although
it is accepted that the first successful amperometric sensor was that of Clark [79],
which was used to record PO2 of blood. This is shown schematically in Figure 1.1.
Severinghaus [80] used similar technology to construct a successful carbon dioxide
sensor. Although these designs have been incorporated into catheter probes [81],
transcutaneous [82], conjunctional [83] and respiratory [84] semsors, as well as

atmospheric trace gas detectors [85,86], amperometric devices have progressed very
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little since the original Clark electrode [84].

An "interference" effect was observed by several workers [87,88] when a
Clark—type sensor was used to measure oxygen in the presence of nitrous oxide
(N20). N30 is known to be electrochemically inert on the platinum and gold WE’s
used in these devices but Albery and workers discovered that silver (from the
Ag/AgCl RE) plated out on the WE and that N,O can be reduced on this material
[84]. These observations were utilised in the development of an amperometric sensor
that could measure P02 and PNZO simultaneously in blood or gas samples [89,90].
Identical circumstances led to the development of a sensor for determining
halothane. Once again, spurious interferences were observed from an oxygen
electrode, this time when measurements were collected in the presence of halothane
[91,92]. The anaesthetic was shown to be electroactive on silver [93] and a sensor
thus constructed, as illustrated in Figure 1.2, which could simultaneously measure
oxygen, nitrous oxide and halothane [94]. The latter, however, can only be
quantitatively reduced on silver in the absence of oxygen [93] and this sensor
therefore utilises a metallised membrane (made by depositing gold or silver on teflon
using vacuum evaporation) in order to both measure and filter oxygen. The device
operates in a pulsed amperometric mode [95] to enhance sensitivity and to avoid
electrode contamination by reaction products [90].

To date, no report of any electroactivity of forane at any electrode or in any
solvent system has appeared in the literature, and therefore no electrochemical
sensor for its detection exists. This inertness is not unexpected in the light of the
chemical properties described in section 1.1 [36,37], together with the known
tendency of alkyl halides, in general, to display a high overpotential to
electrochemical reduction [96—98]. Work in this thesis will therefore study the
electroactivity of forane using conventional electrode/solvent systems and also
examine the possibility of performing an indirect electron transfer either
homogeneously, using a mediator in solution, or heterogeneously, using a chemically
modified electrode. Quantitative voltammetric behaviour will be shown to lead to
the development of an amperometric sensor for forane, possessing all the benefits

mentioned above.
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1.3 The Aims and Objectives of this Thesis

The aim of this thesis is the development and laboratory assessment of an
amperometric sensor for the detection of the volatile anaesthetic, forane. This,
therefore, involves in the investigation of both the heterogeneous and homogeneous
reduction of this agent.

Chapter Two introduces the fundamental principles of electrochemistry via a
discussion of mass transport and heterogeneous electron transfer. The range of
electro— and spectroelectro—chemical techniques employed in this thesis are also
described. The particular merits of hydrodynamic electrodes are proposed and
theoretical descriptions of mass transport to the channel (ChE) and rotating disc
(RDE) electrodes are presented.

Theory is described in Chapter Three which solves the convective—diffusion
equations appropriate for the ChE and RDE. A general numerical strategy is
presented for the calculation of chronoamperometric and steady-—state RDE
problems which involve coupled homogeneous and heterogeneous kinetics. Two
approaches to the theoretical solution of steady—state ChE problems are introduced
and particular emphasis is placed on those reactions involving homogeneous
complications.

The experimental details of the techniques, instrumentation and chemicals
used throughout this thesis are given in Chapter Four.

The electrochemistry of the polycyclic aromatic compound, fluoranthene (F),
is examined at the RDE in Chapter Five and the experimental results obtained are
compared with the theoretical predictions of Chapter Three for i) simple electron
transfer, ii) coupled heterogeneous and iii) coupled homogeneous processes. F is
shown to adsorb onto the mercury electrode and this property is investigated further
in Chapter Six, where lithium ions are demonstrated to displace the adsorbed
organic moiety, forming a thick solvated layer which inhibits heterogeneous electron
transfer to solution phase F.

In Chapter Seven, forane is shown to be electroinactive on all conventional

electrode materials. However, electron transfer to the anaesthetic via the radical
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anion of fluoranthene is demonstrated, when the latter is attached to polymer
backbone and immobilised on an electrode, or when electrogenerated in bulk
solution.

The homogeneous approach is incorporated into a Clark—type membrane
electrode sensor in Chapter Eight, where the detection and measurement of forane,
in the absence of O, is demonstrated using this device.

Chapters Nine and Ten are concerned with the development of a practical
amperometric ChE sensor for forane. Chapter Nine confirms that the homogeneous
reduction of forane, using the radical anion of fluoranthene as an electrogenerated
mediator, follows the same mechanism at the ChE as determined at the RDE in
Chapter Seven. This work is extended in Chapter Ten to the construction of a
workable ChE sensor, which is assessed in the presence of other species likely to be

present in a clinical environment.
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CHAPTER TWO
ELECTROCHEMICAL PRINCIPLES

The application of electrochemical techniques to the investigation of electrode
reaction mechanisms and kinetics will be discussed in this chapter. Two classes of
reaction will be of primary interest: i) electrode processes which involve
homogeneous reactions coupled to electron transfer, ii) reactions involving
adsorption at the electrode/solution interface. The preference for defined and
calculable mass transport in the study of both types of reaction will be discussed
and thus hydrodynamic electrodes introduced. Mass transport to the two
hydrodynamic electrodes employed in this work will be described in detail and
solutions given to the convective—diffusion equations for a transport—limited
reaction. In addition, a comparison with investigations carried out in quiescent

solution will be included.

2.1 Electrode Processes

In its simplest form, an electrochemical cell consists of two electrodes dipping
into an electrolyte solution which forms a contact between the two electrodes. When
the two electrodes are connected to a current source of sufficiently high voltage,
then current will flow through the cell, causing an electrochemical reaction to occur
at each electrode. This process is known as electrolysis. Under normal circumstances
the reaction occurring at one electrode only, the working electrode (WE), is of

specific interest; the other electrode is now referred to as the counter electrode (CE).
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In order to measure the precise voltage which is being applied to the WE a third
electrode, the reference electrode (RE), is employed.

Consider the simple reaction taking place at the WE :
O+ ne- — R. 2.1

The current flowing between the CE and RE is generally a function of the applied
potential. The study of this current—voltage relationship is known as voltammetry
and clearly factors which affect the current will be of fundamental importance to
such investigations. The current will be directly related to the rate of the electrode
reaction, which is in turn governed by the rates of processes such as:

1. mass transport from bulk solution.

2. electron transfer at the electrode surface.

3. homogeneous or heterogeneous chemical steps preceding or following

electron transfer.

4. heterogeneous surface processes. i.e. adsorption and/or desorption.

5. removal of product back to bulk solution.
The inter—relationship between each of these processes must be fully evaluated in
order to determine the mechanism of an electrode reaction. In particular, it should
be noted that the efficiency of electron tunneling falls approximately exponentially
with distance and that electron transfer is thought to occur within about 101& of the
electrode surface (a more detailed discussion of electron tunneling appears in
Chapter Six). Therefore knowledge of the concentration of electroactive material at
the electrode surface ([O]o) is of the upmost importance; this is rarely the same as
that of the bulk solution ([O]m). A rigorous treatment of the various modes of
transport adopted by an electroactive species through a solution can however enable
the calculation of [O]y from [O] . This will be discussed in sections 2.1.2 and 2.3.

Returning to the very simple reaction of equation 2.1, then, in the absence of
any complications, the electrode reaction rate, and therefore current, will depend on
the relative kinetics of steps 1.,2. and 5. Each process must therefore be considered

in detail.
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2.1.1 Electron Transfer

O+ nee — R 2.1

The rate of such an electrode reaction can be expressed by the number of moles of

substance, N, which react in unit time per unit area:

0t dt

ks and ky are the forward and backward heterogeneous rate constants measured in

units of cms-! and can be related to the applied potential by [99]:

ks = kO exp [ —anF ( E—-E?) ] 2.3a
RT
kp = kO exp [ (l—a)nF(E—EO)] 2.3b
RT

where E refers to the potential measured and EO the standard potential of the couple
in question, kO is the standard heterogeneous rate constant and o« is the cathodic
transfer coefficient, a constant with a value between 0 and 1 (usually approximated
to 0.5), which describes the potential dependence of the free energy of the transition
state for the electron transfer. The rate of the electrochemical reaction can be found

by combining equations 2.2 and 2.3 :

ig = nFko { [O],exp [— wFlgz—Eo)] - [R]oexp[(l-a);;i(E—Eo)] } 2.4

or idzic'l"ia

where iq is the current density (Acm-2) and i and i represent the cathodic and
anodic components of the current respectively. Current density is therefore shown to

be a function of the difference between the applied potential and the standard
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electrode potential for the same reaction.
At equilibrium, no electrochemical reaction occurs, no net current flows and

[O], will be equal to [O]m. Therefore i, = i, and :

nFko[0],exp [— m‘Fge‘E")] - anO[R]oexp[(l—a) ngr](?Ee‘E")] 2.5

or by rearranging to give the Nernst equation [99]:

Ee = E9 + RT In[O] 2.6
.
nF [R]

where Ee is the equilibrium potential. Strictly activities rather than concentrations
should be employed here but the activity coefficients are in effect included in the
formal rate constants used.

The rate of an electron transfer reaction is very sensitive to changes in the
electrode potential and it is therefore more useful to conmsider the equilibrium
potential as a reference and work in a non equilibrium environment. To this end, the

overpotential, 7, is defined as:

77=E—Ee 2.7
or 7)=E—E°—RT111[_O_]W 2.8
oF [R]

Equation 2.4 may now be rewritten to give the net current density as:

id:nﬂ(o{[O]o[%:}am[— ag?}—[l’tlo[%:]l_aexp[(l—gnm]}

2.9

which is an exact form of the Butler — Volmer equation [99], normally presented as:
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. (1-a)nFy _anFy 2.10
1 =1¢c + 13 =1 | €xp RT — &Xp RT

The terms in the square brackets represent the anodic (negative) and cathodic
(positive) contributions to the overall current and the exchange current density, io,
15 a scaling factor which depends on the values of k%, [O] and [R] . Figure 2.1
shows how the current varies with overpotential, revealing the asymmetry caused by
a # 0.5 and the scaling effect of i;. It should be noted here however that this
assumes [O]p = [O]m; that is, that there is no change in reactant concentration close
to the electrode. The remainder of this section shows how this will only be justified
at low overpotentials.

Consider small values of 7, such that —~RT/anF << n << RT/onF, then the
exponential terms of equation 2.10 can be written as Taylor expansion and

combined, yielding:

ig=1onFyp 2.11
RT

An Ohmic resistance of the electrode/solution interface can be defined by

rearranging equation 2.11 thus:

Rct = RT 212
nFi,

where R is the charge transfer resistance, so that:

io =7 2.13
Ret

The exchange current is therefore a measure of the ease with which a given electrode
reaction proceeds. High values of iy means that there is a low resistance to charge
transfer — so called reversible systems, while low values correspond to a high

resistance — irreversible systems. i, has been found experimentally to vary not only
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Figure 2.1: Current — voltage characteristics predicted by equation
2.10. (a) shows the effect of @ on the symmetry of this plot and (b)
the scaling effect of i,.
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from system to system but also for the same system on different electrode materials.
The choice of electrode material can hence be important in analytical investigations.

Figure 2.2 shows that in practice, the linear approximation is only valid for
| 7| < 10/n mV. Considering the full Butler — Volmer equation at large positive or
negative overpotentials, then one or other of the exponentials dominate and the

limiting relationships become for large negative overpotentials:

ig = — 1o exp[ — anF7/RT ] 2.14a

and for large positive overpotentials:

ig = ip exp[ (1—a)nF7/RT ] 2.14b

These equations may be rewritten into the more usual Tafel form [100]:

n = 2.3RT [log i, —log iq] n<0 2.15a
onF
and
n= 2.3RT [logig + logig] n>0 2.15b
(1-a) nF

Plots of log iq versus 75 are called Tafel plots and contain information about the

exchange current density iy and the transfer coefficient a. Figure 2.3 shows a Tafel

plot for a = 0.5.

Hence, as the overpotential is increased in either direction, the current will
increase exponentially. This results in an increasing consumption of the electroactive
material at the electrode surface (particularly if iy is large), so that a point is
eventually reached where the rate of electron transfer is limited by the rate of

transport from the bulk of solution to the electrode. Mass transport of bulk solution

therefore needs to be considered.
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Figure 2.2: The linear approximation to the Butler — Volmer
equation.
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Figure 2.3: Tafel plots for the anodic and cathodic branches of the
current — overpotential curve.
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2.1.2 Mass Transport

At a sufficiently extreme potential, the heterogeneous electron transfer can be
driven fast enough so that the electrode reaction rate (current) is limited only by
the rate at which the electroactive material can be delivered to the electrode.
Several detailed reviews of mass transport through solution to a solid electrode
appear in the literature [101-104]. Three main processes operate: migration,
diffusion and convection, and the relative importance of each will be shown to be
experimentally controllable.

The flux, jo, of a solute species reaching an electrode is described by the sum

of the three modes of mass transport :

jO:jc‘l'jd + Jn 2.16

where j. is the flux due to convection, jq is the flux due to diffusion and jy is the

flux due to migration. Each process will now be examined in more detail.

2.1.2.1 Migration

This occurs when a charged particle is placed in an electric field; thus
negatively charged ions will be attracted to a positive electrode and positive ions to
a negative electrode. The flux due to migration of a given ion is proportional to its

charge, concentration and to the electric field gradient:

jm,= —2F Dc dE 2.17
RT 09z

where z is the charge on the ion, OE the electric field gradient and c the
9z

concentration (molcm-3). Migration is invariably a complicating factor in an

electrochemical system and therefore needs to be suppressed. Since the force leading

to migration is purely electrostatic, the charge may be carried by any ion in the

solution. Therefore, if a large concentration of ionic, electroinactive background

electrolyte is present, only a small, negligible part of the current will be due to
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migration of the electroactive matenal.

2.1.2.2 Convection

This is a result of the movement of a fluid by mechanical means (forced
convection) or by natural means due to the presence of temperature or density
gradients (natural convection). In contrast to migration (and diffusion) where solute
molecules more through a "stationary" solution, convection describes the transport

of a solution as a whole. The flux due to convection is given by:
jC =VC 218

where v is the fluid velocity vector.

When a liquid flows past the surface of a solid body, the layer of fluid
immediately adjacent to the surface remains motionless. The stationary layer or
boundary layer is very narrow — of the order of several molecules thick — and is
caused by viscous forces alone. Although the boundary layer occupies only an
extremely small volume, it exerts a significant influence on the motion of the fluid.
Detailed analysis shows that the thickness of the hydrodynamic boundary layer, &y,

can be related to the characteristic length of a system, 1, by the Reynolds number:

S 1 2.19
1 {Re

Thus 6y is smaller than the characteristic dimension of the body by a factor
approximately equal to the square root of the Reynolds number.

The transition from viscous flow in the boundary layer to laminar flow in the
bulk fluid is smooth and gradual. The quantity, &y, represents the thickness of the

region across which the principal change in the velocity from zero to its maximum,

bulk value occurs.

2.1.2.3 D:iffusion

This occurs when a gradient of chemical potential exists in the solution. It is
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therefore not the result of any physical force but rather a thermodynamic response
as the solution maximises its entropy. In the electrochemical cell, diffusion results
from concentration gradients of the electroactive species and affects charged and
uncharged species equally. Quantitative treatment of diffusion is provided by Fick’s
First and Second Laws, which deal with the space and time dependence of diffusion

respectively. These may be represented mathematically by:

Fick’s First Law jd = — Dac 2.20
&

Fick’s Second Law dc = Do2¢c 2.21
ot 022

where jq is the flux of the material in the z direction (measured in molcm2s-1) and
D is the diffusion coefficient (cm2s-t).

The diffusion coefficient is an exponential function of temperature [105]:

D = D, exp(—Eq 2.22
RT

where E4 is the activation energy for diffusion or the energy required to surmount
the barrier a given species must overcome in diffusing from one site to another and
D, is the diffusion coefficient at some reference temperature. Most importantly, D
therefore increases with temperature — about 2% per degree for an aqueous solution.
Hence the temperature of any electrochemical experiment must be constant and

measurable if diffusion is to be a controllable factor.

It is now possible to redefine equation 2.16 as:

jo = v[0] — Dyd[ O] — 2 F Dy [O] GE 993
9z RT 9z
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or in the presence of a high concentration of inert electrolyte:

jo = ¥[0] - D¢3[ 0] 2.24
0z
In three dimensions:

7 =3(0] - D [0 225

or in terms of time and space:
8[0] =-V ] 2.26

ot
8[0] = DoV2 [0] — v V[O] 2.27
at

and as we can now see, two experimental strategies emerge for the study of electrode

reactions:

(a) quiescent solutions, with no forced convection.

(b) convective — diffusion systems.

2.2 Diffusion—only Systems

Equation 2.27 reveals that if no convection is employed then diffusion remains
the only means of mass transport of a reactant to the electrode. The sole approach
for electrode reaction investigation is therefore to measure j, at the interface as a
function of time, after a large step or oscillation in concentration of O at the solid
surface. Such steps or oscillations in [O] are easily performed at an electrode since
[O]o may be readily controlled by the applied potential. Studies in the time domain —
transient techniques — are therefore feasible. An instantaneous perturbation of the

electrode potential (or current) results in a corresponding perturbation in j, and the
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system is then monitored as it relaxes back to a new steady state.
Chronoamperometry and chronopotentiometry are typical examples of such
techniques [106].

Alternatively, a periodically varying perturbation of current or potential may
be applied to the system, and its response measured as a function of the
perturbation. Cyclic [107] and a.c. voltammetry [108] are both examples of this
experimental approach. Collection of data over a wide range of times or frequencies
means that mechanistic and kinetic analysis is feasible using these techniques.

When the size of the electrode is reduced so that one dimension is of the order
of 10%m, then two dimensional diffusion becomes significant. Steady—state
measurements are then possible under diffusion—only conditions. This has led to the
recent popularity in the investigation of electrode reactions at microelectrodes [109].
However, restrictions on the size of the electrode and the rate of mass transport
(controlled by varying the microdimension) may limit the general applicability of
this method for mechanistic and kinetic studies, although the use of these electrodes

for detecting and monitoring purposes has already been proposed [110].

2.2.1 Linear Sweep/Cyclic Voltammetry

In these techniques, the potential of a stationary electrode is varied linearly
with time using the sequence shown in Figure 2.4. Figure 2.5 shows a typical linear
sweep voltammogram (LSV) current—voltage curve for a reversible charge transfer
process obtained for the various scan rates indicated. Features of significance, which
are labelled, are the peak current (ip), the peak potential (Ep), the reversible
potential (Erey = E0 at 298 K vs. S.H.E.) and the half-wave potential (E, /2). This
notation is also applicable to the cyclic voltammogram (CV) shown in Figure 2.6.
However here, processes occurring during the cathodic scan are superscripted (red)
and those which take place after the potential has been reversed, (ox) [107].

The LSV of Figure 2.5 assumes that initially only O is present in solution and

that the sweep in the negative direction causes the reversible electrode reduction:

O+ne == R
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Figure 2.5: A series of linear sweep voltammograms at several
potential scan rates.
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At very slow scan rates, the voltammogram appears like a steady—state curve, but
as the sweep rate is increased, a peak of increasing height develops; this behavior is
readily explained by consideration of the concentration profiles of O as a function of
potential. Natural convection maintains a constant concentration of reactant in the
bulk of solution but in the region near to the electrode (within the diffusion layer —
see section 2.3) the concentration gradients of O and R are steep and essentially
linear. The ratio of [O]y/[R]o for the reversible reaction can be found from the

Nernst equation:

[ %j (t) = exp [ ;—,P]; {E(t) — Erev}J 598

and hence as the potential scans more negative, so the surface concentration of the
reactant progressively decreases. The reactant therefore diffuses towards the
electrode and the product away. As the scan progresses, the concentration gradients,
and likewise the current, increase until a potential is reached (Ep) where mass
transfer is at its maximum. At more negative potentials, the current begins to fall
as a consequence of the depletion of [O] in the vicinity of the electrode. Now
essentially all reactant which reaches the electrode is immediately reduced and the
current is diffusion controlled. The variation of the concentration profiles with time
during a LSV is shown in Figure 2.7. This overall behaviour gives rise to the peak
shaped current — voltage curves of Figure 2.5. Faster scans cause steeper
concentration gradients and thus larger values of ip.

In the case of the return sweep, applicable for a CV, at slow scan rates the
pseudo steady—state nature means that the i—E response of the backward sweep
directly tracks the forward one. For faster sweeps, however, the reduction initially
continues producing R until Erey is reached when an oxidation process takes over.
Similar arguments apply for this process, as for the forward sweep, so that on
increasing the potential, the anodic current peaks at E;x, before returning to the
initial baseline. For a reversible process, the shape of the wave is virtually identical

in both directions, although the baseline is less well defined for the reverse sweep.
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Figure 2.6: Cyclic voltammogram for the reversible process
O + ne == R. Initially only O present in solution.
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Figure 2.7: Concentration — distance profiles for O during a linear
sweep experiment. a) Erey+90mV, b) Erey+50mV, ¢) Erey, d)
Erev—28mV, €) Erev—128mV, f) Erey—280mV.
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Considering a planar stationary electrode, where semi—infinite linear (planar)
diffusion is the only form of mass transport in operation, then the mathematical
description of the i—E response during a CV can be found from Fick’s Second Law

[111-113]:

9[0] _ 82[0] and A[R] _ 82[R] 2.29
9t a2 gt oae

When initially only reactant O is present in solution and assuming D 0= DR = D,

then the initial and boundary conditions are:

t =0, z> 0, [O] = [O]m [R]=0 2.30 1
t >0, Z=o, [O] = [O]m [R] =0 1
t >0, z =0, D[ 8[O]] =—D[J[R]],
0z 0z
[_O_]o = exp P_F (E - Erev)
[R]o RT
and i =—1nFAD ?E)_]_o iii
0z
For a sweep rate o:
0<t< E=E;—ot 2.31
t> A E=E{—20) + at 2.32

where E, is the initial potential and ) is the time at which the scanning potential is

reversed.

The solution of this problem is made difficult by the time dependent potential

term, but it has been shown that for planar diffusion:

ip = — 0.4463 [O]mA[n3 F3] /2 tap!/> 2.33
RT

where A is the area of the electrode (cm?). This is commonly known as the

Randles—Sevcik equation [111,112]. Also:
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Ep — Erey = —1.109 RT 2.34
oF

and Ep—By/, =~220RT 2.35
nF

Hence CVs may be used as a diagnostic test for a reversible process, since at 250C

[114]:
d
1. By —Ep . =59/n mV 2.36 i
2. |Bp—E,;,| =59/n mV ii
d
3. |ip /ip | =1 iii
4 ipadl? iv
5. Ep is independent of ¢ v

For a totally irreversible system:

ks
O+ ne- —— R

the initial boundary conditions (2.30 i and ii) are identical to those for the reversible

case. However iii now becomes:

t>0, z=0 1 =D[8[O]s] = ke [O]o 2.37
nFA 0z
where ki = ko exp[—anF (E — Erey)
RT

These differential equations have been solved to yield the following equation for the

peak current at 25°C [113,115):

ip = 2.99x105 (an) /2[0] AD'/24'/? 2.38
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and the relationships between the potentials as:

E, — Erey = —RT[0.780 + In[D"/?] + In[anFo) / 2.39
anF T(-o RT
and Bp—E,;, = L857RT =47.7 mV 2.40
anF omn

Therefore the diagnostic tests for a totally irreversible process are:

1. No reverse peak (could also be caused be fast following chemical reaction)

.rev 1
2. ip ao/2

d
3. E;e shifts by 30an mV per decade increase in o

4 |Ep—E, | = 47.7/on mV

Cyclic voltammetry can also be employed as a means of investigating
adsorption and desorption [116,117]. When the adsorbed species only are
electroactive in the potential range of interest, then a symmetrical CV similar to the
one shown in Figure 2.8 can be obtained. The peaks are sharp, rising essentially
from zero current to a peak value and then falling once again to zero. There is little
or no peak separation. Symmetry arises because only a fixed amount of reactant O
is present on the electrode surface and the values of ip, E; and peak width depend
on the type of adsorption isotherms involved and the relative strengths of
adsorption of O and R.

The area under the cathodic peak corresponds to the charge associated with
the reduction of the adsorbed layer, enabling the surface excess of O, I'y, to be

determined [118]:

ip = n?2F2 ¢gATl, 241 i
4RT

For the irreversible case [117], the forward peak ceases to be symmetric and there is

no reverse peak. Now [118]:
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Figure 2.8: Cyclic voltammogram for the reduction of adsorbed O and
reOJ:;ldation of the product. Free energies of adsorption of O and R are
equal.
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ip =n? F?2 acAT, i1
2.718 RT

Cyclic voltammetry has also been used in the investigation of polymer
modified electrodes [119] — where a reactant is attached to the electrode by chemical
means. These behave very similarly to adsorption systems, voltammetric analysis
therefore proceeds as outlined above and for fast electron transfer within the
polymer coat, the peak current varies linearly with scan rate [120,121].

In conclusion, LSV and CV are excellent means of examining a system for the
first time, recording voltammograms over a wide range of potentials and sweep rates
to provide qualitative information. Studying the variation of peak height with scan
rate can identify the roles of adsorption, diffusion and coupled homogeneous
reactions [122—123], as well as determining the reversibility of a given system.
However, it should be noted that the use of these techniques in providing
quantitative kinetic detail is limited by the analytical measurement of i; and Ep

alone.

2.2.2 AC Impedance

When a sinusoidal perturbation of potential is applied to an electrochemical
system then it is, in principle, possible to separate the capacitive and resistive
components of the current by their phase differences in the response signal. This
method — AC impedance, is hence important for double layer studies as well as the
investigation of electrode kinetics [108]. The underlying theory which governs

impedance studies is explained in Appendix One, from which it can be seen that:

1. At a potential where no electrochemical reaction is taking place, the smooth
electrode/solution interface can be represented by a series RC circuit. The

impedance is given by:

Z=R+ 1 2.42
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and the Argand diagram (Figure 2.9) has axes: real = 2’ = R and imaginary = 2”
= 1/wC, where j = | (~1), wis the frequency (rad s-1), R is the resistance ({2) and C
is the capacitance (F).

2. At a potential corresponding to a simple one electron transfer, the
equivalent circuit is shown in Figure 2.10. Here the notation is Cq) for the double
layer capacitance, R¢y for the charge transfer resistance, ZW for the Warburg
impedance (a resistance due to mass transfer effects) and Ry for the uncompensated

solution resistance. This is known as Randles equivalent circuit [124]. Ry = RT
1 Fi,
1

and Zyy o w / 2. Two extreme frequency regions are of interest:

a. Low frequency — the system reaches equilibrium and mass transport control
exists. Thus, R¢y << ZW and Cgq; is unimportant.

b. High frequency — no equilibrium is attained and the reaction is kinetically
controlled. Under these conditions, R¢y >> ZW and Cq) is crucial.

A typical plot of Z’ versus Z” for this system is shown in Figure 2.11. o is defined

in Appendix One.

Equivalent circuits can be drawn for processes which involve, for example,
adsorption and coupled homogeneous reactions — very often semi—circles appear on
the Argand diagram corresponding to successive steps in the reaction mechanism.
AC impedance studies have therefore found considerable application to the study of
electrode reactions [108] and corrosion [125,126]. In particular, this technique has
been employed in the investigation of electrode surfaces [127] and adsorption
processes [128,129]. In this thesis, AC impedance will be used as a means of

determining the surface roughness of a given electrode.

2.3 Convective—diffusion

These systems make use of forced convection as a mode of mass transport and
it follows from equation 2.27 that both time dependent and steady—state

measurements are feasible. Variation of the fluid velocity vector v may now be
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Figure 2.9: Complex plane diagram for a series RC circuit.

Figure 2.10: Randles equivalent circuit.
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employed as a method of changing the rate of mass transport and the problem of
irregular natural convection has thus been removed, allowing experiments to run
over a longer time scale. Since the rate of transport is higher than that in a
stationary solution, semsitivity is greatly enhanced and the constant remewal of
electroactive material at the electrode surface improves reproducibility.
Electrochemical systems employing forced convection are termed hydrodynamic
electrodes and they play the most significant role in the investigation of electrode
processes [130,131].

By definition, forced convection is present in these systems and therefore the
electrolyte solution must move with respect to the electrode. This may arise from:
1) movement of the electrode 2) agitation of solution, or from 3) flowing the
solution past a stationary electrode. The best known example of the first kind of
hydrodynamic electrode is the pioneering use by Heyrovsky of the Dropping
Mercury Electrode (DME) in classical polarography [132]. This however is limited
in application to liquid metal working electrodes only. More useful examples of
electrodes of this class (which employ solid electrodes) are the rotating disc [104],
rotating hemisphere [133,134], rotating cone [135], rotating ring [136] and rotating
cylinder [137] electrodes. The vibrating wire electrode [138] is an example of a
hydrodynamic electrode which uses agitation of the solution as a means to achieve a
forced convection system and the tube [139], channel [140], annular duct [141],
wall—jet [142], wall-tube [143], stationary disc in laminar uniform flow [144],
stationary disc in radial flow [145] and wedge [146] electrodes are all examples of
type 3).

The possibilities for electrode configuration and flow pattern appear endless,
but if the system is to be used as an investigative tool, then the velocity vector v
must be well defined and the convective — diffusion equation for a particular
geometry solvable for the boundary conditions imposed by all conceivable methods
employed.

The first consideration requires that flow is restricted to being laminar and
fully developed i.e. the solution advances in separate non—mixing layers in an

ordered manner [147]. Few convective—diffusion systems are amenable to exact
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treatment; the rotating wire and vibrating wire electrodes are examples where the
mass transport is well defined and reproducible but not calculable. However, the
rotating disc electrode (RDE), rotating ring disc electrode (RRDE) and flow
through channel between parallel or concentric tubes are cases where exact solutions
can be obtained [131]. Experimental work described in this thesis utilises the RDE
and channel electrode (ChE) and therefore further consideration will focus on these
two hydrodynamic electrodes alone.

In section 2.1.2.2, the concept of a hydrodynamic boundary layer close to the
solid/solution interface was discussed and similarly, consideration of the presence of
such a layer in a convective—diffusion system is imperative. The solution can be
divided into two regions: 1) a region of constant concentration [O] far from the
electrode surface where convection is the important part of mass transport and, 2) a
region of rapidly changing concentration in the immediate vicinity of the surface
where diffusion is important. Within this layer the concentration of electroactive
solute shows a rapid change from its bulk to electrode surface value. The region 2)
therefore represents a very thin fluid layer which is exactly analogous to the
hydrodynamic boundary layer [131], and just as viscosity is the significant factor in
determining the value for éy, so molecular diffusion is critical to the layer adjacent
to the reaction surface [131]. Region 2) is therefore called the diffusion layer and has
a thickness d4. The hydrodynamic and diffusion boundary layers can be related by
[148]:

v

64 = [D] '3 g, 2.43

and since D is normally of the order of 103 times smaller than v, viscosity, dq will be

approximately 10% of &, [148,103].

2.3.1 The Hydrodynamics of the Rotating Disc Electrode
The rotating disc electrode consists of a disc of electrode material embedded
concentrically into a cylindrical sheath of insulator. The radius of the disc should be

small compared to that of the insulating mantle. This is illustrated in Figure 2.12.
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When such an electrode is rotated in a large volume of solution, a well—defined flow
pattern is established; solution is sucked up to the electrode in a pump-like action,
spun around with the electrode and then thrown out radially. Laminar flow is
maintained so long as the Reynolds number for the RDE [149], defined as Re =
Wr2/v where W is the rotation speed in Hz, r is the radius of the electrode and v is
the kinematic viscosity (cm2s-1), does not exceed a critical value in the region of
2x105.

The theoretical description of this behaviour, describing the motion of the
liquid near a disc of infinite radius, rotating with a constant angular velocity w (rad
s-1) with laminar flow was first given by von Karman [150]. A more precise
calculation was made by Cochran [151] in 1934 and further information is provided
in the book by Levich [103].

If a dimensionless variable g is defined as:

g = [2] b, 2.44

v

where z is the distance normal to the electrode surface, then the corresponding

velocities in polar coordinates are:

Vr = rw F(g) 2.45
V(,o = rw G(g) 2.46
V, = —(w/zx)l/2 H(g) 2.47

These functions are plotted in Figure 2.13. Figure 2.14 shows a 3—dimensional
schematic representation of the flow in the vicinity of the RDE. These Figures
illustrate that at the surface (i.e. z = 0), G(g) = 1 and F(g) = H(g) = 0, i.e. the
fluid spins around with the disc.

Moving away from the surface (increasing z), the centrifugal force of the
rotating disc begins to force the fluid outwards so that V, increases, while the
rotational motion, Vgo’ decreases. The solution which is forced outwards radially

from the disc is replenished by the flow in the V, direction towards the disc. In the
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bulk solution, V, increases with z, reaching a maximum value of V, (z - o) =
—0.8845 (wu)l/ ? (the negative indicating flow towards the disc) whereas the radial
and rotational motions diminish so that V; and V(p tend to zero. Inspection of V,
shows that it is independent of r and ¢ so that at any plane parallel to the disc
surface, the upward velocity is the same. The rotating disc is therefore said to be
uniformly accessible [152].

The hydrodynamic boundary layer at the RDE, i.e. the thickness of the thin
layer of solution dragged around by the disc, is defined by the point at which the
function G(g) is 5% of its value at the disc surface [149]:

6 = 3.6 (v]w)'!? 2.48

The theory outlined above applies only to systems where an infinite disc
rotates in an infinite medium and the applicability of such results to practical RDEs
must therefore be questioned. However, it has been shown that if the disc has a
radius which is much greater than the hydrodynamic boundary layer then the effect
of the finite size of the disc (i.e. its edge) has no noticeable effect on the pattern of
flow used above [149,153]. The experimental conditions under which the RDE can

be employed have been reviewed by several workers [154—156].

2.3.2 The Solution of the Convective—Diffusion Equation for a Transport—Limited
Process at the Rotating Disc Electrode
Combination of equations 2.45, 2.46 and 2.47 with equation 2.27 reveals that
the convective—diffusion equation describing, under laminar flow conditions, the
variation of the concentration of the species O with time and space in the vicinity of

the RDE may be written:

d[O]=DO[62[O]+16[O]+152[0]+ 32[01] _[Vr6[0]+V¢6[O]+
dt &2 1 81 12 Bp? 022 dr iy
Vzc?[O]]

0z
2.49
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This equation may however be simplified considerably because:

1. The cylindrical symmetry of the system requires that [O] is not a function
of ¢ and hence all derivatives in ¢ can be removed

2. A steady—state situation is often (but not always, see Chapters Five and
Six) experimentally favoured.

Therefore equation 2.49 becomes:

EIB_]_=O=D0 62[O]+

dt or 2 r Or 0z2

14[0] , 3[01] _[vragO] N Vza([aOl] 2.50

Consideration of the boundary conditions relevant to the case where [O] is consumed

under transport—limiting control at the electrode surface:

z =0 (0]~ [O] 2.51 1

I=0 [0] - [O] ii

z=0 [O]=0 iii

r=0 d[0]=0 iv
or

and assuming that the convective—diffusive transport to the disc is uniform, then

equation 2.50 reduces to:

D

02[0] _ v o[ O] 2.52
0 —,———,—, Z
0z 2 0z

Using the first term of Cochran’s exact solution for V, [151]:
v, = 05102 0’ /%2 22 2.53

where w is the rotation speed in rad s, then the convective—diffusion equation for

the RDE becomes:
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D, 02[ O] —C g2 d[ O] 2.54
0z 2 0z

where C = 0.510 w'/2 /2 = 8.032 w2, e,

The use of the approximate equation 2.53, however, is only valid for systems
characterised by large (v 103) Schmidt numbers, Sc, where Sc = v/D —1i.e. when the
concentration changes take place very close to the disc surface. This is certainly
applicable to most electrochemical systems where typically » = 0.004 cm?s-t (the
kinematic viscosity of acetonitrile at 25¢C) and D » 10-5 cm2s-L.

The concept of a diffusion layer, inside which diffusion is the primary mode of
mass transport, was outlined in section 2.3. At the rotating disc, the thickness of

this layer is given by [131]:

s _ 161 Mo plls 2.55
d—.

w'/s

and Figure 2.15 illustrates how the concentration of the electroactive material [O]
varies across this imaginary boundary. The flux of material through the diffusion
layer can be expressed in terms of a mass transfer coefficient, ky, so that the flux at

the disc surface, js, is:
js = ka ([0]_ ~[O]o) 2.56

The mass transport coefficient is related to the transport—limited current, iyim,

(obtained when the potential is held such that [O], = 0) by:

k. — 1lim 2.57
m= @ e———
nF[O] A

where A is the area of the disc.
The combination of equations 2.55, 2.56 and 2.57 produces the Levich equation

for the RDE [103,157], which relates the transport—limited current to the rotation
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Figure 2.14: Laminar flow pattern in the vicinity of the RDE.
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Figure 2.15: Concentration profile of O near the RDE surface.

— 43 —



speed (in Hz):
ivim = 1.5540 AF D20 [0] W'/ 2.58

The exact derivation of this equation is given in Appendix Two.

Equations 2.53, and therefore 2.58, utilise the first term only in Cochran’s
infinite series of V, [151]. The relationship between ij;; and W has since been
established numerically by considering the first two terms of this series (by Gregory
and Riddiford [154]) and for high Sc, an expression using all the terms has been
derived analytically (by Newman [158]). Both results confirm the dependence of ijip
on W as shown in equation 2.58 [159] and a comparison between these three
solutions [160] has shown that for Sc > 103, the Levich treatment is accurate to

within 3%.

2.3.3 Hydrodynamic Flow through a Channel Electrode

A hydrodynamic system which utilises solution flow rather than electrode
movement — namely the channel electrode — will now be considered. The channel
electrode (ChE) essentially consists of a rectangular electrode embedded in one side
of a rectangular duct through which the solution flows. This is shown schematically
in Figure 2.16, alongside the coordinate system employed in the ChE. The ChE is
considered to be infinite in the y direction so that laminar flow is two dimensional
in the x and z coordinates. Laminar flow is achieved [161] provided that the

Reynolds number, Re = vh, is less than 103; this criterion is obeyed under virtually

v
all practical conditions. The pattern of flow is almost flat when the solution enters

the cell , but the solution in the vicinity of the cell walls is retarded (as described in
section 2.1.2.2) compared to that of the centre. At a short distance leri; down the
ChE, the resulting hydrodynamic boundary layers merge and a steady-state
parabolic flow pattern is achieved [162]. This is shown in Figure 2.17. The velocity

profile is characterised by:
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Figure 2.16: A schematic diagram of the ChE and the appropriate
coordinate system.
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el

Vz = Vy = 0 260

where vg is the solution velocity in the centre of the channel.

The entrance length required to satisfy this condition is given by [162]:

lerit — 9y 10-2 Re 9.61
oh

2.3.4 The Solution to the Convective—Diffusion Equation for a Transport—Limited
Process at the Channel Electrode.
Substituting equations 2.59 and 2.60 into the general convective—diffusion

equation (equation 2.27) under steady—state conditions gives (in three—dimensions):

D, 72[0] = v¢ [1 _ E] ? 3([9:’] 2.62

In solving this equation for the transport controlled reaction of O at the electrode,
Levich [103] assumed that diffusion in the x and y directions was negligible. This is
reasonable since diffusion in the direction of fluid flow (x) will be insignificant when
compared to convection (vx) and electrode diffusional side—edge effects are
minimised for sufficiently wide electrodes.

Equation 2.62 therefore reduces to:

b, 2101 _ 4. [1 - [#)7 8lol 2.63
0z 2 h 0x

When the appropriate boundary conditions for this system are applied:
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0<¢x<1,z=0: [O] =0 2.64 i
x <0 [0] = [O], i
ane [O] = [0], iii

then the solution of equation 2.63 proceeds via the approximation of Léveque [163]

(initially proposed for the heat transfer in pipes):

vx=vo[1— 21 29y, 1=7 2.65
h h

This assumes that the parabolic nature of the velocity profile vy is linear and is
therefore only valid in the vicinity of the electrode or channel walls where all
concentration changes must occur. The convection time along the channel must
therefore be much faster than the diffusion time across it, i.e. (Doxe/voh2) << 1
[164].

Using the Lévéque approximation, the Levich equation for the limiting current

at the ChE is:

itin = 0.925 0 F we [O] [V¢ D} x3] /3 2.66
h? d

where Vr is the volume flow rate of the solution in the cell:

Vi=4dhv 2.67
3

A precise derivation of this equation is presented in Appendix Three.

Although the validity of equation 2.66 has been demonstrated under most
experimental conditions [139], deviations have been observed at low flow rates
[165,166]. These may be attributed to the significance of natural convection, lateral
diffusion and thin layer behaviour. Modifications to equation 2.66 have been
proposed [167] to account for lateral diffusion [167] and also design considerations

for practical ChEs given so that such contributions can be made negligible [168]. In
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summary, for all electrode geometries and flow rates where the Lévéque
approximation is valid [169], lateral diffusion effects can be ignored [168], mass
transport to the ChE is essentially two—dimensional in character [170] and the
Levich equation is applicable [171].

In section 2.3.2, the diffusion layer at the RDE was shown to be independent
of the radius of the electrode (equation 2.55) and the electrode was therefore
described as uniformly accessible. The diffusion layer at the ChE, however, depends
on xl/ 3, where x is the distance along the electrode and this configuration is
therefore described as non—uniformly accessible (Figure 2.18). The relative merits of

these two electrodes have been compared elsewhere [160,172].

2.4 The Relationship between Potential and Current under Mass Transport Control

The current potential response at a hydrodynamic electrode can be expressed

in terms of a mass—corrected Tafel equation [173].

2.4.1 Reversible Electron Transfer

In section 2.1.1, it was shown that if the standard rate constant for the simple

reaction:

kg
0 +ne =R 2.68

is large, then the i—E relationship at all rotation speeds or flow rates will appear

reversible. The complete relationship can be obtained by manipulation of the Nernst

equation:

E—Eo = 2-3RT 1, [Olo 2.69
nF [R]o

and the equation given in section 2.3.2, which relates current density to the mass

transfer coefficient. For the cathodic current this is given by:
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Figure 2.18: Diffusion layers at the a) RDE and b) ChE illustrating
how the number of electrons transferred (n) varies with the rate of
mass transport at each electrode.

—49 —



ig = nFky ([O]m — [Olo) 2.70
and for the anodic current, by:
ig = nFky ([R]m —[R]o) 2.71

The reaction scheme can now be pictured as:

kn ks
(O], = [O]o + ne- TV [R]o 2.72

At the limiting current for this reaction, [O]p = 0 and therefore equation 2.70

becomes:
11im = nFky [O]m 2.73

Since [R]m = 0, then the resulting equation governing the i—E relationship for a

reversible process becomes:

E—E0 = 2:3RT 150 1lin — g 2.74
nF 14

2.4.2 Irreversible Electron Transfer

In the case of an irreversible electron transfer:

ks
O+ ne- — R

the back reaction can be ignored so that ky = 0. The current at the electrode will

therefore be governed by the forward rate constant, so that:

ig = nFks [O]o 2.75
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and the current was related in section 2.3.2 to the rate of mass transport using the

mass transport coefficient, ky, such that:
ig = nFky ([O]m —[O]o) 2.76

The reaction may now be represented in terms of two rate processes involving mass

transport and electron transfer:

kn ks
[O]_ — [O]o + ne~ — [R]o

Therefore the combination of equation 2.75 and 2.76 yields:

[Olo =ka [O]
kf + km
or id=anfm 2.77
kf + km

However, at the transport controlled limiting current, [O]o = 0 and therefore:
i1im = nFky [O]m 2.78

and 1 1 _ 1 2.79

ig il nFks [O]

Hence combining equation 2.79 with equation 2.3a gives:

0
log[1—1 | =F (B — E)_ 105 k0 —log [O] ~Ilog (nFA)

1 11im 2.3RT
2.80

where A is the area of the electrode. A Tafel plot of log[l 1 ] versus E therefore

i 1lim
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enables the value of am to be found from the slope.

2.5 The Use of the Rotating Disc Electrode and Channel Electrode in the Study of

Electrochemical Reaction mechanisms

The preceding sections have demonstrated the importance of well defined
hydrodynamics in the study of electrode reactions and the relevant relationships
between current, potential and mass transport have been derived for the RDE and
ChE. These results have been illustrated for a very simple reaction; electrode
processes are rarely as simple as this and consequently complications due to coupled
chemical steps and surface phenomena often need to be considered. Fortunately, the
use of mass transport as an experimental variable can not only give a guide to
reaction mechanism, but additionally provide quantitative kinetic detail.

The aim of this section is to distinguish between reactions taking place in the
solution (homogeneous reactions) from those occurring at the electrode/solution
interface (heterogeneous), and to briefly discuss the use of the RDE and ChE in the
investigations of these processes. The notation of Testa and Reinmuth [174] will be

employed: i.e. electrode reactions will be labelled E and chemical steps C.

2.5.1 Coupled Homogeneous Reactions
The simplest forms of this kind of reaction are the CE and EC mechanisms,
where a homogeneous chemical step proceeds or follows an electron transfer. The CE

mechanism is as shown below:

ky

C: Y — A K= kl/k-l
k_

E: A+e — B

The dependence of i1;, and the half-wave potential, E1/2 (i {Ei/z} = i1in/2), on the
rate of mass transport (W for the RDE, Vi for ChE) are illustrated for the case of

the RDE in Figure 2.19. )iy is increasingly lower than that expected for a simple E
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reaction as W is increased. This is because the precursor of the electroactive
material Y spends increasingly less time in the vicinity of the electrode surface for
complete conversion to the electroactive form, A. The relative rate of mass
transport compared to the rates of A and B will effect the extent to which ijip is
perturbed from the value expected for a simple E process, and provided the former
is sufficiently fast to distinguish this shift then the rate constants for the preceding
C step may be determined [175].

The additional free energy barrier to reduction caused by the chemical step
results in the cathodic shift observed in the E,; o~ log W plot. Mechanistic
discrimination is possible from quantitative analysis of this behaviour when E° (for
the A/B couple) is known under conditions where kinetic complications are
negligible [176].

The EC mechanism is defined as:

A+e — B
k

B —»

where C is electroinactive in the potential range of interest. Here, the chemical step
has no influence on ij;p and therefore the variation of the limiting current with w2
is identical to that observed for a simple electron transfer. This is shown in Figure
2.20.

However, the chemical step manifests itself in the E; fo ™~ W behaviour, the
decomposition of B producing an anodic shift in the reduction potential [177]. Once
again, analysis of this shift can provide mechanistic information and a value for the
rate constant, k [176].

The application of these basic principles means that identification of more
complex reactions such as Eqr [178,179], E; [178,179], EC, [180,181], CoE [182,183]
and EC’ [184,185] is possible at hydrodynamic electrodes using steady—state
measurements, which have therefore been of considerable significance in the study of
electrode mechanisms [130,131,186].

In this thesis, steady—state measurements alone will be employed for the
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investigation of electrode processes which involve coupled homogeneous kinetics. It
is however worth noting at this point that there are natural limitations on the
information which this methodology can provide. In particular, mechanistic
diagnosis using electrochemistry has recently reached levels where, say, the various
details of a given reaction pathway, rather than general mechanistic discrimination,
is of interest [187]; steady—state analysis is often not the best probe for determining
such information. Secondly, the range of chemical constants which are accessible
using steady—state techniques are invariably limited by the rotation speeds or flow
rates which are practically attainable [131]. Hence, one further advantage of
hydrodynamic electrodes is exploited, and time-—dependent measurements are
employed. In addition, mechanistic and kinetic detail can be found and/or
confirmed using other electrochemical or spectroelectrochemical techniques [188].
The ECE/DISP1 system [189] provides an excellent illustration of this point. The

reaction scheme is as follows:

1. E: A+e =B
ki

2.  C: B==C K = [C] / [B]
k.

3. E: C+e =D

4. DISP B+C — D+A

Three limiting mechanisms, summarised below, have been identified [190]:

Mechanism Rate determining step 2nd electron transfer
ECE (2) (3) heterogeneous
DISP1 (2) (4) homogeneous
DISP2 (4) (4) homogeneous

The second order dependence with respect to [B] means that the DISP2
mechanism may be readily distinguished from the other two mechanisms using

steady—state measurements at the RDE or ChE [191,192]. This distinction has been
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made using both measurements of E, /s and i1ip with W (or V¢) [181,193] as well as
with other conventional electrochemical techniques such as LSV, CV [191,194,195]
and single potential step chronoamperometry [196,197].

The discrimination between ECE and DISP1, however, has proved much more
difficult [194]. Steady—state measurements at the RDE, ChE and wall—jet electrode
(WIE) [189,198,199] are all unsuccessful in resolving the ECE/DISP1 competing
reaction mechanisms at present levels of experimental accuracy, although
discrimination has been achieved when an independent value for k;/k.; can be found
using, for example, spectroelectrochemical means [189]. The degree of experimental
precision required to resolve the two mechanisms has also resulted in the failure of
LSV (both peak potential [194] and peak current [190] — scan rate analysis) in
ECE/DISP1 discrimination. However, the use of double potential step
chronoamperometry to analyse systems where the kinetics of step (2) are compatible
with the time scale of the experiment, has been demonstrated by several workers to
successfully discriminate between the two mechanisms [194,200,201].

This example illustrates that through the use of transient techniques, the
hydrodynamic electrode can still prove to be a powerful probe of electrode reactions

when steady—state measurements in isolation provide insufficient mechanistic detail.

2.5.2 Coupled Heterogeneous Reactions

By definition, steady—state techniques are also relatively insensitive in the
analysis of electrode adsorption phenomena [130]. An example where such
measurements have been successful is the heterogeneous -catalytic reaction
concerning oxygen reduction at metal -electrodes. A non—electrochemical
regeneration mechanism operates which is heterogeneous in nature and involves the

adsorbed product [202]. The reaction is therefore of the type:

E A+ne — B
kp
M B — A

For a first order regeneration mechanism the effect will be to shift the Levich plot of
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i vs. W2 up th ;
lim VS. up the y axis by a constant amount. Therefore at the RDE the

intercept is given by:
i1in=1nF A ky [B] 2.81

and rate constants in the range 10-3 < ky < 107! cms-! can be determined. The
rotating ring disc electrode has been exploited for these studies [203—205].

The use of transient techniques however can provide more detail in the
investigation of heterogeneous processes [130]. The simplest case to consider of a
reaction involving adsorption is that where only the adsorbed form(s) of O (and/or
R) is electroactive in the potential range under examination. The analysis of such a
system is straight forward since mass transport effects can be ignored and
measurements made in stationary solution. Hence many examples are to be found in
the literature where LSV, CV [107], AC impedance [108], thin layer coulometry
[206] and potential step techniques [106] have been used to study adsorption,
desorption and nucleation. Non—electrochemical techniques have also been employed
[188].

However the solution species (O and R) are often also electroactive and may
themselves be involved in homogeneous reactions; therefore such systems are
amenable to studies using hydrodynamic electrodes employing transient
measurements. Double potential step chronoamperometry at the RDE has been used
to measure the kinetics of adsorption of bromine onto polycrystalline platinum
electrodes [207] and transient techniques have been proposed as a method for

studying adsorption at double channel electrodes [208,209].

2.6 Spectroelectrochemistry

The electrochemical techniques which have been described so far rely on
measuring potential or current as a function of experimental parameters such as

time, sweep rate or the rate of mass transport. In particular, the measurement of
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current has been used to determine the rate of an electrode reaction. Such
measurements however lack molecular specificity so that when information on the
identity of a reaction intermediate or product is required, to say elucidate a reaction
mechanism, a non—electrochemical technique must be employed [210,211]. Section
2.5.1 described how in—situ ESR [189] has been used to investigate successfully the
ECE/DISP1 problem and such spectroscopic techniques have become increasingly
favoured in recent electrochemistry.

The particular merits of in—situ techniques are that in addition to identifying
reaction intermediates, the time dependent concentration profiles of these and other
radical species can be monitored. Studies of surface properties such as adsorbate
orientation, ordering and coverage are also possible [212—214]. Hence many
examples can be found in the literature of the use of UV—visible, IR, Raman, ESR
and other in—situ techniques [188]. Work covered here however will be restricted to
the use of in—situ ESR as a tool for confirming mechanistic detail and kinetic
analysis.

ESR has been proven as an excellent technique for the identification and
investigation of species containing unpaired electrons i.e. radicals, radical cations
and anions, and certain transition metal species. If radicals involved in an
electrochemical experiment can be produced in the ESR cavity without perturbing
the sensitivity of the spectrometer then this technique can be used to study the
intermediates and products of the electrode reaction. To this end, several in—situ
ESR cells have been developed: channel and tubular electrodes are the principal
examples of systems which do not significantly effect the sensitivity of the
spectrometer and also have well defined hydrodynamics [215,216].

In combination with conventional electrochemical techniques, ESR is
particularly useful since it provides not only unambiguous intermediate and product
identification, but also probes the entire concentration profiles (x,t) of these species
near the electrode. Hence analysis of transient ESR data can yield kinetic

information, helping to solve problems such as the assignment of an ECE or DISP1

[189,217] process as well as a number of other mechanisms [218,219].
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CHAPTER THREE
THEORY

In this chapter, theory is presented for the mathematical description of mass
transport to both the rotating disc and channel electrodes. A general computational
strategy is detailed for the calculation of chronoamperometric responses arising from
single and double potential step experiments at the RDE. The method is amenable
to the inclusion of both heterogeneous and homogeneous coupled kinetics.
Theoretical results are provided for the catalytic mechanism (EC’) which reveal
that steady—state measurements in isolation are sufficient to discriminate between
similar variants of this general mechanistic pathway.

Calculation of the transport—limited current/flow rate behaviour for the EC’
mechanism at the channel electrode proceeds using two contrasting approaches:

1. by modification of the appropriate convective—diffusion equations via the
Lévéque approximation, replacing concentration gradients in the direction of flow
by their average values, and

2. by maintaining the full parabolic nature of the velocity profile.

These two methods of solution are shown to be in good agreement with the existing

theory, and with each other, when kinetic processes are fast. Lastly, steady—state

working curves, generated for the RDE and ChE using these theories, are compared.
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3.1 The Rotating Disc Electrode

3.1.1 Introduction

The considerable application which RDEs have found in the investigation of
electrode processes comprising electron transfers coupled to homogeneous and
heterogeneous chemical reactions was discussed in Chapter Two. It was shown that
usually studies involved steady—state measurements: the variation of either the
transport—limited current [220—222] or the half-wave potential [223—225] with
electrode rotation speed being used for mechanistic deductions and to provide
quantitative kinetic detail. However, the limitations to the information which these
techniques can convey were also outlined. In particular, steady—state methods may
be insensitive to the various nuances existing within one general mechanism and to
the investigation of heterogeneous processes.

Time dependent measurements, providing a more complete and accurate
mechanistic description, can, at least partly, overcome these problems. The
combination of a large perturbation method [187] (e.g. chronoamperometry) with
the controlled hydrodynamics of the RDE is particularly useful since both
steady—state and time dependent characteristics can be determined with one
measurement. Chronoamperometric experiments involve changing the potential of
the working electrode instantaneously and recording the resultant current—time
response. In the simplest of these experiments — single potential step
chronoamperometry (SPSC) — the potential is "stepped" from a value where no
current flows to a new potential corresponding to a reduction (oxidation) at the
mass transport controlled rate.

In stationary solution, Fick’s Second Law can be solved with the appropriate
boundary conditions, to describe the current—time behaviour. For example, consider

a reaction free from kinetic complications at a planar electrode:

A+e =B

then the exact form of the i—t transient is given by the Cottrell equation [150]:
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i = nFAD /2[A] 3.1
177t 2

Homogeneous reaction kinetics have also been introduced [226,227].

Early work concerned with the current response to a potential step at the
RDE was largely theoretical and proceeded analytically by dropping the highest
order convective term [228], neglecting convection completely [229] or assuming a
linear concentration profile within a time dependent boundary layer [184]. These
treatments were however applied essentially to reactions free from kinetic
complications. The work of Bruckenstein and Prager [184] was later found to give
the best agreement with the rigorous numerical simulation, in Cartesian space, of
the problem by Prater and Bard [230]. More recently, Pons [231] has solved the
problem for simple electron transfer using the orthogonal collocation (OC) method.
This work was not however extended to cover coupled chemical reactions. RDE
chronoamperometry has not therefore been hitherto applied to the study of complex
electrode mechanisms.

The theoretical analysis of the steady—state behaviour at the RDE has been
based almost exclusively [223,232] on the reaction layer approximation
[176,182,233—235] and theories are therefore only applicable to fast kinetic processes.
A method for solving this problem without making any assumptions about the
rapidity of the chemical steps is therefore desirable.

In this chapter, a general strategy is presented for calculating the current
response to single and double potential steps for mechanistically complex reactions.
Consideration of the resultant current transients at suitably long times enables the
deduction of the steady—state response. Here, its applicability in theoretically
discriminating between several subtle nuances of one particular electrode reaction
mechanism, involving coupled homogeneous kinetics, will be examined and assessed.
The inclusion of heterogeneous kinetics will also be presented.

The theoretical approach employed makes use of the spatial transformation
first suggested by Hale [236,237] for the calculation of RDE chronopotentiometry.

This effects the equivalent of a non—linear space grid to permit efficient numerical
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calculations which are computed using an explicit finite—difference method. It has
been demonstrated [238, 239] that, for a number of electrode processes, a similar
approach in the numerical simulation of the chronoamperometric response to a
potential step at a plane electrode in a stationary solution, leads to a considerable
saving in computer time. Albery [130] has also recently drawn attention to the
merits of this approach and used it in the solution of steady—state rotating ring—disc
problems, where it appears to be no less successful than, for example, the cartesian
hopscotch—finite—difference simulations of Feldberg [240]. The considerable
generality of this approach has already been demonstrated [201,207,241-243].

More sophisticated finite difference methods, such as OC, have been applied to
solve various electrochemical problems, both at the RDE under steady—state
conditions [221,222,244-248] and at stationary electrodes in various time—dependent
modes [249—254], but these numerical techniques have not been used in the solution
of anything more complex than the case of a simple reversible electron transfer when
the RDE is operated under non—steady—state conditions [231]. This may be related
to the fact that for a successful solution of a particular electrochemical problem via
OC, "an initial guess of the concentration profiles is needed" [246] and "initial
guesses of the dependent variables are often important to get good results" [248].
Clearly, when the concentration profiles change rapidly with time, as during the
chronoamperometric cases considered here, modelling the concentration profiles
using OC may be quite difficult.

It will be shown in this chapter that the explicit finite—difference/Hale
transformation approach to the solution of chronoamperometry and limiting
current /rotation speed behaviour offers both simplicity and flexibility in that
changes in mechanism are readily incorporated through minor changes to the main
program. The limitations of the method are those of any finite—difference approach,
namely that problems arise when information is required either at very short times
or when very fast kinetics are involved. In particular, when homogeneous reactions
become fast, a large number of grid points in both the spatial and time domains are

required. The major advantage of the Hale transform method over simple

finite—difference techniques, with uniform grids representing real space, is that the
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method concentrates the calculation on the region close to the electrode where the

largest concentration variations occur.

3.1.2 The General Approach
3.1.2.1 Theory

In this section, the general approach will be developed with reference to the
specific case of the current response due to a single potential step, for an electrode
reaction free from complications of coupled chemical kinetics. The validity of this is
tested later in the chapter by comparison of the results with existing theory.

The time dependent convective—diffusion equation describing mass transport

to the RDE was shown in Chapter Two for the reaction:

Ade =
to be:

o[A] _

_p ®[A] 0 0lA] 3.9
5t A

oz "0z

where z is the distance normal to the electrode surface and D, is the diffusion
coefficient of the electroactive species, A, which is assumed to be kinetically stable.
The term Cz2 describes the convective flow close to and normal to the electrode: C
= 8.032 w'/2 »"/2 where W is the RDE rotation speed in Hz and v is the kinematic
viscosity in cm2s-L.

The form of equation 3.2 assumes that the RDE may be considered uniformly
accessible (section 2.3.1) at all times. For the case of a simple electron transfer, this
has been established as a valid assumption by a number of workers
[184,230,231,255]. In particular, the results of the theoretical treatment of
Bruckenstein and Prager [184], based on equation 3.2, were shown to be in excellent
agreement with chronoamperometric data (for currents up to five times the
steady—state value) obtained for the reduction of cupric ions from an aqueous

potassium chloride solution at a gold RDE, when a potential step was applied to the

transport—limited current region.
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Equation 3.2 may be cast into non—dimensional form [205] by writing:

w=(C/D)/3 2 3.3
gr = (C2 D)3 3.4
so that @ _ % L ow éi 3.6

otx  Ow? ow

Hale showed [236,237] that the substitution:

=jw exp (— w3/3) dw

T 3.7

jW exp (— w3/3) dw

transforms RDE problems from real, infinite space (0 < w < ) to Hale, finite space
(0 < z < 1). Equation 3.7 uses the description of the rotating disc diffusion layer
(see equation 2.55) originally formulated by Levich [255] for a simple electron

transfer under steady—state conditions. Equation 3.6 now becomes:

da exp (— 2w3/3) O%a 3.9
atx = A 0z?
® 2
where A=| [ exp(—w3/3)dw| = 1.65894. 3.10

0

Notice that the two terms corresponding to convection and diffusion have been
reduced by the transformation to one term, simplifying the means by which the

equation can be solved.

3.1.2.2 The Method of Solution

The simulation of the transient response to a perturbation of some existing

concentration distribution proceeds by dividing up — 1) the transposed spatial
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coordinate (0 < z < 1) into N boxes defined by the (N+1) grid points
{0,1,2,3,...N—1,N} and, 2) the time interval under consideration (0 < t* < 1) into
1M intervals such that:

dt* = M-t 3.11

Choosing a(m,n) to denote the concentration at the point z = n/N and time t* =

m/M, the changes in concentration, da(m,n) are computed by means of the

following equation:

a (m+1,n) = a (m,n) + da (m,n) 3.12
where
da(m,n) = [dt*N2exp(—2w3/3)].[a(m,n—1) — 2a(m,n) + a(m,n+1)] 3.13
A

Computationally, values of w appropriate to each value of z are calculated from the

following differential equation:

AW _ oo (we/3) [ exp (—w3/3) dw] 3.14
dz 0
using the third—order Runge—Kutta method [256].

In order to carry out the calculations defined above, the initial and boundary
conditions must be specified for each type of mechanism and experiment. Thus, the
current—time response, following a potential step from a region where no current
flows to ome which would correspond to the transport-limited current under
steady—state conditions (SPSC), can be calculated using the following, for a simple

electron transfer:

m = a(0,n) = 1 3.151

m >0 a(m,0) =0 ii
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The current flowing at a time, t*, may be readily deduced as being:

i(t*) = neFAD'/3C' 2 exp(— N3/3)j(m) 3.16
4'ls
where j(m) = [a(m,1) — a(m,0)].N 3.17

and ne is the number of electrons involved in the electrode reaction, A is the area of
the electrode and F is the Faraday constant. Provided that a moderate number of
boxes (>20) are used for the simulation, the term [exp(— N-3/3)] in equation 3.16
can be taken as effectively equal to unity. The current flowing at time t* is often
also conveniently represented by the effective number of electrons transferred, nefs,
normalised to the value of the steady—state current.

For a given value of N, the size of dt* follows automatically from the stability

criterion applicable to an explicit finite—difference method [257]:

S=N2dt* < 0.5 3.18

Following the recommendations of other workers [160,230,257,258], a value of dt*

was chosen so that 0.4 < S < 0.5 was always obeyed.

3.1.3 Double Potential Steps

Minor extension of this theory permits the deduction of the current—time
response to a double potential step (DPSC). The potential sequence employed 1is
shown in Figure 3.1 and once again the electrode process is assumed free from
complicating homogeneous or heterogeneous kinetics. Thus, during the step from E;
to Ep, a species A is reduced (oxidised) at a transport—limited rate to B while

during the step from E, to Ej this is reversed [207,259] i.e.:

"Forward step" A+e —— B

"Reverse step"” B—e- —— A
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Figure 3.1: The potentials E,, E; and E; defining a double potential
step experiment.
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As before, the dimensionless convective—diffusion equation may be written:

_92h  _, 0h 3.19

dh
— =_—_+wg
ot Owg Owy
where h = [H]/ [H]m and H is either A or B.
Wy and t# are given by:
wg = (C/Dg) 2 3.20
1
tg = (CDg) /34 3.21

and DH is the diffusion coefficient of H.

Upon applying the Hale transformation, equation 3.19 becomes:

exp (—2wj/3) 6%h 3.22

A Oz

oh
Otg

Concentration profiles can be computed from:

h (m+1,ng) =h (m,ng) + dh (m,ng) 3.23
where
dtgy Nf exp(-2wj/3)
dh(m,ng) = y [b(m,ng—1) — 2h(m,ng) + h(m,ng+1)]
3.24

During the first potential step B is being generated from A. The concentration
profiles of A and B are "linked" both physically and mathematically by means of:
p, B  -Jp® 3.25
0z| z=0 0z| z=0

which expresses the fact that the flux of A to the electrode surface is equal to the

flux of B away from it. Transforming to Hale space, equation 3.25 becomes:
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i

= D]23/ 3 0b 3.96

owp| w=0

For the "forward" step (0 < m/M < t’), then the surface concentration of A will be
zero. The initial and boundary conditions may therefore now be written in the

following computationally compatible forms, where t X is the normalised time

corresponding to t:

m =0 a0n,) =1 3.27
b(0,ng) = 0 ii

0<m/M<tg’ a(m,0,) =0 3.281
b(m,0) = [D, /Dyl a(m,1,) + b(m, 1) i

b(m,Ng) =0 iv

m/M >t b(m,0g) =0 3.29 i
b(m,Ng) =0 ii

2

a(m,0,) = [Dg/D ] /b(m,15) + a(m,1 ) i

and transients may be evolved by sequentially updating the concentrations in the A
and B Hale grids according to the usual concentration change expressions given by

equations 3.23 and 3.24. The current flowing at time t* is given by:

() = 2FAD/ '/ exp (Nz/3).ig(m) 2.0
Al
where:
jH(m) = {h(m,lH) - h(m,OH)} Ng 3.31

Once again, in computing these transients, the stability requirement given in

equation 3.18 was always observed [257].
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3.1.4 The Inclusion of Homogeneous Kinetics

In this section, the theory is extended to include coupled homogeneous
kinetics. This will be illustrated by modelling the kinetics associated with the
so—called catalytic mechanism (EC’) and its nuances.

In this general class of mechanistic pathways [187,260-271], an
electrogenerated species (the "mediator") reduces or oxidises some other solution
species (the "substrate") with the regeneration of the original electroactive material,
which can thus undergo further reaction at the electrode [241,243,272]. The simple

catalytic mechanism (EC’pure) is defined by the following scheme:

A4+e =B 3.321

B+Y —— A+ products ii

This mechanism is often studied with the substrate Y present at a much higher
concentration than the mediator B so that the kinetic step ii may be taken as first
order [182,184,273]. However, the analysis presented here will be valid for all
relative concentrations of the two species.

A closely related process involves a pre—equilibrium before the

product—forming irreversible step:

At+e — i
B+ Y == A + intermediate iv
intermediate —— products v

where reaction (iv) is described by the the equilibrium constant Kiy:

[A] [intermediate]
[B] [Y]

iv =

This mechanism is defined EC’pre—eqm. The process may be regarded as a "self
limiting" catalytic reaction, because if the concentration of A is raised to enhance

the catalytic turnover of Y into products, the consequential shift of the equilibrium
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in step (iv) is to produce a smaller catalytic response than would occur if the simple
EC’ mechanism operated. Such a mechanism is thought to operate, for example, in
the oxidation of certain carboxylates (Y in the above scheme) mediated by the
cation radical (B) of tris—(p—bromophenyl)amine (A) [272,274].

Another conceivable complication is that a disproportionation step is involved:

At+te =8B vi
B+B —= A+ C vii
followed by either:
C+Y —— A + products viii
or
C+Y —— B + products ix

The mechanisms are denoted as EC’dispA and EC’dispB respectively and each may
be divided further into two subcases since either the product forming step or the
disproportionation step may be rate—limiting. In the former case, the notation
EC’dispAl or EC'dispB1 is applied, while in the second case the labels EC’dispA2
or EC’dispB2 are used.

The appropriate mass transport equations for these six mechanisms are:

2
Oa = D_a_i + Cz2.a_a + Kpech Pada 3.33

Bt * 022 0z

b D_afP. + CZ:’?E — Kmech Pbdb 3.34

Gt * 0z2 0z

at* 0z2 0z

where b = [B]/[A] , v = [Y]/[Y] and the relevant rate constants (Kmech),

concentrations (p) and bulk concentrations (q) are given in Table 3.1. Solution of
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equations 3.33 to 3.35 proceeds by applying the Hale transformation (equation 3.7).

The resultant convective—diffusion equations in Hale space are:

fa _ exp (—2w3/3) d%a

—_— + Knorm Pala 3.36
ot * A 012
.a_b = &P (—2w#/3) &b _ knorm PbIb 3.37
at* A 0z?

—9ow3 2
Oy _exp (Z2wW8[3) By _y bty 3.38
ot * A 012

where the normalised rate constants (kporm) and the bulk concentration ratios (r)
are given in Table 3.2.
The boundary conditions for a single potential step, where the current changes

from zero to the transport—limited value, for each mechanism, are:

t =0: a=1 b=0 y=1 3.39 1

t>0,z=1 a=1 b=20 y=1 ii

z=0: a=0 b=1 =0 iii
oz

The time evolution of the current is then found from concentration profiles

determined using:

h (m+1,n) = h (m,n) + dh (m,n) 3.40

where h = a, b or y, and:

da (m,n) = [dt*N2 exp(—2w3/3)] [a(m,n—1) — 2a(m,n) + a(m,n+1)]

+ Knorm Pa(m,n) ra dt*  3.41
db (m,n) = [dt*N? exp(~2w?/3)] [b(m,n—1) — 2b(m,n) + b(m,n+1)]

— Knorm po(m,n) rp, dt*  3.42
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Table 3.1: Values of knech, p and q appropriate for equations 3.33—3.35.

MECHANISM kmech Pa Pb Py da db dy
EC’pure ki yb yb b (Y], (Y], [AL
EC’preeqm Kivky _}E _}i zlz Di]m Mm 1
a a a [A]m [A]m
EC’dispAl Kviikyiii 2b2y 2b2y b2y [Y]m [Y]m [A]m
a a a
EC’dispA2 kyii 2b?2  2b2  * [A] [A]m *
EC’dispB1 Kviikix b2y b2y b2y [Yl  [Y] [A]m
a a a
EC’dispB2 Kyii b2 b2 * [A] [A]lL *

* y concentration profile not required for this calculation.

Table 3.2: Values of kyom and r appropriate for equations 3.36—3.38.

MECHANISM Knorm I

EC’pure ki /iy [A]
[Y]

EC’preeqm Kivky C-2/ 3p/s m;o Lﬂm
AL 7,

ECdispAl Kuitkvini C /2D /3 [v]. A
[Y]_

EC'dispA2 kvis €13 D'/2 [A] .

EC’dispB1 Kyitkic /2 D'/3 [¥]. AL

ECdispB2 kvis C 12 D'/3 (AL .

* y concentration profile not required for this calculation.

! r, = rp = 1 for each mechanism listed above.
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dy (m,n) = [dt*N2 exp(—2w3/3)] [y(m,n-1) — 2y(m,n) + y(m,n+1)]

— knorm Py(m,n) 1y dt  3.43

i.e. three one dimensional arrays of N+1 grids points corresponding to a, b and y are
set up, and upon calculating the changes in "a" for a step of M-t in t*, the changes

in "b" and "y" are computed.

The boundary conditions (equation 3.39) are incorporated into the numerical

calculation by means of the following:

m =0 a(0pn)=1 b(0,n) =0 y=(0mn)=1 344i
m > 0 a(mN)=1 b(m,N)=0 y (m,N)=1 ii
a (m,0) =0 b (m,0)=1 y (m,0) =y (m,1) iii

The three arrays are sequentially updated during computation and the current
calculated using equations 3.16 and 3.17. |

For simplicity, the theory presented in this section has considered only SPSC
and it has been assumed that species A, B and Y have equal diffusion coefficients. In
section 3.1.3, the straightforward manipulation of the theory required to consider
both double potential steps and unequal diffusion coefficients was presented; this
can readily be incorporated into cases where coupled homogeneous kinetics exist so
that both DPSC and where D A # DB can be modelled. The computationally

compatible initial and boundary conditions then become:

m=0 a(0mn,)=1 b (0,ng) =0 y(Omn,)=1 3451
0<m/M<tg’ a(m0,)=0 a(mN,)=1 ii
2

b (m,05) = [D,/Dgl %2 (m,1,) + b (m,1p) i

b(mNg) =0 iv

y (m7OA) =J¥ (m)lA) y (m)NA) =1 v
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m/M>tg’ a(m0,)=[Dg/D,]"/% (m,1g) + a(m,1,) vi

a(m,N,)=1 vii
b (m,0g) =0 b (m,Ng) =0 viii
y (m,0,) =y (m1,) y (m,N,) =1 ix

and the only assumption is that D A= Dy.

3.1.5 The Inclusion of Heterogeneous Kinetics

The ease with which heterogeneous kinetics can be included into the
theoretical approach presented here will be illustrated by considering an electrode
process where electron transfer (A + e- —— B) is preceded by the first order
adsorption of A. The result of this adsorption is to change the concentration of A at
the electrode surface; finite heterogeneous kinetics will prevent all of A from being
instantaneously reduced (oxidised) at the electrode so that the boundary condition
a (m,0 A) = 0 of equation 3.26 is no longer valid. However, calculation of the new
boundary condition within the Hale formulation is straightforward.

The finite first—order kinetics restrict the flux of material reaching the

electrode to:

da _ ,,
DA_d_ =k [A]Z=O 3.46
VA

where k’ is the rate constant of the chemical step. For computational purposes, the

boundary conditions now become:

m=0 a(0n,)=1 b (0,ng) =0 3471

0<m/M<ty’ a(m0,)=D, a (m,14) ii
(Dy + k’dz)

a(mN,)=1 iii

b (m,05) = [D, /Dgl /% (m,1,) + b (m,1p) iv

b (m,Ng) =0 v
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m/M >ty b (m,0g) = vi
b (m,Ng) =0 vii
a(m,0,)=[Dg/D A]Z/ *b (m,1g) +a (m,1,) viii
a(mN,)= ix

Other than the change in this boundary condition, the computation proceeds
exactly as for the case where there are no kinetic complications. In performing these
calculations, the stability criterion for an explicit finite—difference method given by
equation 3.17 was always maintained and therefore values of N are dt* were chosen

so that 0.4 < S < 0.5 [257].

3.1.6 Results and Discussions
In this section, the results of the calculations described above are presented

and interpreted.

3.1.6.1 Simple Electron Transfer: SPSC

The chronoamperogram for a transport—limited electron transfer was
calculated in order to validate the theoretical procedure described in section 3.1.2.
Figure 3.2 shows the resultant transient normalised to the steady—state current,
obtained using the FORTRAN program given in Appendix 4a, with N = 20 and M
= 1000. On decreasing N from 20 to 10, it was found that the predicted currents, for
t* > 0.1 were changed by less than 1% confirming that these results are free from
artefacts due to assumptions about N. The data in Figure 3.2 are indistinguishable
from those of the numerical simulation of Prater and Bard [220], which were
performed in Cartesian space. In addition, excellent agreement is also found with
the approximate analytical treatment of Bruckenstein and Prager [184], who derived

the following equation:

t = 0.347 E ln[_(_i_ZE_;_] +4 3[%— tan‘l[gli/l_%'_l}ﬂ 348

— 76 —



28F

24+

it ¥)ge |

1.2F Vo

08

Figure 3.2: Computed chronoamperometric transient for an E process
resulting from a single potential step at a RDE. The open circles
represent points calculated using the approximate theory of
Bruckenstein.
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where R=i(t*- o) 3.49

This has been shown to relate in a satisfactory manner to experiment [184]. The
open circles in Figure 3.2 are points determined using equation 3.48.
The validity of the numerical strategy presented here for computing RDE

SPSC transients can therefore be concluded.

3.1.6.2 Simple Electron Transfer. DPSC

The precise form of the potential sequence to be examined can be understood
by reference to Figure 3.1, where it should be recognised that the solution contains
only one electroactive species, A. Also the potentials E; and E; are of sufficient
magnitude and applied for enough time that steady—state transport—limited
currents for the reductive and oxidative processes are established.

As for the previous section, transients calculated using the method described
in section 3.1.3 (using the program in Appendix 4b) were insensitive to the
particular value of N chosen, provided that N was sufficiently large. Once again, N
= 20 (m = 1000) was perfectly adequate. The "forward" transient is calculated
identically to that presented in Figure 3.2 and therefore is indistinguishable from
previous work. A typical reverse transient, also normalised to the transport—limited
current, is shown in Figure 3.3. This is believed to be the first calculation of this
problem.

For the "special" case where D, = Dy, the transients shown in Figures 3.2
and 3.3 are in fact related. The algebraic difference between the current on the
"forward" transient (at a {real} time, t, after the start of the transient), if(t) and
the current on the "reverse" transient at the corresponding time, t, (after the start
of this second transient), ir (t—t’), is equal to the steady—state current, iss, which

flows at the potential E;. t’ and E; are defined in Figure 3.1. This observation is

proved mathematically in Appendix Five.

3.1.6.3 Homogeneous Kinetics

In any numerical approximation method, the production of stable and truly
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Figure 3.3: The "reverse" current transient corresponding to a
potential step from E, to E; (= E;), calculated under the assumption

that there are no kinetic complications.
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converged results is essential. For the simple electron transfer processes already
illustrated, a value of n = 20 was clearly sufficient to meet this requirement.
However, when coupled homogeneous kinetics are included into the problem, the
concentration profiles of reactant and products change more rapidly and therefore
need to be determined more precisely in order to model electrode processes
accurately. Hence larger values of N and M are necessary. Remembering that N2dt«
must be < 0.5, any two—fold increase in N requires a four—fold increase in M
resulting in an eight—fold overall increase in computer time. In particular, when the
homogeneous rate constant is large, the value of N must also be high. The
relationship between N and normalised rate constant has been considered
quantitatively for EC, ECE and DISP processes by Unwin [160]. However here with
a value of N = 200 and dt* = 1x10-5 convergence was achieved, even for the fastest
rate constants considered (see Chapters Five, Seven and Eight) and these values,
which were not computationally prohibitive were therefore used throughout.

Figure 3.4 shows a typical transient, generated from the theory presented in
section 3.1.5 for an EC’pure process with knom(EC’pure) = 1.0 and [A] /[Y] =
0.235. This was calculated using the FORTRAN program given in Appendix 4c.
The final steady—state portion of such transients allows the deduction of the
"working curves" shown in Figure 3.5 for [A]m/[Y]m = 0.1, 1.0 and 10.0. Here it is
assumed that D A= DB = DY' Also shown in this figure are the results of Prater
and Bard [275], who used numerical simulation in cartesian space to tackle the same
problem. Excellent agreement is observed under all conditions, validating the
explicit finite—difference/ Hale transformation approach adopted here.

The special case which arises when [Y] >> [B] and pseudo first—order kinetics
can be assumed, was discussed in the introduction to the catalytic mechanism. The
working curve for this instance is shown in Figure 3.6 along with the behaviour
calculated from the "reaction layer" theory for this mechanism, which is given by

[276]:

- - 1
nese = 0.6435 D /0 W12 410 (i [v] )/ 3.50
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Figure 3.4: Computed single potential step chronoamperometric
transient for the EC’pure mechanism. kyorn(EC’pure) = 1.0 and
[A]m/[Y]w = 0.235.
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Figure 3.5: Steady—state working curves for the EC’pure mechanism
calculated using the explicit finite difference/Hale transformation
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Figure 3.6: Steady—state working curve for the EC’pure mechanism,
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This latter approach is valid for fast rate constants and low rotation speeds (i.e.
W(D /v)l/ $ << 3ks; [Y]m) where the reaction layer thickness is much narrower than
the diffusion layer thickness and a limiting kinetic current independent of rotation
speed is found. This corresponds to the high knorm section of the "working curve"
where good agreement between the analytical and numerical theories is apparent.
However, when ki; [Y]m/W becomes small, the analytical theory breaks down and
approaches the transport—limited current (nefr = 1). Here, where the kinetics are
slow, the numerical/Hale approach is at its best.

Working curves, calculated in an identical manner to those above, are shown
in Figures 3.7 to 3.9 for the EC’preeqm, EC’dispAl and EC’dispB1 mechanisms.
Figure 3.10 shows the working curve appropriate for both the EC’dispA2 and
EC’dispB2 nuances, since the Y species is absent from the current determining
equations for these processes, this curve is independent of [A] / (Y]

Inspection of Figures 3.5 to 3.10 reveals that the nerr versus normalised rate
constant behaviour is sufficiently different that all of the mechanistic varieties
might be distinguished on the basis of steady—state measurements alone, provided
that a suitably wide range of rotation speeds is employed. The range of 1 — 50Hz,
which is experimentally accessible and convenient may be adequate for these
purposes. Hence, chronoamperometric analysis may not be essential but could be

employed in the confirmation of mechanistic and kinetic results.

3.1.6.4 Heterogeneous Kinetics

Figure 3.11 illustrates the effect of finite first—order heterogeneous kinetics on
the "forward" transient when the potential is stepped from a potential where no
current flows to one which gives rise to the transport—limited current. The
FORTRAN program used to generate this data is given in Appendix 4d. Results are
plotted here in terms of real current, i, and real time, t. In the calculation of these
transients a value of n = 100 (and correspondingly m = 25,000) was found to be
sufficient to provide converged data. Values of W = 9Hz, D A= 9.0x10-8, DB =
1.82x10-5 cm2s! and [A]m = 9.86x10-3 moldm-3 were used for these calculations.

Notice that in the limit of fast kinetics, the transients converge, giving the same
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Figure 3.7: Steady—state working curves for the EC’preeqm
mechanism.
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Figure 3.8: Steady—state working curves for the EC’dispAl
mechanism.
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Figure 3.9: Steady—state working curves for the EC’dispB1
mechanism.
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Figure 3.10: Steady—state working curve deduced for the EC’dispA2
and EC'dispB2 mechanisms. This curve is independent of [A] /Y],
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result as in the absence of any kinetic complications (as shown in Figure 3.2). Also,
at low rate constants, the transient becomes "flattened", there is less current at
short times and correspondingly more at long times than the case of fast kinetics.
This is a result of the finite kinetics preventing the instantaneous reduction
(oxidation) of all A at the electrode surface. These observations are in complete
agreement with the work of Harland [207], who wusing the explicit
finite—difference/Hale transformation approach, included a heterogeneous kinetic
step into the "reverse" transient. This theory was shown to be entirely consistent
with experimental results and thus a definitive mechanism for the reduction of
bromine at polycrystalline platinum electrodes was proposed, whereby the electrode
reaction is preceded by the adsorption of bromine; this step was shown to be first
order with a heterogeneous rate constant of approximately 200s-1.

The "reverse" transients calculated here use the same boundary conditions as
those calculated for the "no kinetics" case and are hence indistinguishable from
those in Figure 3.3. The mathematical relationship between the "forward" and
"reverse" transients discussed in section 3.1.6.2 however will no longer be valid,

except for very fast kinetics (k’ > 5000cms-1).

3.1.7 Summary

In summary, the explicit finite—difference/Hale transformation approach
provides a computationally economical method for calculating both transient and
steady—state RDE phenomena. Where comparison is possible, agreement with
existing theory is excellent. The inclusion of homogeneous and heterogeneous
coupled kinetics is uncomplicated and the method can also be easily extended to
satisfactorily take account of reactions which involve species with appreciably
different diffusion coefficients. This has previously proved to be difficult [241]. For
the EC’ and related mechanisms, steady—state measurements in isolation have been
shown to discriminate between the variants of the main mechanistic theme.

The only apparent limitation of this approach is that when the rate of coupled

reactions rises, the computing time required for the simulation increases markedly.
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Figure 3.11: Computed "forward" transients for a CE process in which
the chemical step is heterogeneous. The effect of first—order
heterogeneous kinetics with rate constants k’ = 10, 50, 100, 1000 and
5000 cm s-1 are illustrated. The parameters used were W = 9.0Hz, D A

= 9.4x10" cm?s°,, Dp = 1.82x10"° cm?st and [A] = 2.86x107
moldm-3.
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However, problems in simulating fast electrode reaction mechanisms are not
confined to explicit methods, but are also associated with implicit methods and OC.
Despite this, the computer time required to perform the necessary calculations here
was not prohibitive for either heterogeneous or homogeneous processes.
Additionally, the success of this approach is illustrated by its application to the

study of a wide range of RDE problems in the current literature

[201,207,241—243,272,277).

3.2 The Channel Electrode

The channel electrode has been recently developed into a popular and powerful
hydrodynamic electrode, both for analytical purposes and for the mechanistic
investigation of electrode reactions which involve coupled homogeneous kinetics
[186,215,278]. A full description of a typical channel cell, together with the
appropriate coordinate system was given in sections 2.3.3 and 2.3.4, where it was
shown that, in the absence of any kinetic complications and in the presence of
sufficient supporting electrolyte to suppress migration, mass transport to the

electrode is given by the following time dependent convective—diffusion equation:
A+ ne—=B

d[A] _ DA 02 [A] - 0[A] 3.51
0t 0z ? 0x

The velocity profile in the x direction, vy, is parabolic provided that the flow is
laminar and fully developed [161]; i.e. the lead—in criterion [162] given in equation

2.61 is obeyed. Then quantitatively:
v = vo [1 = (2’/h)?] 3.52

which, as discussed in section 2.3.4, assumes that the width of the electrode, we, 1s
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sufficiently less than the width of the channel, d, for edge effects to be negligible,
that h << d and that diffusion in directions other than normal to the electrode
surface can be ignored. These approximations were shown to be valid for practical
electrodes [169].

Two approaches to the solution of the problem stated by equations 3.51 and
3.52 have been adopted. The first proceeds by invoking the Lévéque approximation

[163] which linearises the parabolic velocity profile near the electrode surface:
vx® 2vg [1 — (2’/h)] = 2vez/h 3.53

The solution then proceeds analytically [139,164,185,279—281] or numerically [169]
and a considerable variety of channel electrode problems have been solved by this
method. However, solutions only apply to electrodes of certain geometries and to
flow rates constrained within certain bounds, so that the concentration changes
induced by the electrode are confined to be close to its surface and are thus located
in a region of space where equation 3.53 is a reasonable approximation. Despite
these limitations, the method has been shown to be amenable to the inclusion of
coupled homogeneous kinetics [279] and the resulting theory used to explore the
subtlest of differences between similar mechanisms [189,217,282].

Alternatively, Anderson [283—289] has tackled various steady—state,
kinetically uncomplicated, channel electrode problems by retaining the full parabolic
term in equation 3.51. This dictates the adoption of numerical methods, and the
suitability of the explicit (forward difference), Crank—Nicholson (central difference)
and implicit (backward difference) finite—difference methods have been investigated
for the calculation of the transport—limited current resulting from a simple electron
transfer at a channel electrode [283].

These two approaches to the solution of equations 3.51 and 3.52 will therefore
now considered in greater detail and applied to problems relevant to this thesis by

extending the theories to include coupled homogeneous (EC?) kinetics.
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3.2.1 The Solution of the Mass Transport Equation to the Channel Electrode via the
Lévéque Approximation
In addition to approximating the parabolic velocity profile in the region of the
electrode as linear, a further simplification in respect to equation 3.51 has been
adopted by Singh and Dutt [290]. This involves replacing the concentration gradient
in the x direction by its so—called "average value" [290], so that for the electrode

process:

A +ne ==

it is possible to write:

o[A] _ [[A] - [A]m] 3.54
0x Xe
and d[B] _ [B] 3.55
0x Xe

This reduces equation 3.51 to an ordinary differential equation (in x) and various
time—dependent phenomena have already been deduced from the latter since the
introduction of this approximation facilitates the use of straightforward analytical
methods [291—294]. However, the question arises as to whether the approach has a
sound physical basis since it approximates the channel electrode to a uniformly
accessible electrode, i.e. one with a uniform diffusion layer thickness across the
whole of the electrode surface. With this in mind, the method has been thoroughly
assessed by comparison with existing rigorous theory, both at the level of the
Lévéque approximation [281,282,295] and using the full parabolic description of
equation 3.51 [160]. Agreement was found to be very good for both steady—state and
time—dependent problems by Compton et al [282] who "presented a sufficiently
broad number of successful examples of the application of the Singh and Dutt
approximation so as to encourage its adoption in the theoretical description of

convective—diffusion problems at the channel (and tubular) electrodes™. This
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approach was shown to "work best when the concentrations in the vicinity of the
electrode are not too different from the concentration averaged over the length of
the electrode" [282] and the applicability of these (Lévéque and Singh and Dutt)
approximations to solving channel electrode problems, under such conditions, can
therefore be concluded.

This approach will now be demonstrated for the calculation of the
transport—limited current/flow rate behaviour at a channel electrode for the
particular case of an EC’preeqm mechanism. The mass transport within a channel
cell for the species involved in this electrode reaction can be described by the

following time dependent convective—diffusion equations:

0[A] _ d2[A] _, O[A] |y k(B Y] 3.56

_3T 0z 2 ox [A]

o[B] _ pd2[B] _ 0[B] _y kBl [Y] 3.57

-6—1: 0z 2 0x [A]

2[1[_] = D(92 (Y] _ ch?[Y] — kaiv[B] [Y] 3.58
dt 0z 2 0x [A]

upon applying the Lévéque approximation [163] and using the following variables,

equations 3.56, 3.57 and 3.58 may be normalised:

X =x [ Xe 3.59

e = (30 /hDxe) /? 2 3.60

r = (9U2D /x¢?h2) /3 ¢ 3.61

2= [A/[A, b=[BY[B], ¥=I[¥I/¥], 3.62
k2, = kKiy ([Y], /AL ) (32 /902D)/3 3.63

where U = 2/3vy, i.e. the mean solution velocity.
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The resulting equations are:

Oa _ 0% _ (oa ba 3.64
or  Be? Ox y

ob _ 0% _ 0b _ 2 ba 3.65
or  Oe? dx y

5Y=52y_66y_k‘,)ba[ﬁ]m 3.66
or 9 ox Ty [YI

The concentration gradients in the x—direction are now replaced by their average
values using the Singh and Dutt approximation given by equations 3.54 and 3.55 so

that:

O —y_1 3.67
)

The problem is therefore reduced to one dimension with respect ¢, enabling the
concentration profiles of all three species to be calculated using a straightforward
numerical technique. Thus distance (in € space) between the electrode surface and
the opposite channel wall is divided into N grid points, the distance between each

point given by:
ewalt/(N—1) = [3T/hDxe] /3 [2h/(N-1)] 3.68

Likewise, increments of normalised time are considered, where d7 = 1/M, so that
the concentration at the nth point at a time 7 = m/M is represented by ¢ (n,m).
The steady—state concentrations of the various species are then obtained by
replacing the coupled differential equations (3.64 — 3.66), with their finite difference
equivalents. Computing their evolution in time, after a potential step (at 7 = 0)
from a potential at which no current flows to ome corresponding to the

transport—limited current, yields the required steady—state profiles.
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The appropriate initial and boundary conditions are:

m=0 a(n0)=1 b (n,0) =0 y(n0)=1 3.691
forn=1.23,..N

m > 0 a(lm)=0 b(l,m)=1 y (I,m) =y (2,m) ii
b(2,m)=1-a(2,m) a (N-1,m) =a (N,m)=1 iii
b(N-1,m)= b(N,m)=0 y (N=1,m) =y (N;m) =1 iv

The conditions for m = 0 correspond to the unperturbed concentrations prevailing
through all space before the step. The first three conditions for m > 0 express the
fact the the flux of [A] to the electrode is transport—limited and the flux of [Y]
through the electrode must, by Fick’s First Law be zero. The next boundary
condition matches the flux of [A] to the electrode to [B] leaving it and finally the
last three conditions indicate zero flux of all species through the wall of the channel
opposite the electrode. In all calculations, for the parameters chosen, the
concentration at these points (n = N—1, N) were found to be indistinguishable from
the "bulk" values and this is crucial to the success of the method. Therefore the
concentrations at these two points have been put equal to their bulk values in the

boundary conditions above.

The evolution of the three concentration profiles may be computed from the
following:

h (n,m+1) = h (n,m) + Ah (n,m) 3.70

and  Ah (n,m) = M'l[{DH[h (n—1,m) — 2h (n,m) + b (a-+1,m)]/[ewar/N}2}
_ {n eanZ/N} + {k}eb (2,m) y (2,m) H/a (n,m)}] 3.71

where for:

h=a Z=a(jm)—1 and H=1 3.721i
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h=h Z=" (jm) and  H=-1 i
h = Z=y(jm)—1 and H=-—[A] /[Y] iii

Typical values required for convergence (to 0.1%) of this data and for evolution to
steady—state were N = 201, d7 = 0.0001 and m = 70,000. The FORTRAN program
used to solve equations 3.70—3.72 and thus calculate this data is given in Appendix
4e.

In this thesis, the theory presented above is used to model the theoretical ESR
signal (S) — current — flow rate (V) behaviour for an EC’preeqm mechanism under
transport—limited conditions at the ESR in—situ channel cell. The ESR signal, due
to [B] can be found by summing b (n,m) from n = 1 to 201 and the current assessed
from the quantity a(l,m) — a(2,m). In each case the quantity was normalised
relative to the respective value obtained for the "no kinetics" case, i.e. k), = 0. The
behaviour of S and i upon flow rate (through it influencing €wa11) and [A]m / [Y]m was
thus determined. Figure 3.12 shows that a theoretical plot of In (S/i) against In (V)
obtained this way gives the predicted slope, for a stable radical of —2/3
[219,296,297].

3.2.2.The Solution of Mass Transport to the Channel Electrode using the

Backwards Implicit Method

In solving the problem of mass transport to the channel electrode, by retaining
the full parabolic nature of equation 3.52, Anderson was forced to use numerical
methods [283,284,298]. In particular, the backwards implicit finite—difference
(BIFD) method was found to be optimal [283). The method is economical in
computer time since, whereas alternative methods involve matrix calculations based
on a two—dimensional grid representing the (x,z) space, the BIFD method only
involves vector calculations [283]. The calculation proceeds "downstream", each
vector enabling the calculation of the next, starting from the vector defining the
boundary conditions specified for upstream of the electrode. In addition,
computation is independent of the value at the upstream edge of the electrode,

(0,0), which can otherwise be problematic, since a definition of this point as either
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Figure 3.12: Theoretical plot of In (S/i) (arbitrary units) versus In
(V) calculated using the Singh and Dutt approximation and revealing
the expected slope, for a stable radical, of —2/3.
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Figure 3.13: The finite difference grid.
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wall or electrode is necessary. Consider, for example, the calculation of a
transport—limited current; if (0,0) is electrode, then the concentration at this point
must be zero, corresponding to complete conversion of electroactive material
arriving at the electrode. If however (0,0) is "upstream" wall then the concentration
must be the bulk upstream value so that the flux of electroactive material through
the channel wall is zero. Alternative numerical strategies to the BIFD method such
as the explicit finite—difference and Crank—Nicholson methods may give answers
which are dependent on this choice and can therefore be regarded as less satisfactory
[283]. Other problems associated with these methods, such as the stability criterion
[257,258] imposed by the explicit finite—difference method and the more complicated
programming required to implement the Crank—Nicholson approach [283] also
indicate that the BIFD method should be favoured to solve channel electrode

problems.

3.2.2.1 The Solution for a One Electron Transfer

The BIFD method, investigated by Anderson and Moldoveanu [283—289,298]
for the calculation of the transport—limited current arising from a simple electron
transfer at a channel electrode, will be demonstrated here. Consider the electron

transfer:
A+npe-—=—=B
then the steady—state convective—diffusion equation for A is:

A a0 A
D A?—g-g—] = vo(l - (2 /h)2)_([9_x_] 3.73

The basis of the BIFD method involves setting up a finite difference grid over the

region of interest, the x—z plane in the vicinity of the electrode, as shown in Figure

3.13. Increments in the x—direction are Ax and in the z—direction Az. Then:
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z; = jAz j=0,1,..J where Az = 2h/J 3.74

X, = kAx k=0,1,.K where Ax = x¢/K 3.75

The derivatives in equation 3.73 are replaced by their finite difference equivalents:

A A A
0g g, - g,
Z = kAl gk 3.76
Ox Ax
A A A A
and g _8 k41 T 28 kel T8 jr1k4l 577
0z? (Az)?
A_
where g~ = [A]/ [A]_.
Substitution of equations 3.76 and 3.77 into equation 3.73 gives:
D],A A A A A D
{( Az)2] (875 1 k41728 a1 T8 jrrkrn) = (B g1 8 [A.( AZ)J
J
3.78
where A, =_ DAx (2h)id 3.79

J7 8Vs ] (Az)3(2hAz)

and V; is the average volume flow rate. The appropriate initial and boundary

conditions for the calculation of the transport—limited current are:

A _ .

x=0 [A] = [A] gAj’O =1 3.801

A

z=2h d[A] =0 gAJ,k =8 J-1k m
0z

Here, the boundary condition iii stipulates that the flux of electroactive material

through the "far " wall of the channel is zero. Thus:
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A A A
& 1Lk (2)‘1 +1)g 1k+1 ™ )‘18 2 k+1 3.81
A A A A .
B ik =8 ikt FONFUE kA8 g T 23002
3.82
A _ A A
B g1k = 7 A58 Ja 1 F Ay 8 g ke 3.83

These (J—1) simultaneous equations may be expressed as a (J—1) x (J—1) tridiagonal

matrix equation:

{d} = [T}{u} 3.84
1.e.
d1 b1 cq 0 1 [u
d2 ag b2 Cq 0 U,
d — b,
j 0 aJ' bJ 'cJ 0 uJ
dy_o 23939 19| | Y2
4] | 0 ayybyg| | W1
where d. = gA. i=12,.,J-1 3.85
J Jk e
Ilj = g j,k“l"l J = 1,2,...,«]—1 3.86
= — ). i =23,....J-1 3.87
% j )
bj = (2Aj + 1) j =] 1,2,...,1]“’2 3.88
by g =y +1 3.89
==\, j=1,2...,J-2 3.90
cJ j J

The tridiagonal form of the matrix [T] enables the vector {u}, to be found from the
known vector {d}, using the Thomas Algorithm (see Appendix Six) [299,300]. The
boundary condition given in equation 3.80 i supplies the vector {d}, _, from which
{u}, _q is calculated. This in turn is equal to the new vector {d}, _, which is used
to calculate {u}k=1' This then proceeds "down" the electrode until {u}y is
obtained. Thus all the values gA ik (j =1,2,.,J-1, k= 1,2,...,K) are evaluated.

The expression for the transport—limited current at the electrode, i1im, takes the
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form:

| KoA A
im=weFD, [Al ) |8 1k 78 0k Ax 3.91

k=1 Az

but since the boundary condition as given in equation 3.80 ii shows, gAO kK= 0, this

expression becomes:
K

z gAl,k 3.92

Z
k=1

The FORTRAN given program in Appendix 4f was written to solve these equations
(equations 3.84—3.92) and calculate the transport—limited current at the channel
electrode. Convergence was examined by varying J and K. For a typical channel cell
i.e. a 4mm by 4mm square electrode located in a duct 6mm wide by 0.4mm deep,
then the highest values of J and K will result from the fastest flow rates employed
(since the average diffusion layer will be thinner necessitating a finer grid in the z
direction). However, for the fastest flow rates considered (3x10-lcm3s1), a grid of J
= 200 and K = 500 was found to give convergence to 0.1%. Using these values,
results obtained for the flow rate and electrode geometry dependence of the
transport—limited current were identical to those reported by Anderson [283].

In addition to using this approach for calculating the transport—limited
current at macro electrodes [283,284], the BIFD method has been extensively
applied to micro electrode arrays [285—288]. However, as it stands, it is only
applicable to a simple E process. The extension of the theory to consider channel
electrode reactions which include coupled homogeneous kinetics will therefore be

presented in the following section.

3.2.2.2 The Inclusion of Coupled Homogeneous Kinetics
Compton et al [193] recently illustrated how the BIFD method can be applied
to the theoretical description of channel electrode processes involving heterogeneous

electron transfers coupled with homogeneous kinetics. Specifically, the EC, ECE,
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DISP1 and DISP2 mechanisms were examined and it was shown how both the
limiting current and full current—voltage characteristics associated with these
reactions are calculated. This approach will be extended here to enable the
calculation of the transport—limited current/flow rate behaviour for an EC’ reaction
at a channel electrode.

When electrode reaction mechanisms involving more than one species are
examined, then the necessary modifications to the theory presented in section
3.2.2.1 need consideration. The appropriate steady—state convective—diffusion

equations for the various EC’ mechanisms discussed in section 3.1.4 are:

2

0= DAa [A] = Vwa[A] + Kmech Pmech 3.93
0z 2 dx

0= DB62 [B] - Vra[B] — kuech Pmech 3.94
0z 2 0x

0=D o [Y] - Vva[Y] — Knech Pmech 3.95
0z 2 0x

and normalisation of the concentration gives:

A A
D d2g g

0= 9% —vx® -+ kpech ParQ 3.96
A 57 e AHA
B B
0= DB .3_2.5 - Vx.a_g. — Kpech Pgdp 3.97
072 ox
Y Y
0%g dg
0=Dy 2 —vx® —KpechP 3.98
Y 5 p Yy

where kpech, Puech, p and q are defined in Table 3.3.
Concentrations of each species, H, present along a finite difference grid parallel
: H H
to the z axis are described by vectors {u}IliL Adjacent vectors {u}k and {u}k+ ] are

related by a set of (J—1) simultaneous equations. These are obtained for each species
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Table 3.3: The definitions of kpech, Puech, p and q appropriate for equations

3.93—-3.98.

MECHANISM  knech Ducch PPy @& q

EC’pure ki [Y][B] yb  yb (Y], [A]
AT s a2 W@

EC'dispAl Kviikviii 2[B ] 2[Y] 2b2y b2y [Y]00 [A]m
[A] a a

EC’dispA2 kvii 2[B]2 2b2 * [A]m *

EC’dispB1 Kviikix [B] 2[Y] b2y b2y [Y]m [A]w
[A] a a

EC'dispB2 kvii [B]? b2 * [A] *

* y concentration profile not required for this calculation.

} Pa = Pb; da = Qb

- 103 —



present from the appropriate convective—diffusion equations, using the
approximations in equations 3.76 and 3.77.

In all cases, the (J—1) simultaneous equations can be expressed by the matrix
equation:

(@ = Wt

where, once again, [T]H is the tridiagonal matrix described by equation 3.84.

For all of the EC’ reaction nuances:

H

g = [H]/[H] 3.99
H_H .

uj = g.j k+1 j=1,2,...,d—1 3.100

aIJ?[ = Ak} j=23,..J-1 3.101

b]}I = (mlj1 +1) §=23,..,0-2 3.102
i _\H

T = Ay +1 3.103

o H j=12,..,J-2 3.104
j j

where M~ D Ax (2h)d 3.105
J H '

6V j(Az)3(2h — jAz)

The boundary conditions relevant to the evaluation of the effective number of

electrons transferred under transport—limited conditions are:

z=0 gA=O ﬁgB=—-6gA BgA=O ii
0z 0z bz

z = 2h eb=0 gP=0 gy =0 i
0z 0z bz

These conditions result in dj and b1 becoming dependent on the mechanism being

modelled and their appropriate values for the EC’ nuances are given in Tables 3.4,
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Table 3.4: The values of d1 for the EC’ mechanisms.

MECHANISM H d;

A

, A -1 2
EC’pure A g 1,k+(DA (Az) Ay kiigBlng

1 YL

B ‘1, 2B, B Y B A
8 1k~ (Dp (B2) Ay kiig 8 5 [Y]) +AT87 1p
Y 1, B Y

Y gy —(Dy (82) A] kig 1 k8 1k [Al)

-1 2
ECpreeqm A g, +(Dy (A2) A Kunfg") 871 3] Y1)

A
8 1.k Al
B -1, 2 B B Y
B g, —(Dp (A2) A kvKfg™ 871 ][] )
A
871 x JIAL
B A
A8 1 kt1
Yy ¥ - (A AY kKin[gB: 18y 1))
& l,k_( y \BZ) Ay KvBiviB 16 1 &k
A
§ 1k
. A 1,2 A B 2Y
EC’dispAl A g (D (B ATk K 20671 1) 8 1k (Y] )
A
& 1k

-1, \3 B Y
B g5, —(Dp(8) Ak K 260 )6 1 (Y],

viii vii

A
& 1.k
B A
+ 21871 41
Y -1, 2.Y B 2Y
Y g l,k—(DY (Az) )‘1 kviiiKvii 2(g l,k) g 1.k [A]m)

A

& 1k
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Table 3.5: The values of d i for the EC’ mechanisms.

MECHANISM H d; (i = 2,3,....9-1)

, A -1 2 ,A B Y
EC’pure A g j,k+(DA (Az) ’\j kii g k8 ik [Y])
B -1 2B B Y
B g j,k_(DB (Az) '\j ki g ik8 jk [Yln)

Y -1 2.Y B Y
Y g j,k—(DY (Az) A kiig ik8 jk [A])

J
, A -1 2 A ¢ B Y
EC’preeqm A g j,k+ (DA (Az) ’\j kvKiv(g ik8 .k [Y] )
A
& jk [A]m
B -1 2 .B ¢.B Y
B g j,k—(DB (Az) '\j kyKivlg k8 j,k [Y] )
A
g ik [A]m
Y -1 2,Y B Y
Y g j,k_(DY (Az) '\j kvKiv[g j,kg j,k)
A
5 j.k
- A -1 2 A B 2Y Y
EC’dispAl A g j,k+(DA (Az) )‘j kviiiKvii 2(g j,k)g ik [ ]m)
A
& jk
B -1 2 B B 2 Y Y
B g j,k—(DB (Az) '\j kviiiKvii 2(e j,k)g j,k [Y],)
A
& ik

-1 2.Y B 2'Y
Y g —(Dy(82) Ajk K (2875 )8 5, [AL)

viii vii
A

& ik
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3.5 and 3.6. For simplicity, these values are illustrated for the EC’pure, EC’preeqm
and EC’dispAl mechanisms only. However consideration of Table 3.3 and equations
3.81 to 3.83 means that these values are easily deducible for the other mechanisms.

Upon applying this general theory, three matrix elements result, one for each
of H = A,B and Y. The matrix equation for B is dependent on g{;‘,k 11 because of
the boundary condition 3.106 ii, so that the equations are solved for each column of
the grid, in the order of A, followed by B and Y. The current is once again found
using equation 3.92.

Using the program given in Appendix 4g this theory was solved, enabling the
calculation of the transport—limiting current with flow rate behaviour as a function
of normalised rate constant, knom [189,193,217]. The value of this latter parameter
for each mechanism is given in Table 3.7. Convergence was again examined by
varying J and K. The inclusion of kinetics means that the concentration gradients
are steeper than in the simple one electron transfer case, and hence, accurate
modelling requires the use of a finer grid, which in turn necessitates an increase in J
and/or K. Over the entire range of flow rates (3x10°1 — 10-% cmds!) and rate
constants (knorm (EC’preeqm) of 0 — 120) employed, the data converged to 0.1%
when J = 200 and K = 2000. Double precision calculations were employed to avoid
the rounding errors which arise in single precision.

Typical working curves of ness versus knorm, calculated this way, are shown in
Figures 3.14 and 3.15 for the EC’pure and EC’preeqm mechanisms. The curves are
sufficiently different that limiting current measurements alone are adequate to
discriminate between these two mechanisms. Also shown in Figure 3.14 is the data
determined analytically under the Lévéque approximation by Matsuda et al [185] for
the case where [Y] >> [A]_. Excellent agreement is seen. In generating these

working curves, Matsuda compares the effective number of electrons transferred

under transport—limited conditions to the following parameter:
1/,.1 -1

In a recent publication, Unwin [172] relates the diffusion layer thickness at the
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Table 3.6: The values of b1 for the EC’ mechanisms.

MECHANISM H b1
A
All EC A 142 1
mechanisms B 1+ A]ij’
Y
1+ /\1

Table 3.7: The appropriate normalised rate constant knorp for the EC’ mechanisms.

MECHANISM Knorm
EC’pure kii [Y]  (hixe? /4vo2D)1/ 3
EC’preeqm kv Kiv [Y]m /[A]m (h2xe? /4v02D)1/ 3
EC’dispAl 2kyiii Kvii [Y] (hzxe2/4v02D)1/ 3
EC’dispA2 2kyii [A] (h2xe? /4ve2D) /3
EC’dispBl1 kix Kvii [Y]_ (h2xe2/4vo2D)1/ 3
EC’dispB2 kyii [A] (b2 [4vy2D)'3
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RDE, 644, to the average diffusion layer thickness at the ChE, x4, using the
relationship:
x4 _ 0.858 (the/ﬁ)l/3
ba 0.643 w /%t /ep'/s

_10 3.108

which enables the transformation of working curves deduced for one electrode into
those relating to the other. Combination of equations 3.107 and 3.108 with the

corresponding kpom parameter at the RDE:
2 1
knora(ECpure) oy = (kis/(8.032)"/*uwi(y/D) /2 3.109

gives:

knorn(EC’pure) oy p = [0.643 x (8.032)"/ J] (knom(EC’pure)RDE)‘/ 2

0.858 x 3'/3
3.110

Figure 3.16 shows ners plotted against knorm(EC’pure)ChE from the calculation of
Matsuda and also using the right hand side of equation 3.110, the ChE parameter
"deduced" from the RDE (calculated in section 3.1.6.3) calculation using equation
3.108. A perfect match can be observed, which not only confirms the good
agreement between existing theory for the ChE (under the Lévéque approximation)
and the explicit finite difference/Hale approach, but also shows that the latter is
entirely consistent with the BIFD ChE theory presented here for the EC’pure
mechanism.

Figure 3.17 compares the BIFD calculations with results obtained for the
EC’preeqm mechanism using the Singh and Dutt approximation. When the kinetics
are fast, good agreement is seen, validating the general use of this approach under

such conditions.

In conclusion, it is desirable to solve channel electrode problems with as few
approximations as possible and the BIFD method has been shown to be an accurate
and computationally economical means of performing this. The inclusion of coupled
homogeneous kinetics is relatively straightforward and data can be obtained without

limitation on the electrode geometry and rate constants considered. However, the
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Singh and Dutt Approximation of averaging the concentration gradient in the
direction of flow is clearly attractive and, for a wide range of kinetic parameters,

accurate.
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CHAPTER FOUR
EXPERIMENTAL PROCEDURE

This chapter surveys the experimental techniques employed throughout this
thesis. Details are given on the RDE assembly and on the design of the ChE cells
and associated flow systems. The preparation of electrodes, electrochemical
instrumentation and computing procedures are also described. Finally, the sources

and grades of the chemicals used are provided.

4.1 The Rotating Disc Assembly

4.1.1 Electrodes

Copper, platinum and silver RDEs, each surrounded by a cylindrical teflon
insulating mantle (0.d. ¥ 20mm), were obtained from Oxford Electrodes (Oxford,
U.K.). These electrodes were polished to a mirror—like finish using a succession of
finer (25 — 0.25um) diamond lapping compounds ("Hyprez Sprays", Engis Ltd.,
Maidstone, U.K.) in conjunction with a Kent Mark Il (Engis Ltd.) polishing
machine. Residual polishing solvent was removed by washing the electrodes in an
ultrasonic bath (Sernat Ltd., St. Albans, U.K.). Mercury plated electrodes were
prepared by electroplating copper RDEs in an aqueous solution of HgNOj3 (0.15
moldm-3) and KCN (0.12 moldm-3) [301], for five minutes using a 4V battery as a
potential source. The electrode surface was then washed with demineralised water
before applying a tiny drop of triply distilled mercury to leave a smooth flat finish

[301]. After polishing or plating, the exact dimensions of each electrode were
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measured, prior to use, using a travelling microscope capable of resolving to
10 2mm. The diameters of the RDEs were thus determined to be: 7.02¢0.02mm (Pt),
7.29:0.02mm (Ag) and either 6.92:0.02mm or 5.95:0.02mm (Hg).

Throughout all RDE experiments, a saturated calomel electrode (SCE,
Radiometer Electrodes, Copenhagen, Denmark) served as the reference and a
graphite rod was used as a counter electrode (CE). The graphite rod had a surface
area of at least ten times that of the working electrode (WE) [302] and was
separated from the bulk solution by a glass sinter jacket (40um pore size) which

isolated the working electrode from any products formed at the counter electrode.

4.1.2 The Cell Design

The electrochemical cell, pictured in Figure 4.1, consisted of a double walled
glass vessel of volume approximately 120 cm3 covered with a teflon lid which
supported a glass luggin probe. The reference electrode (RE) was placed inside the
luggin to minimise the "ohmic drop" between the RE and WE [303—306]. Where
required, this was further reduced by replacing the potentiostat and scan generator
(described in section 4.3.1) with a Solartron Instrﬁments (Farnborough, Hants.
U.K.) 1286 Electrochemical Interface, which enabled positive feedback ohmic drop
compensation to be used. The vessel was designed with a side—arm to carry the CE
jacket which fitted tightly in position using a ground glass joint. A small input near
the base of the vessel allowed gases to be bubbled through the solution providing a
means of deoxygenation and saturation of the solution with test gases.
Thermostatting to 25+0.19C was possible by circulating water from a thermostat

tank, by pump, between the inner and outer walls of the cell.

4.1.3 Experimental Protocol

Where applicable, solutions were deoxygenated prior to use by bubbling
through nitrogen [307] (BOC "White spot") which had been prepurified by passage
over B.T.S. catalyst and calcium chloride granules. Additionally, this nitrogen was
mixed with the gases to be analysed (for example, N,O or O3) via regulating flow
meters (G.A. Platon Ltd., Basingstoke, U.K.) to deliver to the solution the required
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Figure 4.1: The electrochemical cell used for three—electrode RDE
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percentage of each gas. Such gas mixtures also served as the carrier gas for forane
which was introduced from a vaporiser (BOC Health Care, Steeton, West Yorkshire,
U.K.) permitting the generation of 0—5% forane : carrier gas mixtures. PVC tubing
with an internal diameter of 6mm was used to transport these gases; the vaporiser
to reaction cell distance was kept to a minimum to reduce the possible absorption of
forane by the tubing walls [36].

The discs were rotated using an Oxford Electrodes rotating disc assembly and
motor controller which permitted rotation speeds in the range of 0 — 50Hz to be
accessed. The motor controller employed proportional feedback to maintain a
precise and stable rotation speed (+0.02 Hz). The use of an external voltage input
facility on the motor controller in conjunction with a DC voltage pulse generator
(Oxford Electrodes) enabled the rotation speeds to be stepped smoothly and rapidly
(as fast as 0.004s) [308]. The feedback voltage was directly proportional to the
rotation speed of the motor, and therefore steps in the latter were monitored by
recording this voltage on a Gould (Gould Electronics Ltd., Ilford, Essex, UK.
digital storage oscilloscope (054000).

4.2 The Channel Electrode Assembly

4.2.1 The Channel Cell

The entire flow cell, shown in Figure 4.2, was constructed from teflon to
prevent chemical attack from organic solvents and comprised of a channel unit and
coverplate, which were clamped together using steel bolts and a steel plate. The
channel was 30.0mm long, 6.0mm wide and had an approximate depth of 0.4mm.
This latter dimension could be adjusted by adding teflon spacers between the
channel unit and the coverplate, and was therefore calibrated each time the cell was
assembled. The precise depth was found from the slope of a Levich plot (i1im — Vfl/ 3
as explained in section 2.3.4) for the ome electron reduction of an electroactive
species with a known diffusion coefficient. Deeper duct sections at each end of the

channel served to equalise the pressure across the width of the channel, facilitating
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Figure 4.3: The assembled ChE flow cell and electrode contact.
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laminar flow.

Copper foil strips, < 1mm wide were used as working electrodes; these were
cut from thin (0.0125mm) copper (99.9%) sheets (Goodfellow, Camb., U.K.). These
electrodes were cemented to the chanmnel coverplate using a low melting point
cosmetic depilatory wax (Vychem Ltd., Dorset, U.K.) which was found to be an
adhesive which combined a strong bond to teflon with an inertness to decomposition
from solvent. Prior to use, these copper strips were carefully polished flat using a
succession of finer diamond lapping compounds and electroplated with mercury,
exactly as for the RDE (described in section 4.1.1). A tiny drop of triply distilled
mercury was then added to the strip, forming a smooth, flat mercury electrode. The
ends of the foil strip extended beyond the edge of the coverplate (Figure 4.3)
enabling electrical contact with the electrode. The exact dimensions of the mercury
WE were measured using the travelling microscope before the cell was sealed.

The electrode was positioned on the coverplate so that once the cell was
assembled and sealed, it was located sufficiently downstream of the entrance duct
that the entry length requirement for laminar flow (expressed in equation 2.61) was
fulfilled [162]. Additionally, the edges of the electrode were masked using teflon tape
so that flow was essentially two dimensional and lateral edge effects were minimised
[169].

A silver wire located in the upstream entrance to the channel served as a
pseudo—reference electrode. A combination of mechanical pressure (applied using
the steel plate and bolts) and a silicone rubber O’ ring around the channel proved

to be an efficient means of preventing leakage from the cell.

4.2.2 The Flow System

In the flow system (shown schematically in Figure 4.4), electrolyte solution
flowed from a reservoir through 1.5mm bore teflon tubing ("Altex", Anachem,
Luton, U.K.) into the channel where it passed over the electrode and then on
through a capillary to waste. The reservoir was a 500cm? three necked round
bottomed flask which was connected to the flow system via a Youngs Tap. Standard

"Altex" conmectors attached the tubing to the reservoir while the tubing was
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connected to both the channel and capillary using silicone rubber tubing. An outer
PVC tube (i.d. 6mm) purged with prepurified nitrogen prevented the ingress of
oxygen into the solution [309]. This nitrogen was also bubbled through the reservoir
to both deoxygenate the electrolyte solution [307] and to deliver gases such as forane
or N,O.

Solution flow was achieved by gravity feed [131], employing flow rates in the
range 10! to 1073 cm3s-!; these were adjusted by varying the height between the
reservoir solution head and the exit tip of the capillary. A wide flow rate range was
obtained by using capillaries with various bores. The flow rate dependence on
reservoir height and capillary bore was calibrated frequently and flow rates accurate
to three significant figures could thus be measured.

The CE was constructed from 8cm x 4cm platinum gauze, coiled into a spiral
and sealed into an open—ended glass cylinder. This was located immediately
downstream of the cell ensuring that CE products were flushed to waste.

The ChE cell was supported with the channel duct vertical and the solution
exit at the top so that any air bubbles could easily escape, and their interference

effect was thus minimised.

4.3 Electrochemical Techniques

4.3.1 Instrumentation

The potential applied between the WE and RE was controlled using an Oxford
Electrodes potentiostat. This was employed in conjunction with an Oxford
Electrodes linear potential scan generator for the measurement of current—potential
characteristics. The latter enabled scan rates in the range of 1 — 2000 mVs™! to be
used. This equipment was also used in conjunction with a DC voltage source and
differentiating operational amplifier (both Oxford Electrodes), for all double
electrode experiments where the "ring" potential was fixed while the "disc"
potential was scanned [310]. For semsing experiments, where the response to a

potential step was required, the scan generator was replaced by an Oxford
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Electrodes square wave generator. This permitted step frequencies in the range of
10-2 to 5 x 103Hz to be used. Data was recorded on a Gould Series 50000 x/y chart
recorder with a time—base facility, and potentials and currents were checked

independently using a Thurlby 1503 Digital Multimeter.

4.3.2 Time Dependent Measurements

The potential sequence wused for recording double potential step
chronoamperometry data was applied using the Oxford Electrodes square wave
generator [207] in conjunction with the 1286 Electrochemical Interface. The latter
enabled positive feedback ohmic drop compensation to be employed during the
chronoamperometric measurements. The current transients thus generated were
recorded using a purpose built digital transient recorder controlled by an IBM XT
personal computer. This permitted the sampling of points as often as up to 10us
with a maximum of 2000 data points and a current resolution of approximately
0.38u4A. One hundred transients were thus recorded during one experimental "run"
and an average transient then calculated. The raw data was then transferred from
the IBM PC to the Oxford University Computer Service VAX/VMS cluster by
means of KERMIT 2.30 communications software [207].

AC impedance experiments were performed using the cell and electrodes
described for the RDE experiments; the same ‘procedure was adopted for
deoxygenation, which continued throughout the experiment, and data was recorded
at a stationary electrode. Measurements were carried out using a Solartron
Instruments 1250 Frequency Response Analyser [311] in conjunction with the 1286
Electrochemical Interface. These were controlled via a BBC microcomputer. Thus
frequency modulation in the range of 1x10-5 to 6.55x10¢ Hz could be employed using
amplitudes between 0 and 10V. Again, positive feedback ohmic drop compensation
was utilised for these measurements. Results were recorded on the microcomputer
and plotted using a Hewlett Packard 7470A plotter.

Linear sweep and cyclic voltammetry were carried out using the RDE

assembly, potentiostat and potential scan generator. Solutions were degassed with

N,, as described for the RDE, prior to use.
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4.4 ESR Experiments

4.4.1 The ESR Spectrometer

ESR measurements were carried out using a Bruker ER200D spectrometer,
fitted with a 9 inch magnet, a rectangular TE;o cavity and a field—frequency lock.

The working electrode was placed at the centre of the cavity and its orientation

finely adjusted for maximum sensitivity [312].

4.4.2 The ESR Channel Cell

Both the channel cell and cover plate were constructed from silica [313]. A 4.0
x 4.0mm copper electrode was prepared from copper foil (section 4.2.1) and attached
to the coverplate using araldite (Ciba Geigy, Camb., U.K.). This was then polished
with diamond lapping compounds and a mercury surface prepared as described
above for the RDE. A small tail, left on the centre of one side of the electrode, was
bent at right—angles and introduced through a hole in the coverplate. This provided
an electrical contact.

The channel cell itself (Heracus Ltd., Byfleet, Surrey, U.K.) is shown in Figure
4.5. The channel was 30mm long, 6.0mm wide and had a depth of 0.4mm, ducts at
each end served to equalise the pressure as discussed in section 4.2.1. The two halves
of the cell were successfully sealed together using low melting point wax [313].

A clean polished silver wire located upstream of the cell was used as a
pseudo—reference electrode and a counter electrode of platinum gauze was positioned

downstream of the cell.

4.4.3 The ESR Flow System

The flow system employed for the in—situ electrochemical ESR measurements

was identical to that described in section 4.2.2. and shown in Figure 4.4.

4.4.4 Spin Trapping Experiments
Spin trapping experiments were carried out ex—situ using the rotating disc

equipment described in section 4.1. Samples were then transferred to the ESR
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spectrometer and spectra recorded in the conventional manner [296).

4.5 Chemicals and Materials

The sources and grades of the chemicals used were as listed in Table 4.1. The
solvent used for all non—aqueous electrochemistry was acetonitrile and this was
dried for 24 hours immediately prior to use over pre~baked molecular sieves (size
4A, 1/s" pellets). Where the absence of trace water (< 1x10-¢ moldm-3) was
essential, this was purified further by refluxing for two hours over calcium hydride
[314]. The dry acetonitrile was then removed using a Schlenke apparatus and stored
under a nitrogen atmosphere over activated molecular sieves. This procedure
involved collecting the distillate in a glass vessel, which had previously been
evacuated and filled three times with nitrogen. The vessel was then sealed with a
Suba Seal rubber stopper. Dichloromethane was also refluxed for two hours with
calcium hydride and distilled before use. Tetrabutylammonium perchlorate (TBAP)
was recrystallised once from an ethanol : petroleum ether (boiling point 40—600C)
(40:60 v/v) mixture.

Aqueous solutions were made up using water purified from an Elgostat (High
Wycombe, Bucks., U.K.) UHQ apparatus which provided water of resistivity > 107
(cm.

PTFE ("Ohmeda", BOC Health Care) and high density polyethylene (HDPE,
Fluorocarbon Company Ltd., Stretford, Manchester, U.K.) were investigated as
possible membrane materials. 5.0um pore size sheets (v 25um thick) of the former

material were used and 12.5um pore HDPE sheets ( 30 pm thick) were studied.

4.6 Computing

All programs were written in FORTRAN 77 and executed on the Oxford

University Computing Service VAX/VMS mainframe. Interpolation and fitting of
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Table 4.1: The source and grade of the chemicals used.

CHEMICAL SOURCE GRADE
Acetonitrile Fisons Dried distilled
Anthraquinone BDH 99.0%
Azo—iso—butyronitrile BDH 98.0%
t—Butyl bromide Koch-light Puriss
t—Butyl—a—phenylnitrone Aldrich 99.0%
Calcium chloride Fisons 98.0%
Calcium hydride Aldrich >95%
Crystal violet Aldrich 96%

2,3 Dichloro—5,6—dicyano—
1,4-benzoquinone Aldrich 98%
Dichloromethane BDH Analar
p—Dinitrobenzene Aldrich 98%
Ethanol J. Burrough 99.9%
Fluoranthene Fluka Purum
Forane Anaquest Ltd. Medical grade
Lithium perchlorate Fluka 99%
Mercurous nitrate BDH Analar
Mercury BDH Aristar
Nitrogen BOC "White spot", >99.9%
Nitrous oxide BOC 99.5%
Oxygen BOC 99.5%
Petroleum ether BDH Analar
Potassium chloride BDH Analar
Potassium cyanide BDH Analar
Potassium hydroxide BDH Analar
Pyromellitic anhydride Aldrich 97%
Tetrabutylammonium
perchlorate Fluka Purum
Tetrabutylammonium
tetrafluoroborate Fluka Purum
Tetrachloro—
1,4-benzoquinone Aldrich 99%
Tetracyanoethylene Aldrich 98%
Tetraethylammonium
perchlorate Fluka Purum
Tetramethylammonium
perchlorate Fluka Purum
Tributyl tin chloride Aldrich 96%

— 127 —



data was computed with the aid of standard NAG routines and graphical output (to
a Calcomp CC1044 plotter) was achieved using SIMPLOT plotting procedures.
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CHAPTER FIVE
THE ELECTROCHEMISTRY OF FLUORANTHENE

The electron transfer between a metallic electrode and the anaesthetic, forane,
will be shown in Chapters Seven, Eight, Nine and Ten to be achievable only via a
homogeneous mediator, namely the radical anion of fluoranthene. Anions of
polycyclic aromatic hydrocarbons have been demonstrated previously as possible
electro—reduction catalysts [120,315—321].

This chapter is thus concerned with the one electron reduction of fluoranthene
in non—aqueous solvent. This is examined using double potential step
chronoamperometry at a mercury RDE and the results are compared with the
theory presented in Chapter Three. At times prior to the attainment of
steady—state, the current is shown to exceed that of the theoretical transient. This
is attributed to fluoranthene adsorption. Capacity measurements of the
electrode/solution interface, determined using AC impedance, support this. The
reverse transient is found to be in exact agreement with the theoretical prediction.

Experimental evidence is also presented which demonstrates that the radical
anion of fluoranthene can be employed successfully as an electrogenerated mediator.
t—butyl bromide is used as a model substrate. Comparison of the resultant data
with the working curves generated in Chapter Three for the various nuances of the
EC’ mechanism enables a precise mechanism for the process to be evaluated. The
discrimination between these similar pathways using steady—state analysis alone is

thus confirmed and the theory presented in Chapter Three validated.
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5.1 An Investigation of the One Electron Reduction of Fluoranthene using Double

Potential Step Chronoamperometry

In this section, the simple one electron reduction of fluoranthene, F,

- 00

will be examined using, in the first instance, steady—state RDE voltammetry, and
later chronoamperometric methods. The latter work will be compared with the
theory presented in section 3.1.3 and used to validate, or otherwise, the use of the
explicit finite—difference/Hale transformation approach for a one electron transfer
(E) process.

The electrochemistry of F has been studied previously by Peover and Dietz
[315,316], who reported that in several aprotic solvents, the species undergoes two
one—electron reductions. In acetonitrile, the half wave potentials of these two
processes are quoted as —1.75V and —2.25V (vs. SCE) on a platinum electrode. The
first reduction, believed to be a completely reversible process, forms the radical
anion of fluoranthene, F'-, while the addition of a second electron produces the
dianion, F2-. This latter reduction is thought to be electrochemically irreversible as
a rtesult of the reaction between F2- and a proton, possibly from the solvent
[315,316]. Despite thorough examination of the fluoranthene/aprotic solvent system
with respect to this and related chemistry, no quantitative analysis of the reduction
of F in any solvent appears in the literature.

As a preliminary, the reduction of F in acetonitrile/0.1 moldm-3 TBAP as
supporting electrolyte was studied under steady—state conditions at a mercury
plated RDE. A typical current—voltage curve is shown in Figure 5.1, where two
reduction waves can be seen. Transport—limited currents for the first wave were
measured as a function of rotation speed and found to obey the Levich equation
(equation 2.58) for a simple one electron process, with a fluoranthene diffusion
coefficient, DF’ of 2.98 + 0.03 x10-5cm?2s-t. The Levich plot is shown in Figure 5.2.

Mass transport corrected Tafel analysis (see section 2.4) gave a Tafel slope of 57 *
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Figure 5.1: RDE voltammogram for the reduction, at a mercury
electrode, of 3.0x10-3 moldm-3 fluoranthene in acetonitrile containing
0.1 moldm-3 TBAP. W = 16.0Hz.
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2mV/dec., showing the one electron process:
F+e — F-

to be electrochemically reversible, with E, I3 —1.80 + 0.02V (vs. SCE).

The theory presented in sections 3.1.2 and 3.1.3 enables the current—time
response to both single and double potential steps at the RDE to be modelled for a
one electron process. Therefore chronoamperometric results, determined from a
solution containing c.a. 1x10-3moldm-3 F and 0.1 moldm-3 TBAP, will now be
considered. The results were obtained using a potential sequence of the type defined
in Figure 3.1, with E; = E3 = —1.50V (a potential where no current flows) and E; =
—2.00V (a potential corresponding to the transport—limited current for the reduction
of F to F'-). The frequency of the potential pulsing was 0.05Hz which was sufficient
for a true steady—state current, igs, to be established at E;. At E; and Ej, the
steady—state current is effectively zero, since F is the only electroactive species in
solution.

Transients were recorded using the digital transient recorder described in
section 4.3.2 (averaging 100 transients), as a function of rotation speed. Rotation
speeds in the range 2.25 to 10Hz were employed. This range was governed by the
accuracy of the motor controller and the presence of trace electroactive solution
species (e.g. O, and H20), which give rise to a more significant background current,
at low rotation speeds, and, at higher rotation speeds, an increasing double layer
[322]:Faradaic charge ratio [259]. Trace solution species were minimised by using
distilled acetomitrile and by degassing vigorously with Ny throughout the
experiment. A mercury RDE was used for these measurements and positive feedback
ohmic drop compensation was employed throughout. Data was transferred from the
IBM PC to the VAX/VMS mainframe (section 4.5) using the FORTRAN program
listed in Appendix 4a.

The analysis of the reverse transients, which correspond to the reoxidation of
electrogenerated F- located in the diffusion layer, back to F, will be considered first.

The theoretical curve shown in Figure 3.3 illustrates that the transient should be a
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unique function of t#, which is related to real time through equation 3.21. This
transformation requires a value for the diffusion coefficient of the radical anion of
fluoranthene, DF._ . This is, however, unknown. Consequently, experimental
transients were fitted to the theoretical working curve by trial and error, assuming
different values of Dp.. . Least squares analysis then gave the "best" value for the
diffusion coefficient. Diffusion coefficients in the range of 2.0x10-5 to 3.0x10-5cm2s-t
at intervals of 0.25x10-5cm2s-! were tried and as Figure 5.3 illustrates, excellent
agreement was found between theory and experiments, at several rotation speeds,
for DF" = 2.75x10-5cm?2s-L.

In generating the plots for least squares analysis, experimental data obtained
for real times shorter than 0.05s were ignored, so as to exclude contributions to the
transient current arising from double layer charging [322]. Experiments performed in
the absence of F using 0.1 moldm-3 TBAP /acetonitrile and an identical potential
sequence, showed that the double layer charging current had fallen to below 2uA by
0.02s. This is shown on Figure 5.4. The agreement evident in Figure 5.3 is taken as
implying that the reverse transient corresponds to a simple one electron oxidation of
F'-to F, uncomplicated by any other (heterogeneous or homogeneous) processes.

In conclusion, the theory presented in section 3.1.3 is in good agreement with
this experiment and can be used to generate a value for Dy, which is shown to be
2.75:0.13 x10-5cm?2s-1.

Results obtained through the measurement of the forward transient will be
examined next. Figure 5.5 shows a typical such transient, determined using a
solution containing 1.0x10-3moldm-3 F and a rotation speed of 4Hz. Also shown is
the transient predicted theoretically using the theory presented in section 3.1.2 for a
one electron process. This was calculated using the value of Dp = 2.28x105cm?s!
deduced above by means of Levich analysis of the rotation speed dependence of the
steady—state reduction current. It is evident from this figure that the agreement
between theory and experiment is poor, especially given the good agreement found
for the reverse transients. A similar disparity was observed at all rotation speeds
examined. In particular, inspection of Figure 5.5 shows the experimental current to

exceed the theoretical at times before the steady—state is reached. Whilst part of
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Figure 5.5: An experimental "forward" transient measured at a
rotation speed of 4.0Hz using a solution containing 1.0x10-3 moldm™3
fluoranthene, together with the theoretical behaviour predicted for the
case where there is no adsorption of fluoranthene.
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this excess charge passed can be attributed to double layer charging [322],
experiments carried out in background electrolyte alone showed that currents due to
the latter had decayed to below 2uA by 0.025s and thus, this could not be the source
of the extra current at longer times. Moreover, integration of the current transients
revealed that the total charge passed during steps from —1.5V to —2.0V in the
absence of F could contribute less than 10% of the excess charge (over theory) seen
in the presence of F. In addition, a negligible current observed when no F was
present and good agreement between the experimental and theoretical steady—state
currents confirmed the purity of the solution, and removed any suspicion that
coupled homogeneous kinetics may be responsible for the excess charge.

The theory presented in section 3.1.5 modelled the chronoamperometric
response resulting from an electron transfer preceded by a finite rate of adsorption
of the electroactive material [207]. Figure 5.6 compares the experimental data of the
forward transient with this theory for several values of k’, the heterogeneous rate
constant. This figure illustrates clearly that the reduction of F is neither preceded
nor controlled by its adsorption via a first order heterogeneous process, since this
would result in a smaller current at times before the steady—state is reached.

The excess current observed in Figure 5.5 was thus attributed to the reduction
of fluoranthene adsorbed onto the electrode surface. It was estimated that a surface
coverage of 3.7x1014 molecules cm? was required to produce the extra current
flowing, assuming a one electron reduction of the adsorbed material. In calculating
this surface coverage, it was also assumed that the electrode was "smooth" so that
the geometrical area of the electrode could be used in this estimate.

An independent check on the conclusion of F adsorption was sought from AC
impedance spectroscopy. Initial experiments were performed using the mercury
plated copper electrode in 0.1 moldm-3 TBAP /acetonitrile only. Figure 5.7 shows
the observed complex plane impedance plot measured at —1.5V, using frequencies in
the range of 1Hz to 65kHz and an amplitude of 5mV. This is suggestive of a
constant phase angle admittance in series with a small uncompensated solution
resistance. The former can be attributed to the interfacial capacity of a "rough"

electrode. The effects of surface roughness have been characterised in terms of the
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Figure 5.6: The experimental transient shown in Figure 5.5, together
with theoretical transients for the case where electron transfer is
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effective fractal dimension, Df, of the surface [323—327]. For a perfectly smooth
electrode, Df = 2, but for real, solid electrodes, 2 < Df < 3, and it has been

estimated that the fractal geometry of the electrolyte/electrode interface generates
[323—327] a constant phase impedance:

77 = o'(ju)™ 5.1
or 7= a’_lw—ai{cos(aivr/2) — jsin(aim/2)} 5.2

where ¢’ is a frequency independent real constant, w is the frequency (rads-1) and j
= J{(—1). The exponent, e, is fractional and its experimental value for ideally
polarizable electrodes is between 1/, and 1. Thus perfectly smooth electrodes are
characterised by a;j = 1, and show ideal capacitive behaviour, resulting in a complex
plane impedance plot, which is parallel to the imaginary axis but displaced from it

by an amount corresponding to the uncompensated solution resistance, i.e.:

juC

In general, it has been suggested, that a; = 1/(Df — 1) [323—326] from which it
may be seen that the case of Df = 3 gives a; = !/, which is the result previously
deduced for porous electrodes [328,329]. Equation 5.2 shows that the general case
produces a straight line complex impedance plot, inclined at an angle of aim/2 to
the horizontal.

Examination of the data in Figure 5.7 gives a; = 0.95+0.02 both from direct
measurement of the angle of inclination of the straight line to the horizontal and
from plotting log(Z”) versus logw as suggested by equation 5.2 (see Appendix One).
This is shown in Figure 5.8. The fractal dimension, Df, of the surface was thus
deduced to be 2.06£0.03, confirming the mercury plated electrode to be smooth as
expected.

The data of Figure 5.7 also allowed the capacity of the plated
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electrode/acetonitrile (0.1 moldm-? TBAP) solution interface to be deduced by
plotting Z” versus w! (shown in Figure 5.9). It had a value of 5.7 uFcm=2 at —1.5V.
Measurements carried out over the potential range —0.5 to —2.0V gave the same
fractal dimension as at —1.5V but an interfacial capacity which varied as shown in
Figure 5.10. This data may suggest that perchlorate anions (ClO4-) are adsorbed at
—0.5V but tetrabutylammonium cations (TBA*) at —1.5V. Interestingly, when
2.0x10-3 moldm-3 F was added, the capacity at —1.5V decreased to 3.9 pFcm-2,
consistent with the adsorption of F at this potential as deduced from the RDE
chronoamperometry. One further point of note was that upon transferring the
electrode from a solution containing F, to one without, a capacity indicative of
adsorbed TBA* was regained suggesting that F is reversibly adsorbed on mercury.
This inference was reinforced by the observation that cyclic voltammograms on such
transferred electrodes showed no indication of adsorbed material [118] over the
potential range —0.5 to —2.9V.

RDE chronoamperograms were then recorded for various concentrations of F
and the corresponding surface coverage deduced from the excess charge between the
theoretical and experimental transients. For each concentration, the amount
adsorbed was found to be independent of the rotation speed used to record the
current transient. This was taken as further evidence in favour of interpreting the
excess charge to be due to the reduction of adsorbed F. The resultant isotherm,
shown in Figure 5.11, displays two plateaux, separated by an abrupt transition. The
higher coverage corresponds to the higher F concentration. This may be attributed
to the adsorption of F via two different "faces". Figure 5.12 shows how the shape of
the F molecule may be approximated by a rectangular block, the dimensions of
which may be found from the known covalent and van der Waals radii [206,330] of
the constituent atoms. It is possible to calculate the surface coverage of F by
assuming that it is adsorbed by one of three faces, A, B or C defined in Figure 5.12,
and that the "blocks" are packed immediately adjacent to each other. The resulting
coverages for faces A and B are shown in Figure 5.11. The agreement with
experiment is remarkably good and it may be reasonably assumed that at

concentrations below » 3x10-4 moldm-3, F is adsorbed as a monolayer on mercury
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via face A, but that above this concentration, adsorption is via face B. Moreover,
the small increase in coverage away from line "B" at high concentrations might
tentatively be assigned to a further reorientation.

This behaviour is not unexpected in the light of similar orientational
transitions suggested for aromatic molecules adsorbed on mercury [331], platinum
[206,332,333] and other metal electrodes [334]. These have been deduced using
various experimental techniques [335] including Auger electron spectroscopy
[212,336], IR reflectance spectroscopy [213], Surface Enhanced Raman Scattering
[214] and, in particular, thin layer coulometry [206]. Adsorbate orientation and the
mode of surface bonding [337] are matters of fundamental and practical importance
because of their influence on the nature of electrocatalytic oxidation and reduction
products [338—341] and have been the subject of recent reviews by Hubbard
[335,337].

In comparison with the techniques mentioned above, the particular merits of
RDE chronoamperometry lie firstly in its simplicity and convenience, and secondly,
in the fact that it can be used to deduce the isotherm for material reversibly
adsorbed on an electrode. No other reports of orientational transitions by F appear
in the literature.

In conclusion, the theory presented in Chapter Three is in excellent agreement
with experiment for the case of the reverse transient resulting from an E process at
a RDE. A value for the diffusion coefficient of F"- is thus determined to be 2.75+0.13
x10-5 cm2s-1. For the case of the forward transient, which results from stepping the
electrode to a potential corresponding to the steady—state reduction of F, the
disparity between theory and experiment is used to provide quantitative

information about a F adsorption isotherm.

5.9 The Mediated Reduction of t—Butyl Bromide: an Investigation using Rotating

Disc Electrode Voltammetry

The need for a homogeneous catalyst to mediate electron transfer to forane
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was discussed in the introduction of this chapter, where the use of the radical anion
of fluoranthene was proposed. The mediated reduction of t—butyl bromide (ButBr)
in acetonitrile/0.1 moldm-3 TBAP using F'- as an electrogenerated mediator will
therefore be examined next. Several reviews of the electrochemistry of alkyl halides
appear in the literature [96-98,342] and ButBr has been shown to be electroactive
on mercury. The reduction takes place at —2.3V (vs. SCE) {342,343]. This therefore
is sufficiently negative of the half—wave potential for the reduction of F to ensure
that the two voltammetric waves do not interfere or overlap. One further point of
interest is that the reduction of simple aliphatic monohalides such as ButBr is
thought to proceed via rapid dissociative electron capture [344—347].

In addition to confirming, or otherwise, the success of F'- as an electron
transfer catalyst, the F'-/ButBr system may also be used as an experimental test of
the theory described in section 3.1.4 for the calculation of chronoamperograms and
steady—state working curves resulting from a process involving a heterogeneous
electron transfer coupled with catalytic homogeneous kinetics.

The reduction of 3.0x10-3 moldm-3 F was once again recorded as a function of
rotation speed, this time in the presence of ButBr. Figure 5.13 shows typical
voltammograms thus obtained, both in the absence of ButBr and in the presence of
increasing concentration of this substrate. A catalytic process of some kind is clearly
taking place. The determination of which, if any, of the mechanisms presented in
section 3.1.4 is appropriate for this reaction, will therefore be discussed below.

Figure 5.14 shows typical limiting current versus rotation speed behaviour for
different concentrations of ButBr. Such plots enabled the deduction of nefr as a
function of rotation speed and concentration of mediator (F-), A and substrate
(ButBr), Y. The normalised rate constants for the various catalytic mechanisms,
given in Table 3.2, reveal that neff 1s most naturally plotted against W-1. A typical
plot is shown in Figure 5.15 where the concentration of F is adjusted while [Bu‘Br]_
is held constant. Two significant features are apparent. Firstly, at high rotation
speeds, negs approaches unity, as required for a catalytic process involving a one
electron electrochemical step. Secondly, a systematic dependence of nefr on [F]m 18

apparent. This quantity appears insensitive 10 [ButBr] . This latter observation
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hints to EC’dispA2 or EC’dispB2 as likely candidate mechanisms since the theory
presented in section 3.1.4 shows that for these two mechanisms alone, negf is a
unique function of knorm (EC’dispA2) or kporm (EC’dispB2) which are dependent on
[A], but not [Y] .

Confirmation of the reaction mechanism taking place was found using the
"working curves" of nefr versus knorm, generated as described in Chapter Three for
the various EC’ mechanistic variants. Thus, the possibility of the simple EC’pure
mechanism being appropriate for this example is considered first. The
concentrations of F and ButBr used were sufficiently comparable that the full
analysis (i.e. without the first order approximation) was necessary. Working curves
were therefore calculated for the relevant values of [A] and [Y] , and from these

values of knorm (EC’pure) were extrapolated using the appropriate observed values

of nets. Table 3.2 shows that knorn (EC’pure) is related to W and [Y] by:
Knomm (ECpure) = ki; € /30 ™3 [v]_ 5.4

where C = 8.023 Ws/ 21/1/ 3, and hence, if the simple EC’ mechanism holds, then
straight lines through the origin should result if knom is plotted against W-i. The
results are shown in Figure 5.16, where it can be seen that this behaviour is not
apparent and the mechanism may therefore be discounted. This conclusion was
confirmed by taking the least squares "best" slopes from plots such as Figure 5.16
and plotting them against [ButBr]_for different values of [F]_- A linear dependence
of the former should be seen, together with an independence of the latter, if an
appropriate choice of mechanism has been made. In fact, a systematic dependence
on [F]m was clear, which is not unexpected in the light of Figure 5.15, and this was
taken as further evidence for rejecting the EC’pure mechanism as a possible reaction
pathway.

The same protocol as applied to the analysis in terms of the EC’pure
mechanism was applied to each of EC’preeqm, EC’ dispAl and EC’ dispB1 in turn.
In each case, a poor dependence of knorm OR W-1 was found, and moreover, least

squares fitting of these plots to determine the "best" slopes revealed a systematic
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trend in [A]m. Comparison with Table 3.2 then immediately rules out these
mechanisms.

In contrast, satisfactory kporm versus W-t plots and the correct functional
dependence predicted by Table 3.2 resulted from an interpretation in terms of the
EC’dispA2 and EC’dispB2 mechanisms. Thus Figure 5.17 shows a typical plot of
knorm (EC’dispA2) (or EC’dispB2) against W-i. A good straight line fit through the
origin is apparent. Figures 5.18 and 5.19 show that Wkporm(EC’dispA2) (or
Wkpnom(EC’dispB2)) is independent of the bulk concentration of ButBr, but
proportional to the bulk concentration of F. The mechanism of reduction was

concluded to be either EC’dispA2 or EC’dispB2, i.e.:

F+e — F- (vi)
F-+F- == F 4 F?- (vii)
F2- + ButBr
l
(viii) 1(1::)
F + But- + Br- F- + But' + Br-
EC’dispA2 EC'dispB2

where step (vii) is rate limiting.

However, it is apparent from Table 3.2 that the two mechanisms cannot be
distinguished by RDE voltammetry alone, and since they differ only in steps (viii)
and (ix), non—kinetic criteria must be brought to bear on the problem. This might
take the form of product analysis, which in this example would involve looking for
products derived from either the t—butyl carbanion or the corresponding radical.
Alternatively, spin trapping [297,348] the t—butyl radical was attempted here and
its intermediacy confirmed (or otherwise) by means of ESR spectroscopy.

Spin trapping experiments Wwere carried out using the spin trap
t—butyl—a—phenylnitrone (BPN) [296] to intercept any radical intermediate

generated when the mercury RDE was held at potential corresponding to the
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transport—limited current for the catalytic reduction of ButBr. The experiment was
carried out in 0.1 moldm-? tetrabutylammonium tetrafluoroborate/acetonitrile with
the spin trap present at a concentration of 0.05 moldm-3 [296]. Samples were
periodically removed from the RDE vessel and transferred to the ESR spectrometer.
In this way, an ESR spectrum of a doublet of triplets was observed after electrolysis

for approximately one hour and was attributed to the t—butyl adduct of BPN:

$—CH = I|\I — But B, 4 CH—-N— But
O- But O

(BPN)

This spectrum gave a nitrogen coupling constant of 15.70+0.05G. Confirmation of
the nature of the trapped radical was achieved by generating and trapping the
radical by an independent method. Tributyltin chloride is known [348] to supply the
required radical on broad—band UV irradiation. A solution of BufSnCl (1.0x10-3
moldm=-3) and 0.1 moldm-3 BPN was prepared and on irradiation (using a Wotan
XBO 900 W/2 Xenon arc lamp via a Jarrel-Ash 82—410 grating monochromator at
40mW /cm power and around 300nm irradiation), in the absence of oxygen, a
spectrum was recorded with a closely similar nitrogen coupling constant to that
reported above. The mechanism operating has therefore been shown to produce
t—butyl radicals and can be confirmed as EC’dispB2.

The gradient of Figure 5.19, together with the relationship between knorm and

[A]_ for the EC’dispB2 process:
2/, -1
Knorn (ECdispB2) = kyis C /3D /3 [A] 5.5

enabled a value for kyj; = 0.44+0.20s"! to be deduced.

As a general conclusion to this experimental work and to the theory presented
in section 3.1.4 for the inclusion of coupled homogeneous kinetics, RDE
voltammetry in isolation has been demonstrated to be capable of unravelling the

mechanistic subtleties of the EC’ mechanism. In particular, all of the various
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nuances described for the catalytic process can be distinguished in this way with the
exception of EC’dispA2 and EC’dispB2, where either product analysis or
spectroelectrochemical methods must also be employed. Thus, the homogeneous
reduction of ButBr, using F'- as an electrogenerated catalyst, was shown to proceed

via an EC’dispB2 mechanism, with a rate constant for the slow disproportionation

(step (vii)) of 0.44+£0.2 s,
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CHAPTER SIX
THE INHIBITION OF ELECTRON TRANSFER REACTIONS AT THE
MERCURY/ACETONITRILE INTERFACE BY ADSORBED LITHIUM IONS

In this chapter, the electro—reduction of fluoranthene at a mercury electrode in
acetonitrile solution is further investigated and, in particular, is shown to be
inhibited by trace levels (approximately 10-3moldm-3) of lithium ions. A similar
phenomenon is also observed when the work is extended to investigate the
reductions of seven other electroactive organic compounds. AC impedance
measurements are used to study the adsorption of solvated lithium ions at the
mercury/acetonitrile interface, while the adsorption of the electroactive species

under consideration is examined using cyclic voltammetry.

6.1 Introduction

In Chapter Five, conclusive evidence for the monolayer adsorption of
fluoranthene molecules on mercury electrodes was presented. It has long been
recognised that the adsorption of such neutral organic species at the
electrode—solution interface can dramatically influence the rate of transfer of
electrons between metallic electrodes and electroactive solution material [349-356].
This transfer, of course, proceeds via quantum mechanical tunneling across the
interface and, in particular, the work of Gierst [355] and of Weaver [356] has shown
that, when the solution species cannot penetrate into the film of adsorbed materal,

the modification in the tunneling rate depends exponentially on the tunneling

— 158 —



distance:

ka [ ky a exp(—d/r) 6.1

Here, kq is the rate constant for electron transfer when a film of thickness d (K) is
present, ko is the corresponding rate constant in the absence of any film and r (&) is
a constant, typically with a value of about 1 R [3556—357].

Fluoranthene molecules were shown to adsorb reversibly from acetonitrile
solution onto mercury electrodes (in Chapter Five) and specifically, it was
demonstrated that the molecular orientation on the surface depended on the
solution concentration of F [259]. Such measurements have similarities with the thin
layer voltammetric studies of Soriaga and Hubbard [206,332,337,358—360], which
have been extensively applied to study the irreversible specific adsorption of a wide
range of organic species as a function of their structure, supporting electrolyte,
solute concentration, solvent and temperature.

The adsorption/desorption properties of F at a mercury electrode are studied
in this chapter using steady—state RDE methods in conjunction with cyclic
voltammetry and AC impedance spectroscopy. Additionally, the inhibition of
electron transfer resulting from a thick layer of solvated lithium ions at the

mercury /acetonitrile interface will also be examined.

6.2 Preliminary Experiments

Preliminary rotating disc measurements were conducted on the eight organic
species of interest. These were: fluoranthene, crystal violet (CRV), anthraquinone
(AQ), 2,3—dichloro—b,6—dicyano—1,4—benzoquinone (DCDCBQ), pyromellitic
anhydride (PMA), tetrachloro—1,4~benzoquinone (TCBQ), p—dinitrobenzene
(DNB) and tetracyanoethylene (TCE). The structures of these compounds are
shown in Table 6.1. Reduction of AQ, CRV, F and DNB at mercury showed

reversible waves (Tafel slope » 59mV /dec) with the half wave potentials reported in
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Table 6.1: The chemical structures of the organic compounds investigated.

ORGANIC COMPOUND STRUCTURE

Fluoranthene
NMe2
Crystal violet
0o
Me,N \Q\NMez
. 0
Anthraquinone
0
2,3—Dichloro—5,6—dicyano—1,4—benzoquinone q 0 o
Cl (N
0
0 0
Pyromellitic anhydride . }‘):@:‘éﬂ
0 0
Tetrachloro—1,4—benzoquinone 0
ct Cl
a al
0
p—Dinitrobenzene NO7
NO,
Tetracyanoethylene
NCS (N
(=
NG~ NN
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Table 6.2. Good agreement with the literature was found. The other four compounds
are reduced at potentials positive of —0.5V (vs. SCE) and the onset of these
reductions are therefore masked by the oxidation of the mercury electrode.
Current—voltage "curves" of these compounds thus merely displayed a plateau
corresponding to a transport limited current. The half—wave potentials found for the
reversible reductions of DCDCBQ, PMA, TCBQ and TCE at a platinum RDE are
given in Table 6.2. Agreement with the literature values was once again good.

The limiting currents and their rotation speed dependence, observed for all
species, were analysed using the Levich equation and found to be consistent with
one electron reductions and the diffusion coefficients cited in Table 6.2.

The effect of lithium ions (Li*) on these reductions will be considered next.
Figure 6.1 shows the result of the presence of 10-3 moldm-3 LiClO4 on the reduction
of F (3.0x10-*moldm=-3) at a mercury plated RDE. The complete inhibition of the
electro—reduction is evident. Corresponding behaviour was found for the reduction
of AQ, PMA and DNB (all 3.0x10-3moldm-3) at mercury. Figure 6.2 shows the case
for CRV. It is apparent that at potentials positive of about —2.55V (vs. SCE), the
voltammogram is identical, with or without the presence of Li*, but that an
inhibition is observed at more negative potentials, prior to the onset of solvent
decomposition at around —3.0V. TCBQ, TCE and DCDCBQ behaved similarly
except that the potential required for inhibition was different for each species:
—2.60V for TCBQ, —2.50V for TCE and —2.80V for DCDCBQ. These values quoted
correspond to the potential at which the current had fallen to half its limiting value.
In the following cases, F, AQ, PMA and DNB are therefore referred to as "type A"
compounds and CRV, TCBQ, TCE and DCDCBQ as "type B".

For Li* concentrations ([Li*] ) below 103 moldm™3, partial inhibition of all
eight reductions was observed. In these cases, the voltammograms showed
transport—limited currents of a magnitude between zero and the value observed in
the absence of Li*. Figure 6.3 shows how the "effective" number of electrons
transferred (at the limiting current: —2.0V for F and —2.80V for CRV) depends on
[Li*]m for the reduction of 3.0x10-3moldm-3 F and CRV. It can be seen that the

critical concentration of LiClO4 required to induce inhibition of electron transfer is
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Table 6.2: The reduction potentials and diffusion coefficients of the compounds

studied.

COMPOUND MEASURED VALUES LITERATURE VALUES REFs

(Electrode) E, /2* /V  D/cm2s-t E, /2 [V D/cm2s-t

AQ(Ag) ~0.90 2.40x10-5 ~0.89  2.20x10° 361,362
CRV(Hg) ~0.50 1.30x105 059  1.30x10% [363]
DCDCBQ(Pt)  +0.50 1.62x10-5 +0.51 - [361]
DCDCBQ(Hg) - 1.60x10-5 - - -
DNB(Hg) ~0.75 2.20x10-8 —0.704 - [364,365]
F(Hg) ~1.80 2.28x10-5 —1.75°  2.30x10-  [243,315]
PMA(Pt) ~0.50 1.17x10-5 —0.55 - [366]
PMA(Hg) - 1.50x10-5 - ~ —
TCBQ(Pt) ~0.05 1.65x105 +0.01  1.79x10  [296,361]
TCBQ(Hg) - 1.70x10-5 ~ 1.79x1078 [296,361]
TCE(Pt) +0.15 2.16x10°5 +0.24  1.91x10 [366,367]
TCE(Hg) _ 2.10x105 - 1.91x105 [366,367]

* Half wave potentials measured relative to the SCE
t Measured in dimethylformamide as solvent

+ Measured at a platinum electrode
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Figure 6.1: RDE voltammograms for the reduction of 3.0x10-3
moldm -3 fluoranthene in acetonitrile containing a) 0.1 moldm-3 TBAP
and b) 0.1 moldm-3 TBAP + 10-3 moldm-3 LiClO4. Both
voltammograms were recorded at 16.0Hz.
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Figure 6.2: RDE voltammograms for the reduction of 3.5x10-3
moldm-3 crystal violet in acetonitrile containing a) 0.1 moldm-3
TBAP and b) 0.1 moldm-3 TBAP + 10-3 moldm-3 LiClO4. Both

voltammograms were recorded at 16.0Hz.
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Figure 6.3: The effective number of electrons transferred in the
reduction of fluoranthene (3.0x 103 moldm=-3) at —2.20V v.SCE (x)
and crystal violet (3.5x10-3 moldm=3) at —2.70V v.SCE (o), as a
function of [Li] . The data was found to be independent of W.
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essentially independent of the nature of the electroactive species. Figures 6.4 and 6.5
show that this critical concentration is directly proportional to the concentration of
supporting electrolyte (TBAP), but independent of the amount of electroactive
material. This hints that the cause of the observed inhibition is the replacement, at

the mercury/acetonitrile interface, of TBA* by Li* ions.

6.3 AC Impedance Studies

This hypothesis was tested further by means of AC impedance measurements.
The complex plane impedance plot, measured at a mercury plated electrode
potentiostatted at —1.5V in 0.lmoldm-3 TBAP /acetonitrile, was shown in Figure
5.7 and the determination of the "smoothness" of the electrode and the capacity of
the electrode—solution interface from such data was discussed in section 5.1. Figure
6.6 shows how the capacity determined in this way varies with potential for two
concentrations of supporting electrolyte. These results, which are in excellent
agreement with a previous study [368], may be attributed to a transition between
the adsorption of perchlorate ions at potentials relatively positive of the potential of
zero charge and the adsorption of tetrabutylammonium ions at negative ones. AC
experiments, in which LiClO4 was added to the acetonitrile/0.1lmoldm-3 TBAP
solution, showed that although the shape of the impedance plots were qualitatively
unchanged, there was a large decrease in the interfacial capacity at concentrations of
Li* previously observed to cause inhibition of electron transfer at the interface. For
[Li*]m > 10-3moldm-3, a capacity of 0.7uFcm-? was measured and found to be
essentially potential independent within the limits defined by solvent reduction (%
—3.0V) and electrode oxidation (v —0.5V). This suggests that Li*, and not ClOy4", is
adsorbed throughout this potential range, i.e. that the potential of zero charge, in
this medium, lies positive of —0.5V. Figure 6.7 shows how the interfacial capacity,
measured at —1.5V, varies as [Li*| is increased in the presence of 0.1 and
0.05moldm-3 TBAP.

AC experiments were next conducted using a solution containing
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Figure 6.4: The dependence of [Li*]m required for the complete

inhibition of electron transfer to fluoranthene (x) or crystal violet (o),
on [TBAP] . The experimental conditions were as specified in Figure

6.4 and once again the data was independent of W.
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Figure 6.5: [Li"]m required for the complete inhibition of electron

transfer to fluoranthene (x ) or crystal violet (o) in 0.05 moldm=3
TBAP, on the concentration of the electroactive species. The

experimental conditions were as specified in Figure 6.4 and the data
was independent of W.
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Figure 6.6: The potential dependence of the capacitance of the
mercury/acetonitrile interface with 0.1 (x) and 0.05 (0) moldm -3
TBAP as electrolyte.
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RDE in TBAP /acetonitrile, as a function of [Li*] .
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3.0x10-3moldm-3 F in acetonitrile/0.05 moldm-3 TBAP. At an electrode potential of
—1.5V the interface again behaved in a purely capacitive manner and, as described
in section 5.1, the value for the electrode/solution interfacial capacity of 3.9uFcm-2,
thus determined, was attributed to the adsorption of F at this potential. However,
upon the addition of 2.0x10-3moldm-3 LiClO4, the capacitance decreased to a
potential independent (over the range —0.5 to —2.8V) value of 0.7uFcm2, as
measured in the absence of F.

Further AC experiments were conducted on a solution containing
3.0x10-3moldm-3 CRYV in acetonitrile/0.05moldm-3 TBAP as a function of potential
and [Li*]m. Figure 6.8 shows a typical impedance spectrum obtained at —1.8V in the
absence of Li*. The semi—circular shape is attributable to the reduction of CRV
observed to be taking place at potentials negative of —0.05V. The equivalent circuit
is thus a Faradaic resistance in parallel with the double layer capacitance (see
section 2.2.2). A slight shift of the semi—circle along the real axis is apparent and
this may be attributed to a small uncompensated solution resistance (Ry) (see
Appendix One). Identical AC behaviour to that described for —1.80V was found at
—2.70V in Li* free solutions. On the addition of Li* (2.0x10-3moldm-3) the behaviour
at —1.80V was unchanged, but at the more negative potential the system returned
to being essentially capacitative. A value of 0.65uFcm-2 was calculated for the
interfacial capacity. This is in close agreement with the value obtained for the
mercury /acetonitrile/Li* interface in the absence of CRV (0.7uFcm-2).

These observations are all consistent with the adsorption of Li* ioms at the
mercury /acetonitrile interface. Assuming the adsorbed layer to behave as a parallel
plate capacitor, it is possible to calculate from Figure 6.7 that the thickness of the
layer is about 304 for [Li*] = 2.0x10-*moldm=3, if a value of 2.0 is assigned to the
relative dielectric constant of the solvent at the interface (as compared to a bulk
value of 36.5 [368]). Substantial ordering of the solvent molecules at the interface is
indicated. Application of equation 6.1 suggests that such a thick film, assuming that
it could not be penetrated by the electroactive species, would produce a reduction in
the electron tunneling rate constant of the order of some 15 orders of magnitude —

entirely consistent with the observed inhibiting effects of Li* described above. A
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e 6.8: The complex plane impedance plot of a mercury RDE in




similar effect has been reported at the mercury/water interface, where Li* ions have

been shown, using Tafel analysis and impedance techniques, to influence the kinetics

of electrode reactions [369—373].

6.4 Cyclic Voltammetry

Comparison of Figures 6.6 and 6.7 suggests that Li* is adsorbed at the
mercury/acetonitrile interface at all measurable potentials negative of —0.5V. It is
therefore necessary to account for the relative behaviour of the type A and type B
compounds. In Chapter Five, F was shown to be weakly adsorbed on mercury and
this is now suggested to be the case for all the type A systems studied, while the
type B systems are strongly chemisorbed to the surface. Thus Li* ions can readily
replace type A compounds at all potentials of interest and complete inhibition of the
reduction is seen. In contrast, the competition between adsorption of Li* ions and
type B compounds is such that the former are only adsorbed at rather negative
potentials — more negative than the half wave potential for type B reduction. Thus
the characteristic off — on — off behaviour of Figure 6.2 is seen as the electrode
potential is swept negative.

The variation within the type B compounds of the potential of the onset of
inhibition therefore reflects the relative strength of chemisorption of the organic
species. This hypothesis was tested by means of experiments in which a mercury
electrode was exposed to a solution containing the organic species of interest, then
removed from the solution, rinsed with acetonitrile and transferred to a solution
containing only acetonitrile/0.1 moldm-3 TBAP. The emersion took place under
potentiostatic conditions at a potential positive of the reduction potential of the
particular species (typically —0.5V). Cyclic voltammograms were then recorded in
the "blank" solution. Figures 6.9 and 6.10 show the results of this procedure for
CRV. A cyclic voltammogram of a solution containing 3.0x10-3moldm-3 CRV is
shown in Figure 6.9; a typical reversible response (Ep — Elr)ed ~ 59 mV) is apparent.

Figure 6.10 shows the same electrode after transfer. A single, irreversible reduction
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Figure 6.9: A cyclic voltammogram of 3.0x10-3 moldm-3 crystal violet
in acetonitrile/0.1 moldm-3 TBAP recorded at a mercury electrode
using a scan rate of 100 mVs-L
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Figure 6.10: A cyclic voltammogram of crystal violet adsorbed on a
mercury electrode in acetonitrile/0.1 moldm-3 TBAP. A scan rate of
100 mVs-! was used. The first and second cycles are labelled.
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peak can be seen, with a peak potential of —1.55V. The reduction occurs at a
potential quite negative of that illustrated in Figure 6.9, and is attributed to the
reduction of adsorbed CRV. The difference in these reduction potentials represents
partly the stabilisation of the organic moiety by the mercury surface and partly the
overpotential required for the reduction of the bound molecule. It follows that the
reduction seen in Figure 6.9 (and also 6.2a) involving solution phase CRV (CRV( s))
takes place in the presence of an adsorbed layer of CRV which is itself unreactive at
the potential required for the reduction of CRV( )"

Calculation of the charge passed in the cyclic voltammogram of Figure 6.10
enables an estimate of the surface coverage of CRV to be made. Assuming the
electrode to be perfectly flat, a value of 44.7+1.5 A2 was calculated for the area
occupied by one molecule. This compares well with a value of 40.0 A2 calculated for
an "endwise" area of CRV from the known covalent and van der Waals radii of the
constituent atoms of the molecule [206,330).

Type B compounds all behaved in a qualitatively similar manner to CRV and
cyclic voltammograms of the adsorbed molecules were obtained in each case which
showed an irreversible reduction on the first cathodic scan. The same analysis as
applied to CRV gave coverages that were consistent with the "endwise" adsorption
of each species as shown in Table 6.3. The postulated strong adsorption of the type
B compounds was thus verified. Moreover, the adsorption, as revealed by emersion
cyclic voltammetry experiments, was found to be unchanged (and show the same
coverage) in the presence of Li*, even if the emersion took place at potentials where
inhibition of the electron transfer to the organic compounds of interest was known
to occur, including those potentials at which the reduction of unabsorbed organic
species would take place. Thus the lithium jon layer must adsorb on top of adsorbed
organic material. In addition, the electroreduction of each of the type B compounds
in the solution phase must take place in the presence of the chemisorbed compound.

Emersion experiments on the type A compounds showed entirely different
behaviour. In the cases of AQ, F and PMA no reduction attributable to
chemisorbed material was seen despite the fact that F, at least, undergoes

monolayer adsorption at mercury as demonstrated by means of RDE
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Table 6.3: Estimated and measured coverages for Type B compounds irreversibly

adsorbed as a monolayer on a mercury electrode.

COMPOUND MEASURED COVERAGE ESTIMATED COVERAGE
(Ep)t (R2) (A2)
CRV(-1.55V) 44.7 40.0
TCE(—1.40V) 20.3 19.0
TCBQ(—1.75V) 34.9 31.3
DCDCBQ(-1.50V) 38.6 35.4
DNB(—1.40V) 22.0 25.0

t Peak potential for the reduction of the chemisorbed material.
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Figure 6.11: A cyclic voltammogram of p—dinitrobenzene adsorbed on
a mercury electrode in acetonitrile/0.1 moldm-3 TBAP. A scan rate of
100 mVs-t was used. The first and second cycles are labelled.
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chronoamperometry, in Chapter Five. It may be concluded that F adsorption is
weak and that the layer cannot survive the transfer and/or becomes desorbed in the
"blank" environment. Type A species therefore undergo only weak, or no,
adsorption at mercury. DNB was an exception (see Figure 6.11) in that whilst
displaying type A behaviour, a cyclic voltammogram of material chemisorbed onto
an emersed electrode could nevertheless be seen. DNB must therefore be sufficiently
strongly chemisorbed to survive transfer and emersion, yet not so tightly bound as

to not be expelled by Li* ions, at potentials positive of —0.70V.

6.5 Conclusions

Trace levels of lithium ions (approximately 10-3moldm=-3) have been shown to
have a dramatic inhibitory effect on the rate of reduction of the eight species of
interest. The use of AC impedance methods to characterise the mercury/acetonitrile
interface reveals that in the presence of sufficient Li* ions to inhibit electron
transfer, a low interfacial capacity consistent with a thick layer of adsorbed ions and
oriented solvent molecules is observed. The inhibition is shown only to occur at
potentials and concentrations at which Li* is adsorbed and is thus rationalised in
terms of equation 6.1. The increased distance between electrode and electroactive
solution species caused by this layer produces an approximate reduction of about
1015 in the rate of electron tunneling.

Type A compounds (F, AQ and PMA) are shown to be weakly bound to the
mercury surface and their electro—reduction at mercury is inhibited by Li* at all
potentials. Type B compounds (CRV, TCE, TCBQ and DCDCBQ) adsorb more
strongly and inhibition occurs only at potentials appreciably negative of the

reduction potential of the compound.

—177 ~



CHAPTER SEVEN
THE ELECTRO-REDUCTION OF FORANE AT THE ROTATING DISC
ELECTRODE

In this chapter, forane is shown to be electro—inactive on all conventional
electrode materials and thus the need for a mediated reduction of this anaesthetic is
demonstrated. The radical anion of fluoranthene is shown to be capable of bringing
about the reduction of forane both in homogeneous solution and when the mediator
is attached to a polymer backbone and immobilised on an electrode surface. The
former process is analysed using RDE voltammetry and in—situ ESR measurements
while the reduction of forane at a polymer modified electrode is demonstrated, using
cyclic voltammetry, to be limited by the stability of the polymer coat. Possible

interferences to the F'-/forane current response from other gases present in a clinical

environment, are also investigated.

7.1 Reduction of Forane

Preliminary experiments were undertaken to examine the electroactivity, or
otherwise, of forane at a range of conventional electrode materials. Rotating disc
voltammetry showed that the gas was inert towards reduction at silver, gold,
platinum and mercury electrodes in both aqueous and non—aqueous solvents
(acetonitrile and dimethylformamide). On mercury, in dimethylformamide, a
reduction was observed at around —3.0V (vs. SCE), but this is too close to the

potential of solvent decomposition as to preclude any analytical applications. This
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inertness is not surprising in the light of the chemical properties of forane discussed
in Chapter One [47]. Attention was therefore directed towards finding a suitable
mediator for the electron transfer. In Chapter Five, the radical anion of fluoranthene
was shown to be effective in catalysing the reduction of t—butyl bromide in

acetonitrile solution and therefore the extension of this, to mediate the reduction of

forane, is examined here.

7.1.1 Mediation via the Fluoranthene Radical Anion

Figure 7.1 shows typical rotating disc voltammograms of 3.0x10-3moldm-3 F in
the presence of increasing quantities of forane. A catalytic process is clearly taking
place and the mediated reduction of forane by F'- can be inferred. Forane
concentrations were calibrated gravimetrically. Thus, the limiting reduction current,
obtained using 3.0x10-3moldm-3 F as mediator, was measured for a range of known
forane concentrations, made up from weighed samples of the liquid anaesthetic.
Measurement of i);p at each concentration was repeated five times and the resultant
calibration curve is shown on Figure 7.2. Limiting currents, obtained using the same
(3.0x10-3moldm-3 F) mediator were then determined for solutions saturated with (0 —
5%) forane via the vapouriser described in Chapter Four. The concentration at any
particular ratio of carrier gas : forane was then found from the calibration curve
determined above and shown in Figure 7.2.

The limiting current—rotation speed data obtained from voltammograms such
as those in Figure 7.1 is shown in Figure 7.3 and comparison of these results with
the behaviour observed in the absence of forane enables the effective number of
electrons transferred at each rotation speed to be deduced. In Chapters Three and
Five, nesr was shown to be most naturally plotted against W-! and a representative
plot of this type is illustrated in Figure 7.4 for varying forane concentrations at
constant (3.3x10-3moldm-3) [F]m Two significant features are apparent. Firstly, at
high rotation speeds ness approaches unity. This was also observed for the F/ButBr
system (see Figure 5.15) and is an obvious fundamental requirement for a catalytic
process involving a ome electron electrochemical step. Secondly, a systematic

dependence of negr on [Y] is observed. This immediately rules out EC’dispA2 and
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Figure 7.1: RDE voltammograms for the reduction of 3.0x10-3
moldm-3 fluoranthene in acetonitrile/0.1 moldm=-3 TBAP in the
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Figure 7.2: Calibration curve of i1in versus [fora,ne]m. Data obtained
IISiIlg [F]m = 3.3x10-3 moldm 3.
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EC’dispB2 as possible reaction mechanisms, since it was demonstrated in Chapter
Three that for these mechanisms, nefr is a unique function of kpory(EC’dispA2) or
Knorm(EC’dispB2) which, in turn, are dependent on [A]m alone, and not on [Y]m

The determination of which, if any, of the EC’ mechanisms, proposed in
Chapter Three, is appropriate for this example will be presented next. The simple
EC’pure mechanism is considered first. Extrapolation of the relevant "working
curves", generated using the experimental ratios of [A]_/[Y]_, enabled values of
knorm(EC’pure) to be deduced as a function of rotation speed. A linear dependence
of knorn(EC’pure) on W+t was not found and therefore after inspection of Table 3.2,
the simple EC’pure mechanism was ruled out as a candidate reaction pathway.

The same protocol as adopted for the EC’pure mechanism was used for the
analysis in terms of the EC’dispA1l and EC’dispB1 mechanisms where in each case a
non—linear dependence of kyorm(EC’dispAl) or knom(EC’dispB1) on W-! was found.
Moreover, if least squares fitting was used to generate "best" values for these
normalised rate constant — W-! slopes, a systematic (inverse) dependence on [F]
was observed in each case. Comparison with Table 3.2 then immediately rules out
these two mechanisms. To confirm the earlier rejection of the EC’disp2 mechanisms,
a similar analysis was performed in terms of these pathways. knorm was found not to
vary linearly with W-! and the mechanisms were thus shown to be inappropriate for
the catalytic system under investigation. Illustrative examples of kporm versus W+t
plots are shown in Figure 7.5 for the EC’pure mechanism.

In contrast, satisfactory analysis resulted from an interpretation in terms of
the EC’preeqm mechanism. Figure 7.6 shows values of knorn(EC’preeqm), deduced
from experimentally measured nesr values and the relevant "working curves”,
plotted against W-i. Excellent straight lines through the origin were obtained
suggesting that the choice of mechanism is correct in this case. This was further
confirmed by plotting the least squares slopes of the lines from such plots against
the ratio [Y] /[A] . The equation defining the normalised rate constant appropriate

for this mechanism:
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reveals that this should be a straight line passing through the origin. The line
obtained is shown in "Figure 7.7. It is reasonable to conclude that the
pre—equilibrium mechanism is operating in this reaction. Figure 7.7 allows a value
for the rate constant kyKiy = 25.9:1.25! to be deduced.

The mechanistic conclusion reached in the last paragraph was investigated
independently by means of in—situ ESR ChE experiments. Reduction of
2.93x10-3moldm-3 fluoranthene in the absence of forane in an in—situ flow cell (in
0.1lmoldm-3 TBAP /acetonitrile) produced the spectrum shown in Figure 7.8.
Analysis of this gave hyperfine coupling constants in close agreement with those
reported by Gerson and Hammons [374] : ag(1,6) = 4.04G, ag(3,4) = 5.26G,
aH(S,Q) = 1.21G, obtained for the fluoranthene radical anion through the reduction
of the parent compound with potassium. The numbering of protons in the

fluoranthene molecule is defined below:

The ESR signal (S) was studied as a function of the current and the flow rate. It
was found that a plot of In(S/i) against In(Vs) had a slope of —2/3 as shown in
Figure 7.9 and this reveals that the radical is stable on the timescale of the
experiment [313]. The same behaviour was then investigated in the presence of
3.60x10-3moldm-? forane. The results are depicted in Figure 7.10. A reduction in
ESR signal intensity for a given generating current and flow rate is apparent,
indicating a reaction of the radical anion with the anaesthetic. Using the theory
presented in section 3.2.1, the signal—current—flow rate behaviour was modelled for
an EC’preeqm mechanism with kyKjy = 25.9s71. Excellent agreement is displayed
between theory and experiment in Figure 7.10 and this is taken as independent

confirmation of the reaction mechanism deduced using RDE voltammetry.
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against the ratio [forane] /[Y] , showing the good linear dependence

between these terms as required by the pre—equilibrium mechanism.
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Figure 7.8: The ESR spectrum obtained from the reduction of
fluoranthene in acetonitrile/TBAP at the channel flow cell and
attributed to the stable radical anion of fluoranthene.
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Figure 7.9: A plot of In (S/i) (arbitrary units) versus In V¢ (x) for the
regllgtion of ﬂﬁora.nthen(e in the in situ ESR channel cell. The slope of

—2/4 confirms that the radical anion of fluoranthene is stable on the
timescale of the experiment.
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mechanism with a rate constant of 25.9 s-1.
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This agreement is worthy of further note. The computational method
employed in this calculation proceeds by modification of the appropriate
convective—diffusion equations (for the EC’preeqm mechanism at a ChE) via the
approximations proposed by Singh and Dutt [290—294]. The complete strategy is
presented in Chapter Three, section 3.2.1. The problem of mass transport to the
ChE is thus simplified so that previously untreated reactions, for example the
EC’preeqm mechanism, can be considered. Compton [282] showed that these
approximations are excellent for the calculation of variables depending on
concentration, or concentration gradients in the vicinity of the electrode, but less
satisfactory for applications where the complete concentration profile is required, for
example in spectroelectrochemistry or for second and higher order kinetics. That the
Singh and Dutt approximation can be applied successfully here, confirms prior
assumptions that the kinetics are sufficiently fast so only the concentrations of
radicals near the electrode surface need consideration.

The reduction mechanism deduced above shows that the process involves the

transfer of one electron to forane, forming its radical anion, which then decomposes

with loss of Cl-, to give the radical CFséHOCHFz. The presence of an equilibrium
prior to the decomposition step is not unexpected in the light of the relative
stability reported for the radical anions of polyhalogenated aliphatic compounds
[375,376]. Thus, radical anions of compounds such as CBrgq and CCly have been
shown to have a "fleeting existence" [377], with sufficient stability to effect the
course of electron transfer reactions. This is in contrast to the monohalides which
undergo rapid dissociative electron capture [346,347,375,378] and may, at least
partly, explain the different mechanisms observed between the mediated reduction,

by F'-, of ButBr and forane.

The intensity of the ESR signal of CF;CHOCHF; was weak, showing that this
radical is an intermediate, and not the product of the reaction, as implied by steps
iv and v of equation 3.32. The radical is likely to react via further reduction with
the possible formation of the olefin CFy=CHOCHF; and fluoride ion. The literature
confirms this as the most likely reduction pathway for vicinal polyhalides [96,98].

To detail further the reduction mechanism in operation here, a spin—trapping [348]
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of the intermediate radical was attempted and its involvement in the overall
reaction scheme thus established.

Spin—trapping experiments were once again carried out using BPN. A
3.0x10-3moldm-3 solution of F and 0.05moldm-3 BPN in acetonitrile/0.1moldm-3
tetrabutylammonium tetrafluoroborate was saturated with forane (approximately
15x10-3moldm-3) and this was reduced at the mercury plated RDE (at ~2.0V) for a
period of one hour. Samples were removed from the rotating disc vessel periodically
and transferred to the ESR spectrometer. In this way a spectrum consisting of a
triplet of doublets, attributed to hyperfine interactions with the nitrogen and the
a~hydrogen in the spin adduct, was observed. The following coupling constants

were measured: aN = 14.25¢0.10G and ay = 2.71£0.10G. The spectrum was thus

attributed [296] to the CF;CHOCHF; adduct of BPN.

CFafHOCHFg
¢—CH=1|¢I-But+ CF;CHOCHF; —— ¢ — CH — II\I—But
0- o}

These observations again support the assignment of an EC’preeqm mechanism.

Cyclic voltammetry was employed to determine whether an irreversible

reaction between F'- and CF3CHOCHF2 occurred during the homogeneous
reduction of forane. The presence of such a step would remove mediator from bulk
solution [319] and therefore restrict the lifetime of an amperometric sensor based on
the F/forane chemistry. Figure 7.11 shows the cyclic voltammogram obtained from
an acetonitrile/0.1moldm-3 TBAP solution containing 3.0x10-3moldm-3 F and
15x10-3dm-3 forane. This voltammogram remained unchanged upon prolonged
cycling, for up to five hours, showing that F'- is not consumed during the catalytic

reduction of forane and confirming the absence of this irreversible reaction.

7.1.2 Conclusions
Electron transfer to forane has been demonstrated using F'- in acetonitrile as

an electrogenerated homogeneous mediator. The reduction is shown, using RDE
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Figure 7.11: Cyclic voltammogram obtained from a mercury electrode
in a solution containing 3.0x 10-3 moldm-3 fluoranthene, 15.0x 10-3
moldm -3 forane and 0.1 moldm-3 TBAP /acetonitrile. A scan rate of
100 mVs-t was employed and the shape and size of the voltammogram
remained unchanged upon continual cycling for five hours.
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voltammetry in conjunction with in—situ ESR ChE experiments, toO proceed via a

EC’preeqm mechanism. Decomposition of the radical anion of forane with the loss of

Cl- forms the most likely product, the CF3CHOCHF2 radical. This is detected using
spin—trapping ESR experiments.

The demonstration of the electroactivity of this anaesthetic gas should
therefore facilitate the development of an amperometric electrochemical sensor for

this agent.

7.2 A Modified Electrode for the Electrochemical Reduction of Forane

The experiments described above demonstrate clearly that F'- can mediate the
reduction of forane in homogeneous solution. Given this success, we were encouraged
to develop a polymer modified electrode for the reduction of the anaesthetic based
on the above observations. Such an eleétrOde constitutes an electrode of a
conventional .material, whose behaviour is deliberately altered through the
immobilisation of a suitably chosen species onto its surface [379—381]. To this end,

poly—(11—vinylfluoranthene) (PVF):
—CHy—CH

- ()
was synthesized by the free radical polymerisation of 11-vinylfluoranthene. The
latter was kindly prepared from F by G.W.J. Fleet, J.C. Son and B.P. Bashyal
(Dyson Perrins Laboratory, Oxford), using the procedure reported in Appendix

Seven., via 11—acetylfluoranthene and 11—(1-hydroxy)ethyl—fluoranthene.
PVF was obtained in quantitative yield by refluxing a 5x10-3moldm-3 solution

of the vinyl monomer in dichloromethane for two hours at 400C using
azo—iso—butyronitrile (5.0x10-5moldm3) as an initiator [120]. The polymer was
characterised by G.C. Eastmond (Department of Chemistry, Liverpool University)

using gas phase chromatography (GPC) with tetrahydrofuran as the solvent, and
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shown to have a molecular weight of around 30,000. Considerable effort was paid to
obtaining stable; relatively even polymer films. The optimal procedure was found to
involve evaporation, at room temperature, of a small quantity (approximately
5x10-3cm?) of a solution of PVF in dichloromethane (0.5x10-3gcm-3) from a
platinum RDE. Films so produced were estimated to have a thickness of 10-5cm,
assuming that the density of the deposited film is similar to that of the bulk
polymer (1.1 gcm-3).

Figure 7.12 shows a typical cyclic voltammogram obtained for the PVF
modified platinum electrode in acetonitrile with 0.1moldm- TBAP as supporting
electrolyte and in the absence of forane. The scan rate used was 100mVs-t. The
shape of the voltammogram is indicative of an electrochemically reversible process.
The Faradaic process may be attributed to the one electron reduction of the
pendant F moieties within the polymer since, firstly, the charge passed during the
cyclic voltammogram corresponds quantitatively (within 10%) with that expected
from the known amount of PVF deposited on the surface, and secondly, the mean of
the potential of the forward (reduction) peak and the reverse (oxidation) peak is
—1.82+0.04V, which is close to the reduction of solution phase F (—1.80V, section
5.1). The peak current for the reduction of the polymer coat was found to vary
directly with scan rate, as illustrated in Figure 7.13, and this is indicative of fast
electron transfer within the coat [381]. Further information about the rate of charge
injection into the coat was obtained by potential step experiments in which the
electrode potential was stepped from —1.50V to —2.00V (vs. SCE). A typical current
transient is shown in Figure 7.14. Analysis of these transients showed that at short
times, the kinetics of the charge transfer process within the coat could be described
by a simple model, in which the charge diffuses randomly among the different

centres in the coat. This is shown in Figure 7.15. The current is then given by [382]:

}i?‘_A = [DC[F]c/xp(WTp)l/z][l + 22 (—1)nexp(—n2/7-p) ] 7.2

n=1
where Dy is the diffusion constant, x is the film thickness, [F]c is the concentration
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of fluoranthene moieties within the coat and 7, = Dct/xp?, where t is time. The
gradient of the line in Figure 7.15 gave a value of 9x10-ttcm2s-t for D..

Figure 7.16 shows a cyclic voltammogram obtained under the same conditions
as Figure 7.12 except for the presence of 15x10-3moldm-3 forane. Typical "catalytic"
behaviour is apparent, the reduction peak is considerably enhanced in size whilst the
oxidation peak is significantly reduced [274] and it may be concluded that the

following process is taking place:

.. forane

_(_CH2_CH_).I_1 4+ nes —— — - — —(—CHQ—CH‘—)—' + Prods
n

However, the utility of such a modified electrode in the practical sensing of
forane is restricted by the observation that the polymer coats showed only limited
stability, so that on prolonged potential cycling, desorption of the polymer occurred
and after approximately 40 cycles, no recordable voltammogram remained. Loss of
material was most pronounced during the earlier potential cycles, as cén be seen in
Figure 7.12. Preliminary attempts to enhance the coat stability were made by
changing the supporting electrolyte, since the instability results from a competition
between polymer desorption on the one hand and migration of charge compensating
counter ions into the coat, as a response to the injection of charge into the polymer
film, on the other. However, changing the supporting electrolyte from TBAP to
tetramethylammonium or tetraethylammonium perchlorate produced no significant
improvement.

To summarise, the deposition of a thin layer of PVF onto a platinum electrode
produces a modified electrode which is capable of reducing the anaesthetic gas,
forane. One merit of an electrochemical amperometric sensor based on a polymer
modified electrode would be the anticipated fast response times attainable using
such a device. However, this advantage is of little significance in comparison to the

limited stability which the coat displays and therefore a sensor based on the

— 198 —



""0.1 |

i/ mA

0.0 —

001 -

003~

Oo A‘"‘

1.5 E/vvsce) 0

Figure 7.16: A cyclic voltammogram for the reduction of a
poly(11-vinylfluoranthene) modified electrode in acetonitrile/0.1
moldm-3 TBAP + 15.0x10-3 moldm-3 forane.
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reduction of forane by F'- in homogeneous solution appears favourable. The
remainder of this thesis is thus concerned with the development and testing of an

amperometric sensor based on homogeneous mediated electron transfer to forane.

7.3 Interferences by Nitrous Oxide and Oxygen

It is worth emphasising, from the viewpoint of developing a practical clinical
sensor, that there may be interferences from other species present in the
environment in which the device is to be used. For example, typical proportions of
gases employed in closed circuit anaesthesia are: 79% nitrous oxide, 20% oxygen and
1% forane [1]. The determination of the electroactivity of these gases, either directly
at a mercury electrode, or via homogeneous mediation from F'- is therefore
essential. Thus the aim of the following section is to examine the electrochemical

properties of both N,O and O,.

7.3.1 Nitrous Oxide

Nitrous oxide has been reduced directly on silver in aqueous media [84], but no
work in the literature reports electroactivity on other conventional electrode
materials. Rotating disc voltammetry in acetonitrile/0.1moldm-3 TBAP confirmed
that NoO is electroinactive on gold and platinum. However, a reduction was
observed on both silver and mercury electrodes. The reduction occurred at x—2.8V
(vs. SCE) in each instance and therefore the onset of solvent decomposition
obscured the full current voltage curve and prevented the evaluation of any
quantitative information.

Experiments revealed however, that N;O can be reduced indirectly by F-.
Figure 7.17 shows a current—voltage curve for the reduction of 3.0x10-3moldm™3 F at
a mercury electrode, in acetonitrile/0.1moldm-3 TBAP and also the catalytic
response observed when increasing concentrations of N20 ([Nzolm) are added. The
mechanism for this process was determined using the same strategy as applied for

the F-/ButBr and F'-/forane systems in section 5.2 and 7.1 respectively. Thus,
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Figure 7.17: RDE voltammograms for the reduction at a mercury
electrode of 1.0x10-3 moldm-3 fluoranthene in the presence of a) 0.0,
b) 0.031, c) 0.063, d) 0.094, ) 0.125 moldm™3 nitrous oxide. All data

were recorded at 16.0Hz.

— 201 —



limiting currents were recorded as a function of rotation speed and the ratio of
[F]mt[NzO]uD ([A] (Y] ), and the effective number of electrons transferred,
determined. Figure 7.18 shows nefr plotted against W-! for various values of [N2O]
and it can be seen that the former increases with increasing [N 2O]m. Examination of
Table 3.2 then suggests that EC’dispA2 and EC’dispB2 can be rejected as candidate
mechanisms since these would produce nessr values which were independent of [Y]m.
Working curves for the remaining mechanisms were then calculated using the theory
presented in Chapter Three for the appropriate values of [A] /[Y] . These enabled
plots of knorm versus W-t to be deduced for each mechanism. Non—linear plots were
obtained for the EC’preeqm, EC’dispA1 and EC’dispB1 mechanisms and these were
therefore also rejected. However linear plots passing through the origin (shown in
Figure 7.19) were found for the EC’pure mechanism which was thus proposed as the
EC’ reaction pathway appropriate for this example. Moreover, Figure 7.20 shows
that when the slopes of such graphs were plotted against [NzO]m, a linear
dependence was also observed, confirming the choice of mechanism and enabling a
value of kj; = 115.9:4.551 to be determined for the rate constant of the catalytic
step. The mediated reduction of N,O by the radical anion of fluoranthene therefore
proceeds via an EC’pure mechanism.

At potentials corresponding to the transport—limited current for the mediated
reduction of N,O, tiny bubbles of nitrogen (the product of this reduction [84])
formed at the electrode surface. The velocity of the RDE however swept the bubbles
clear of the electrode so that the latter was not obscured by their presence [94].

The question now arises as to what response can be expected when both N,O
and forane are present in solution. The reduction of both of these substrates by
electrogenerated F°'- has been demonstrated. Figure 7.21 shows the nesr data
obtained from an acetonitrile/0.lmoldm-32 TBAP solution containing
3.0x10-3moldm-? F, 3.3x10-3moldm-3 forane and increasing concentrations of N,O.
At high rotation speeds, neff approaches unity, confirming that a catalytic process
involving a one electron electrochemical step is still in operation. Modification of the
theory presented in Chapter Three to include the two catalytic processes observed

for the F-/forane and F-/N,O systems, assuming the kinetics to be additive, is
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Figure 7.18: nesr for the reduction of fluoranthene in acetonitrile/0.1
moldm-3 TBAP in the presence of nitrous oxide, plotted against W-L.
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showing the good linear relationship between these terms as required
for the EC’pure mechanism.
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straightforward since the rate constant and reaction pathway has already been
deduced for each. Comparison of theory with experiment proceeded by normalising
the effective number of electrons transferred for the overall (N,O and forane)

process to the number transferred with forane only as a substrate. Thus working

. 1
curves of n’esr against W / 2, shown in Figure 7.22 where:

nets (forane + N,0) 7.3
Neff (forane)

D’eff =

were calculated in this way. The experimental data of Figure 7.21 is also displayed
on this plot and good agreement can be observed between this and the theory. Thus
when both N3O and forane are present the overall mediated electro—reduction
process between F'- and these two substrates can be considered as the sum of the
two individual homogeneous catalysed processes. Therefore measured nefr values can
be interpreted in terms of [forane] and [N2O] . Then, providing [N20]_ is known,

[forane]m can be readily deduced from any given value of nesr.

7.3.2 Oxygen

The direct electroactivity of oxygen on a mercury electrode in
acetonitrile/0.1lmoldm-3 TBAP was demonstrated using cyclic voltammetry. The
resulting voltammogram is shown in Figure 7.23 and is in excellent agreement with
previous studies [383,384]. Rotating disc experiments also produced a single
reduction wave with E, [y = —0.75¢0.03V and no further reduction was observed
upon scanning to more negative potentials. The Levich plot of i1ip versus Wl/ 2 for
this wave is shown in Figure 7.24, and assuming the reduction to be a one electron
process [383,384] then a value for the diffusion coefficient of O, Dy, =
5.4+0.2x10-5cm?2s-! was deduced from this plot. This compares with the literature
value of 5.7x10-5cm?2s-1 [385)].

The one electron nature of this reduction process was confirmed, or otherwise,
by means of a rotation speed step experiment, which has been demonstrated to yield
the diffusion coefficient of an electroactive species without prior knowledge of the

concentration of the species or number of electrons involved [308]. The potential of a
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Figure 7.21: nesr versus W for the reduction of 3.0x 10-3 moldm-3
fluoranthene in 0.1 moldm-3 TBAP/acetonitrile in the presence of
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plotted against Wl/ 2 for the reduction of 3.0x10-3 moldm-3
fluoranthene in the presence of 3.3x 103 moldm-3 forane and (O) 0.025,

(x) 0.063, (0) 0.156 moldm-3 nitrous oxide.
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Figure 7.23: Cyclic voltammogram of 8.1x 10-3 moldm-3 oxygen in
acetonitrile/0.1 moldm-3 TBAP recorded at a mercury electrode using
a scan rate of 100 mVs-L.
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Figure 7.24: Levich plot of i1in versus WI/ 2 for the reduction of
8.1x 10-3 moldm-3 oxygen in 0.1 moldm-3 TBAP /acetonitrile at a
mercury RDE.
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mercury RDE in acetonitrile/0.1moldm-3 TBAP saturated with O, was fixed on the
limiting current of the oxygen wave and the current—time response, resulting from a
step in the rotation speed, was recorded. Rotation speed steps employed were 2 -
4Hz, 3 - 5Hz and 4 - 6Hz. A typical transient, recorded using a 1 - 2Hz step, is
shown in Figure 7.25. The diffusion coefficient was then determined using the

expression:

1/3
[_S_] = Bq (W_tq—0.04) — 1.0 7.4

where Wm is the final rotation speed and tq is the response time for the current to

reach a fraction q of its total change. The corresponding values of Bq are:

q 0.3 0.5 0.7
Bq 20.6 129 8.7

The mean value for DO2 was found to be 5.7#0.8x10-5cm?2s-t. This is in good
agreement with the value deduced from the Levich analysis and also with D02 in

acetonitrile from the literature [385]; the one electron reduction of Oy:
Os+e —= 0Oy

can therefore be concluded as the process in operation.

Superoxide, the product of the above reaction, has been shown to act as an
electron transfer reductant of fairly high reactivity [386,387] and, in particular, the
cleavage of carbon/halogen bonds in aprotic solvent has been demonstrated [388].
The electro—reduction of an acetonitrile/0.1lmoldm-2 TBAP solution containing
oxygen, forane and N,O was therefore investigated using RDE voltammetry. Over a
wide concentration range of forane (1-15x10-*moldm-3) and N0
(1~15x10-3moldm-3), the reduction of oxygen remained unaffected by the presence
of these substrates and the same limiting current—rotation speed data was obtained

(as illustrated in Figure 7.24) for a solution containing only oxygen. In addition, this
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Figure 7.25: Current transient resulting from a step in the RDE
rotation speed from 1.0 to 2.0 Hz. The experimental conditions were
as defined in Figure 7.24.
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Figure 7.26: A RDE voltammogram obtained from an acetonitrile/0.1
moldm-3 TBAP solution containing 3.0x10-3 moldm=-3 fluoranthene
and 2.9x10-3 moldm-3 oxygen. A mercury RDE was employed and W

= 9.0Hz.
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Levich behaviour was maintained when the reduction of a solution containing
oxygen and 3.0x10-3moldm=3 F was investigated. This is shown in Figure 7.26 where
it can be seen that the baseline for the F/F - reduction process is no longer at zero
amperes, but instead, corresponds to the limiting current for the O, /O2’ - process.
Levich analysis of the two waves, however, revealed that the limiting currents were

additive and no interference between the two reduction processes can be concluded.

7.3.3 Conclusions

The aim of the above section was to elucidate whether NoO or O, will interfere
with the amperometric response of a F based forane sensor. O, was shown to be
directly reducible on a mercury electrode in acetonitrile solution. However, the
half—wave potential of the reduction is sufficiently positive of that of F to ensure no
overlapping of the respective current—voltage response. Superoxide ions produced
via the one electron reduction of Oy, were found not to react with forane or N,O.
The mediated reduction of NoO by F'- was demonstrated and the addition of the
kinetics of this process to those of the F'-/forane system enabled the response in the
presence of both substrates to be theoretically modelled. Thus [forane]m can to be
deduced when a known [N;0]  is present.

The conversion of this chemistry, deduced at the RDE, into the development
of a practical forane sensing device can now therefore be undertaken. Such a device
can be envisaged as akin to a Clark oxygen electrode in which forane diffuses
through a membrane, isolating electrochemical detection from the gas phase, into an
acetonitrile/ TBAP/F electrolyte, where the homogeneous mediated reduction and
sensing at a mercury electrode takes place. A second amperometric sensor, of the
kind described by Albery et al [84], would be used to simultaneously measure [O]
and [N,O], enabling [forane] to be deduced (by subtraction of the N2O response)
from the catalytic current measured by the former device. This approach is

therefore investigated in the following chapters.
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CHAPTER EIGHT
MEMBRANE ELECTRODES FOR THE ANALYSIS OF FORANE AND
NITROUS OXIDE/OXYGEN MIXTURES

In this chapter, the amperometric detection of forane, O, and N3O is
investigated using Clark—type membrane electrodes [79]. This approach was chosen
because analogous devices have been demonstrated previously to be convenient and
effective in the clinical measurement of a wide range of other gases [61,94]. Two
such devices are examined here: 1) a forane sensor based on the mediated reduction
of this anaesthetic via electron tramsfer from electrogenerated F'- in acetonitrile
solution, and 2) an aqueous, silver electrode sensor for the simultaneous
determination of N,O and O,. The purpose of this second device is to provide
continual measurements of [NyO] and [O,] which can be subtracted from the
response of the forane sensor to yield a "corrected" value for measurements of forane

in the presence of N;O and/or Oa.

8.1 The Detection of Forane

8.1.1 The Forane Sensor

The design of the forane sensor is outlined in Figure 8.1. The cylindrical body
(0.d. 21mm, length 250mm) was machined from nylon and the inner (o.d. 10mm,
length 156mm) and outer cavities filled with an electrolyte solution of
3.0x10-3moldm-? F and 0.1moldm-3 TBAP in acetonitrile. A series of outlet holes

(diameter 0.1mm) ensured solution contact between the electrolyte "reservoir" and
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the electrode elements. These consisted of a copper disc cathode (1.8mm diameter),
which was electroplated with mercury using the procedure described in Chapter
Four and a silver pseudo reference electrode (diameter 1.1mm). Both electrodes
were set flush into the outer, exposed surface of the nylon cylinder. A platinum wire
counter electrode (diameter 0.5mm) was inserted into the internal electrolyte
reservoir through a nylon screw—in stopper which sealed the outer cavity.

The membrane (described later in sections 8.1.2 and 8.1.3) was held in
position by a nylon cap which screwed "finger tight" onto the outer body of the
sensor. A thin teflon spacer separated the membrane from the mercury working
electrode, forming a tight seal and enabling the spread of a uniform electrolyte layer
» 30um thick. The cap of the sensor fitted tightly into the teflon housing apparatus,
also shown in Figure 8.1, which was plumbed into the carrier gas/vaporiser line.
Thus 0—5% forane:carrier gas mixtures could be delivered to the outer surface of the

sensor membrane. All studies were conducted at room temperature.

8.1.2 Forane Sensing Results

Preliminary experiments were performed with the reservoir electrolyte solution
purged of O; by degassing this with nitrogen as described in Chapter Four, and a
teflon membrane, 25um thick with 5um pores was employed. The cyclic
voltammogram, obtained using the above sensor containing 3.0x10-3moldm™ F in
0.1moldm-3 TBAP /acetonitrile, in the absence of forane is shown in Figure 8.2. The
scan rate used was 100mVs-l. The shape of the voltammogram is indicative of an
electrochemically reversible process. The mean of the potentials of the forward
(reduction) and reverse (oxidation) peaks was —1.75¢0.03V (vs. silver pseudo
reference) which is close to the value of —1.80V (vs. SCE) for the reduction of F to
F'- observed at the RDE. This voltammogram was therefore attributed to the one
electron reduction/oxidation of fluoranthene.

Figure 8.3 shows the voltammogram obtained under identical conditions to
Figure 8.2, except for the delivery of a gas mixture containing 5% forane to the
sensor membrane. Typical catalytic behaviour is apparent, the reduction peak is

considerably enhanced in size whilst the oxidation peak is reduced [274]. This
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Figure 8.2: Cyclic voltammogram of 3.0x10-3 moldm-3 fluoranthene in
acetonitrile/0.1 moldm-3 TBAP obtained from the sensor illustrated
in Figure 8.1, using a scan rate of 100 mVs-.
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Figure 8.3: Cydlic voltammogram of 3.0x 10-3 moldm-? fluoranthene in
acetonitrile/0.1 moldm-3 TBAP obtained from the sensor illustrated
in Figure 8.1 with delivery of 5% forane to the membrane. A scan rate

of 100 mVs-! was used.
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confirms that the anaesthetic is reaching the electrolyte and that the mediated
reduction of forane is taking place.

However, the delivery of a 5% forane/N; gas mixture for up to four minutes
was required in order for sufficient forane to diffuse through the membrane to obtain
such results as shown in Figure 8.3. Moreover, when the vaporiser setting was
returned to 0% forane, a delay of approximately three minutes was required before
the voltammogram settled back to that expected in the absence of anaesthetic (i.e.
as shown in Figure 8.2). It was concluded that the diffusion rate of forane through
the 5um pore teflon membrane was too slow [389] to meet the requirements here for
an amperometric sensor with a reasonably fast response time. Additionally, after
approximately twenty—four hours, the membrane began to leach acetonitrile,
yielding non—reproducible results and eventually resulting in complete failure.
Therefore an alternative membrane material was sought. In particular, high density
polyethylene (HDPE) membranes (30um thick, 12.5um pores) were found to
combine good forane diffusional properties with a resistance to attack from
acetonitrile [390]. Sensors thus constructed lasted indefinitely without any apparent
electrolyte leaching. Cyclic voltammograms in the presence of forane, similar to that
in Figure 8.3 were thus obtained after delivery of the anaesthetic for approximately
thirty seconds and favourably, the response returned to that of Figure 8.2 after a
similar period following readjustment of the vaporiser to 0% forane.

Forane detection by a voltammetric method has therefore been demonstrated.
However, the merits of pulsing the potential of the working electrode, namely
increased sensitivity and decreased contamination by reaction products, were
discussed in Chapters One and Two and previous amperometric sensors have
successfully utilised this relatively straightforward approach [90,94]. Figure 8.4
shows the current—time response obtained when the potential of the mercury
electrode was stepped from —1.40V to —2.00V (vs. silver pseudo reference) for
various forane concentrations. This corresponds to a step from a potential where no
current flows to a potential which causes the transport—limited reduction of F to

F'*. A pulse frequency of 0.025Hz was employed. The resultant currents after the

attainment of steady—state are plotted against [forane] in Figure 8.5. An excellent
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Figure 8.4: Current transient response of the membrane sensor for
various forane concentrations, resulting from potential steps between
~1.40V and —-2.00V v.Ag.
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linear relationship is observed. The transients shown in Figure 8.4 demonstrate that
the response time of this device is approximately twenty seconds. This compares
with response times of around ten seconds obtained previously from N0, O, and
halothane amperometric sensors [90,94).

To conclude, forane detection is possible via amperometric membrane
electrode means, using F'- to homogeneously mediate the reduction of the
anaesthetic and preliminary results confirm that data determined at the RDE can

be reproduced using this device. 12.5um pore HDPE is a good membrane material

for use in such a sensor.

8.1.3 Multigas Analysis

The results described above, obtained using a modified Clark—type
amperometric electrode, are encouraging with respect to the development of a forane
sexisor for use in the clinical environment. However, data was recorded in the
absence of any other gases. A second amperometric sensor for the simultaneous
detection of NoO and O, will be discussed in section 8.2 of this chapter. This device
could be plumbed into the carrier gas line and therefore used to determine [N;O]
and [O] which reach the membrane of the forane sensor via this source. This would
enable the current response of the forane detector to be corrected (by subtraction of
the N;O and O, responses), using the approaches presented in Chapter Seven, to
determine [forane] in the overall gas mixture. The envisaged flow system of carrier
gas/forane/N;0/0, would then be along the lines of that shown schematically in
Figure 8.6.

The data presented in the previous section was recorded while the reservoir
solution was being degassed with Np. When this ceased, this solution became
saturated with air and the current measured at the working electrode then
corresponded to the reduction of both F and dissolved O from the electrolyte. The
concentration of O, dissolved in the reservoir solution cannot be determined and
thus practical forane sensing using this device is only possible with continual
degassing of the reservoir electrolyte solution. The utility of a practical sensor for

use in respiratory analysis along the lines of a Clark—type membrane is thus
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Figure 8.5: Steady—state current, determined from transients such as
those shown in Figure 8.4, plotted against [fora,ne]m.
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restricted by this problem. In addition, the response time of this device of around

10—20 seconds is- tending to be slow for clinical convenience [61] where a response in

under ten seconds is ideal for breath by breath analysis.

8.2 The Nitrous Oxide/Oxygen Sensor

The presence of N;O and O, in the working clinical environment of any forane
sensor is almost inevitable [1], and therefore the simultaneous measurement of the
concentrations of these gases is essential to the successful operation of such a device.
An amperometric membrane electrode sensor for the determination of N,O and O,
has been developed by Albery et al using a silver electrode in aqueous media
[84,89,90] and the intended use of this device in this work is anticipated to provide
the required [N20] and [O,] information. To this end, the following section describes

the construction and testing of a sensor based on these previous findings.

8.2.1 The Simultaneous Nitrous Oxide/Oxygen Sensor

The sensor constructed was similar to that described in section 8.2 and is
illustrated in Figure 8.7. The working electrode was silver (diameter 1.2mm), a
silver pseudo reference electrode (diameter 1.lmm) was used and an aqueous
solution of 1.0moldm-3 KOH/0.lmoldm-3 KCl served as supporting electrolyte.
12.5um pore HDPE was once again used as the membrane material and a platinum

wire, inserted into the reservoir solution, again served as the counter electrode.

8.2.2 The Reduction of Nitrous Oxide and Oxygen at a Silver Rotating Disc

Electrode

Preliminary experiments examined the electroactivity of N,O and O, at a
silver RDE in 1.0moldm-3 KOH/0.1moldm-3 KCl. Reductions for each gas, shown in
Figures 8.8 and 8.9 were observed with E1/2(02) » —0.38+0.02V and EI/Z(N2O) S
—1.20¢0.02V (versus SCE) and Levich analysis of the resulting limiting

current—Wl/ 2 data was consistent with D02 = 1.60£0.03x10-5cm?st (four electron
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Figure 8.7: The simultaneous nitrous oxide/oxygen membrane sensor.
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Figure 8.8: RDE voltammogram for the reduction of 8.0x 103 moldm-3
oxygen in 1.0 moldm-3 KOH/0.1 moldm-3 KCl at a silver electrode.
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Figure 8.9: RDE voltammogram for the reduction of 0.125 moldm-3
nitrous oxide in 1.0 moldm-3 KOH/0.1 moldm-3 KCl at a silver

electrode.
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process [391]) and DN20 = 0.80£0.04x10-5cm2s-! (two electron process [84]). These
are in good agreement with the literature values for the diffusion coefficients in this

medium of 1.66x10-5cm2s-1 [392] and 0.77x10-5cm2s- [84] respectively.

8.2.3 The Reduction and Sensing of Gaseous Nitrous Oxide and Oxygen using an

Aqueous Membrane Electrode

Figures 8.10 and 8.11 show voltammograms, obtained using the membrane
electrode described above, for the reduction of a range of percentages of N2O and O,
respectively in gas mixtures with N;. The limiting currents measured from these
voltammograms are plotted in Figures 8.12 and 8.13 as a function of the percentage
of N2O and O,, and a linear dependence on each can be observed. Larger currents
recorded for NoO over O, are attributed to the greater permeability and faster
diffusion through the HDPE membrane of the former gas [84]. Thus N;O is shown
to diffuse approximately twenty times faster through 12.5um pore HDPE than O,
[393].

Voltammograms were then recorded for N,O/O; gas mixtures. A typical
example is shown in Figure 8.14 and the resulting transport—limited currents are
plotted in Figure 8.15 against the percentage N,O present in the N3;O/O, mixture.
The limiting current for the N,O reduction was deduced by subtraction of the O,
current for that particular gas mixture. Once again, linear relationships between the
limiting currents and percentages of N,O and O, are observed.

Nitrogen is generated as a product of the reduction of N2O [84] and therefore
prolonged electrode polarisation at potentials negative of —1.20V produces tiny Ny
bubbles which occlude the working electrode and prevent the sensor from
functioning [89]. Albery et al [90,94] overcame this problem by pulsing the potential
of the working electrode, which therefore produces less N2 and prevents bubble
formation. This approach was investigated here. The pulse sequence used is shown
in Figure 8.16; the potential of the silver working electrode was thus stepped from
—0.7V (a potential corresponding to the transport—limited reduction of O; only) to
—1.3V (corresponding to the reduction of N20 and O3). A typical series of transients

thus recorded is shown in Figure 8.17 and the limiting currents for O; and N,O
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Figure 8.10: Voltammograms for the reduction of various
concentrations of nitrous oxide, delivered to the membrane of the
sensor illustrated in Figure 8.7.
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Figure 8.11: Voltammograms for the reduction of various
concentrations of oxygen, delivered to the membrane of the sensor

illustrated in Figure 8.7.
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Figure 8.12: Limiting currents, determined from voltammograms such
as those shown in Figure 8.10, plotted against the percentage of N,O
in the N;O/Ny mixture delivered to the sensor membrane.
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Figure 8.13: Limiting currents, determined from voltammograms suc
a.sgtllg)se shown in Figgure 8.11, plotted against the percentage of Oz in
the Oy/N; mixture delivered to the sensor membrane.
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Figure 8.14: A typical voltammogram for the reduction of a NoO/O,
mixture (30% N30, 70% O,) delivered to the sensor membrane.
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Figure 8.15: Limiting currents, determined from voltammograms suc
asgt?lra),t shown in Figure 8.14 for N,0/0O3 mixtures, plotted as a

function of %N,O in the mixture.
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(corrected for O,) obtained from this are plotted against the percentage N,O in the
N2O/O; gas mixture in Figure 8.18. These results confirm that N,O is
approximately twenty times more permeable through HDPE than O, and indicate
clearly that the simultaneous measurement of N;O and O, is feasible using an
amperometric sensor of the kind described in section 8.2.1. The response time of the
device is approximately twenty seconds.

In conclusion, the use of an amperometric sensor of this kind means that

simultaneous detection of O; and N,O is possible.

8.3 Summary

A sensor for the detection of forane, which incorporates the homogeneous
mediating properties of F'- into a conventional membrane electrode, was
constructed and evaluated. In the absence of oxygen, and when operated in a pulsed
potential mode, the device demonstrated a linear relationship between the
steady—state current and forane concentration. A response time of approximately
twenty seconds was observed when 12.5um pore HDPE was used as a membrane
material. In order to prevent an interference from oxygen dissolved in the
electrolyte reservoir, continual degassing of this solution was mnecessary. This
therefore limits the practical utility of the device.

A second sensor was constructed to simultaneously measure N,O/QO; and this
was also shown to yield a linear response between current and gas concentration.
Therefore, the use of an amperometric sensor of this kind in conjunction with a
forane sensing device means that the response of the latter can be corrected for N2O
and O, enabling the deduction of [forane]. Respiratory breath by breath analysis is
therefore feasible.

The limitations of the membrane sensor described here, namely a sluggish
response and the need for electrolyte deoxygenation, led to the investigation of other
means of forane detection. To this end, Chapters Nine and Ten of this thesis are

concerned with the development and utility of a forane sensor based on a ChE
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Figure 8.16: The potential-time sequence employed for the pulsed
N;0/0O, sensor experiments.
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Figure 8.17: Current transients resulting from stepping the potential
of the N3O /O, sensor between —0.7V Sreductlon of O3 only) and
—1.3V v.Ag (reduction of O and N2O) for a range of N;O : O

mixtures.

— 228 —



- X
S X N20
_ ©0; x
1SS/pA
- X
N X
L o )
* ; S
0 50 100
%N, in 0y

Figure 8.18: The steady—state current obtained from transients such
as those shown in Figure 8.17 plotted versus %N;O.
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CHAPTER NINE
THE MEDIATED REDUCTION OF FORANE AND NITROUS OXIDE AT THE
CHANNEL ELECTRODE

A channel electrode, modified to facilitate the introduction of gaseous
anaesthetics, will be used as the basis of the amperometric sensor to be described in
Chapter Ten. Therefore, the reduction of forane and N,O in acetonitrile using F'- as
an electrogenerated mediator is investigated at the channel electrode in this chapter.
The experimental data is analysed by comparison with the theory presented in
Chapter Three for the determination of steady—state currents resulting from
processes involving coupled homogeneous kinetics at the ChE. Thus, electrode
reaction mechanisms are assigned to the processes for the catalytic reduction of each
anaesthetic. The mechanistic and kinetic deductions are compared with those found

for these systems at the RDE in Chapter Seven.

9.1 Preliminary Experiments

Preliminary experiments were undertaken, using the flow system and mercury
ChE cell described in Chapter Four, to investigate the one electron reduction of
fluoranthene. This study served the dual purpose of confirming the hydrodynamic
properties of the ChE over the range of flow rates employed [169], and enabling the
depth of the channel (2h) to be calibrated from the Levich equation (equation 2.66)

for the ChE [103]:
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since Dy, is known from previous studies at the RDE (described in Chapter Five).
Figure 9.1 shows typical voltammograms obtained for flow rates between
4.6x10-3 and 0.135cm3s-! from an acetonitrile solution containing 1.00x10-3moldm -3
F and 0.2 moldm=3 TBAP. Thus E1/2 for the reduction of F to F'- is —1.75¢0.03V
(vs. silver pseudo reference electrode). The dimensions of the mercury plated
working electrode used were we = 0.441cm and xe = 0.082cm. The resulting Levich
plot of i1in versus VfI/ 3 is shown in Figure 9.2, and using the value of Dp =
2.28x10-3 found at the RDE, the height of the channel was determined to be
0.041cm. The excellent straight line apparent in Figure 9.2 confirms that the
hydrodynamics of the ChE are in full agreement with the predictions of the Levich
equation [103] discussed in section 2.3.4 of Chapter Two. Thus, assumptions
regarding the absence of lateral diffusion and edge effects [168—170] are valid over

the flow rate range investigated for the ChE and flow cell employed here.

9.2 The Mediated Reduction of Forane

Figure 9.3 shows voltammograms obtained under the same experimental
conditions defined above, except for the presence of increasing concentrations of
forane. As expected, a catalytic increase in ijjn can be observed. Limiting currents
were thus recorded as a function of flow rate and of the ratio of mediator to
substrate. The resulting experimental data is shown in Figure 9.4. This data was
analysed by comparison with the theory presented in Chapter Three for an
EC’preeqm process at a channel electrode — the mechanism deduced at the RDE in
Chapter Seven to be appropriate for the mediated reduction of forane by F'~. Thus
"working curves" of ness versus knorn(EC’preeqm), computed using the backwards
implicit finite—difference approach detailed in Chapter Three, section 3.2.2.2, were
calculated for the experimental ratios of [A] /[Y] and from these, graphs of

knorm(EC’preeqm) against Vf-z/ 3 were determined. A typical example of one such
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Figure 9.1: Typical ChE voltammograms for the reduction of

1.00x 10-3 moldm-3 fluoranthene in acetonitrile/0.2 moldm-3 TBAP at

3 mercury electrode using flow rates of (a) 4.6x10-3, (b) 3.64x10-2, (c)
135 cm3s-t.
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Figure 9.2: Levich plot of i}in Versus Vs /3 for the reduction of
fluoranthene at the ChE. The experimental conditions were as stated

in Figure 9.1.
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Figure 9.3: ChE voltammograms for the reduction of 1.00x1073
moldm-3 fluoranthene in acetonitrile/0.2 moldm-3 TBAP in the
presence of increasing forane concentrations. A mercury electrode was
employed and V¢ = 3.64x 102 cm3s-L.
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Figure 9.4: The flow rate dependence of i3in for the reduction of
1.()g(;iI 10-? moldm-3 fluoranthene in the presence of a range of forane

concentrations.
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plot is shown in Figure 9.5. The parameter kpom(EC’preeqm) for the ChE was

shown in Chapter Three to be related to the flow rate by the following expression:

1
knom(EC’preeqm) = k,Kiy [Y]m 4h* d2xe? /3 9.2
[A]m 9DV;2

so that if the EC’preeqm mechanism is appropriate for this example, plots such as
that shown in Figure 9.5 should be straight lines passing through the origin.
Moreover, the gradients of these graphs should vary linearly with [Y] /[A] . Figure
9.6 demonstrates that this linear relationship is observed and the EC’preeqm
mechanism can therefore be concluded to operate at the ChE during the mediated
reduction of forane by F'-. Further confirmation of this reaction pathway was
provided by the determination, from the slope of the line in Figure 9.6, of a value of
kyKiy = 22.7+1.5s1. This is in very good agreement with the corresponding value

for this rate constant of 25.9+1.2s-! deduced at the RDE in Chapter Seven.

9.3 The Mediated Reduction of Nitrous Oxide

A similar procedure to that described above was employed to elucidate the
mechanism for the mediated reduction of nitrous oxide. At the RDE, this process
was shown in Chapter Seven to proceed via an EC’pure mechanism with a rate
constant for the irreversible catalytic step of kj; = 115.9+4.5s-t. Voltammograms,
were recorded at the mercury ChE using a solution containing 1.0x10-3 F and
0.2moldm-3 TBAP /acetonitrile in the presence of increasing concentrations of N2O.
Figure 9.7 shows negr deduced from such voltammograms plotted against Vf-z/ 3.1t
is apparent that a catalytic process is in operation. Working curves were then
generated for the appropriate values of [Y]m using the backwards implicit
finite—difference approach described in Chapter Three, section 3.2.2.2 for an
EC’pure mechanism and from these, plots of knorm(EC’pure) versus Vf_z/ 3 were

determined. A typical example of one such graph is given in Figure 9.8. The
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Figure 9.5: knorn(EC’preeqm), deduced from the experimental negs
values and appropriate working curves, versus Vf‘z/ 3, [Y]m / [A]m =
2.75.
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linearity of these plots, together with the correct relationship observed between
their slopes and ,[Y]m as illustrated in Figure 9.9, was taken as conclusive evidence in
support of the assignment of an EC’pure mechanism. Confirmation of this reaction
pathway was provided by the deduction of a value of ki; = 128+9s-! from the slope
of the plot in Figure 9.9 which is in good agreement with that of 115.9x4.5s-t
determined at the RDE.

It is therefore possible to conclude that the mechanistic discriminations made
between the subtle nuances of the EC’ reaction pathway, using steady—state
measurements only at the RDE, can also be determined using a similar approach at
the ChE. In addition, quantitative kinetic deductions are in very good agreement
between the two hydrodynamic electrodes. The inclusion of homogeneous catalytic
kinetics into the backwards implicit finite—difference approach to solving
steady—state ChE electrode problems has also been experimentally verified.

Finally, the reduction of forane via electron transfer from F'-, electrogenerated
at a mercury ChE, has been demonstrated and therefore the extension of this to the

development of an amperometric ChE forane sensor should be feasible.
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Figure 9.7: Values of nefs for the reduction of 1.25x10-3 moldm 3
fluoranthene, in acetonitrile/0.02 moldm-3 TBAP at a mercury ChE,
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Figure 9.8: k,o(EC’pure) versus Vf‘2/3 for [F](D = 1.25x10-3 moldm -3
and [NgO]m = 0.031 moldm3.
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CHAPTER TEN
AN AMPEROMETRIC SENSOR FOR FORANE BASED ON THE CHANNEL
ELECTRODE

The mechanistic conclusions evaluated in Chapter Nine confirm that electron
transfer to forane is possible at the ChE using F'- as an electrogenerated mediator.
This chapter extends this work by applying the ChE methodology to the
construction of a practical amperometric sensor for forane. The design of the sensor
is described and a theoretical approach to the solution of mass transport in the
adapted channel cell, based on the backwards implicit finite difference method
(detailed in Chapter Three), is presented.

Mechanisms for the mediated reductions of forane and N,O, for the case when
these substrates enter the channel via a high density polyethylene (HDPE)
membrane, are investigated. The operation of the sensor using both voltammetric

and potential pulsing methods in the presence of oxygen is also examined.

10.1 The Channel Electrode Sensor

Figure 10.1 illustrates schematically the adaptation of the conventional flow
cell, described in Chapter Four, required to develop this into an anaesthetic gas
sensing device. These modifications are described in the following paragraph.

The entire cell unit was constructed from teflon to prevent chemical attack
from acetonitrile and the channel was 30.0mm long, 6.0mm wide and had an

approximate depth of 0.4mm. The flow system, reference and counter electrode
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Figure 10.1: A schematic diagram of the ChE sensor showing the
electrode—membrane configuration.
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configuration remained unchanged from that used for conventional ChE studies and
described in Chapter Four, section 4.2.2. Two copper strips (<1mm wide) served as
working electrodes. The necessity for the employment of a double channel electrode
[394,395] will become apparent in section 10.3.3 of this chapter. These electrodes
were located approximately half way down the channel, either side of a 4.0x4.0mm
square hole in the coverplate and sufficiently downstream of the entrance duct to
fulfill the entry length requirement for laminar flow [162] given by equation 2.61.
When the cell was assembled and sealed, this hole coincided with a matching hole in
the outer steel plate. The hole in the coverplate was covered with a 12.5um pore
HDPE membrane which, along with the working electrodes, was cemented to the
coverplate using low melting point wax. Prior to sealing the cell, the copper strips
were polished, electroplated with mercury and measured using the procedures
described in Chapter Four. Therefore, the electrode — membrane — electrode
configuration was such that electrolyte solution flowed from the reservoir into the
channel where it passed over the first (upstream) mercury electrode, the HDPE
membrane and then the second (downstream) electrode before leaving the channel
and flowing to waste. The PVC tubing (o.d. 6mm) of the carrier gas line fitted
tightly into the hole in the steel plate, shown in Figure 10.1, so that gases to be
sensed could be delivered to the cell via this tubing, and introduced to the channel
through the membrane. Thus (0—5%) forane, (0~100%) N,O and (0-100%) O

mixtures with Ny carrier gas could reach the channel.

10.2 The Theoretical Solution of Mass Transport to the Channel Electrode Sensor

In Chapter Three, the inclusion of coupled homogeneous kinetics into the
backwards implicit finite difference method for the solution of steady—state ChE
problems was presented and this approach was utilised in Chapter Nine to deduce
an electrode mechanism for the mediated reduction of forane by F'-. In this section,
the theoretical approach is modified to account for the delivery of substrate, Y

(fora,ne), to the channel electrode via a membrane as described in section 10.1.
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The coordinate system employed for the two electrode, membrane ChE is
shown in Figure 10.2 and considering the system where mediator (A) enters the
channel from the electrolyte reservoir, while substrate (Y) is introduced via the

channel membrane, then the pertinent initial and boundary conditions are:

x =0 Y] = 0 A] = [A], [B] = 0
10.11
0<x< Xp z=0 [Y] =[Y]_ [A] = [A] [B] =0
z = 2h (Y] =0 [A] = [A] [B] =0
0z
Xp < X < Xg z =0 Y] =0 [A] = [A] [B] =0
0z
z = 2h [Y]=0 [A] = [A] [B] =0
0z
xs < X < Xe z=0 (Y] =0 [A] =0 d[B] = —d[ A]
0z 0z 0z
vi
z = 2h d[Y] =0 9[A]=0 4[B]=0 vi
dz 0z 0z

Examination of these boundary conditions reveals that over the membrane, and the
narrow "space" between this and the downstream electrode, the concentration
profile for species Y only needs to be calculated. This will be independent of the
electrode reaction mechanism under investigation as this profile is "upstream" of the
electrode. However, over the "downstream" electrode, the profiles of A, B and Y
need to be determined and these can be calculated using the BIFD approach
described in Chapter Three, section 3.2.2.2 and employed successfully in Chapter

Nine. The matrix elements required [193] for the calculation of the Y concentration

profile are therefore:
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Figure 10.2: Coordinate system for the ChE sensor.
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Membrane

g j,0=0 j=12,..,J-1 10.2 i
Y Y Y 3
A 1=8 1kt 2r i
Y | Y . .
df. =gt. _ B .
YJ g ik j=2,3,...,J-1 1l
bY.=142xY i=12.,J-1 iv

Space between the Membrane and Downstream Electrode
Y Y

ng’O =\g( J:Knaxmen i=12,.,J-1 10.31
d iT8 jk j=12,..,J-1 i
bY1 =1+ ’\Y1 ki
bYi=14+ 2 j=23,.. -1 o
Electrode
AL B _ Y _ Y
g j,O =1 g j,O =0 | g 3,0 =g j;Kmaxspace 10.4

where all the other electrode matrix elements for A, B and Y are given in Tables

3.4, 3.5 and 3.6, and:

Knaxmen = Xn 10.5
Ax
Knaxspace = Xs — Xm 10.6
Ax
Kpax = Xe — X5 10.7
Ax

Thus, employing equations 10.2 and 10.3, concentration profiles of Y over the
membrane and "space" respectively were calculated using the backwards implicit
finite—difference method described in Chapter Three. This provided a Y profile in
the z direction at the upstream edge of the downstream electrode which was
incorporated into the existing theoretical strategy for the calculation of steady—state

EC’ ChE problems (section 3.2.2.2). This enabled working curves of nesf versus
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knorm to be deduced as a function of [A]m and [Y] for each EC’ mechanism, using
the FORTRAN program given in Appendix 4h. The parameter knom is defined for
the various EC’ nuances in Table 3.7. Typical working curves, obtained using Kpax

= 2000 and J = 200, are illustrated in Figure 10.3 for the case of an EC’preeqm

mechanism.

10.3 The Reduction of Forane at the Channel Electrode Sensor

10.3.1 Preliminary Experiments

The reduction of 1.0x10-3moldm-? F in an acetonitrile/0.2moldm-3 TBAP
solution thoroughly purged of O, was initially examined at the downstream
electrode (we = 0.403cm, xe = 0.065cm). The resulting limiting current data is
plotted against Vfl/ 3 in Figure 10.4 and Levich analysis [103] of this line, using Dy
= 2.28x10-5cm?s-! (calculated at the RDE in Chapter Five) yielded a calibrated
value for the depth of the channel (2h) of 0.48mm.

10.3.2 The Mediated Reduction of Forane

The anaesthetic gas, forane (0—5%), was next introduced via the HDPE
membrane using Nj as carrier gas. Figure 10.5 shows the limiting currents, obtained
from the reduction of F to F'- at the downstream electrode, as a function of [forane]
and Vfl/ 3, In Chapter Nine, the mediated reduction of forane (introduced to the
channel from the reservoir solution) by F'- at the ChE was shown to proceed via an
EC’preeqm mechanism with kvKiy = 22.7#1.557L This is in excellent agreement
with the mechanistic analysis deduced at the RDE in Chapter Seven. However,
when the experimental data determined by forane introduction via the membrane
was analysed using the theory presented above, non-linear graphs of
knom(EC’preeqm) versus Vf-2/ 3 resulted. These poor "fits" were attributed to an
overestimation of [forane] in the channel caused by "poor" permeability of the
anaesthetic through the HDPE membrane [389], i.e. [Y] on the inner (channel)

surface of the membrane was not equal to [Y] delivered by the carrier gas. The
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Figure 10.3: Computed steady—state working curves calculated for an
EC’preeqm process at the modified ChE cell.
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Figure 10.4: Levich plot of ijiy versus Vs /3 for the reduction of
1.0x10-3 moldm-3 fluoranthene in acetonitrile/0.02 moldm-3 TBAP at
the ChE sensor. This straight line confirms the hydrodynamic

behaviour of this channel.
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Figure 10.5: The Vy dependence of i1in for the reduction of 1.0x1073
moldm-3 fluoranthene at the ChE sensor in the presence of an
increasing concentration of forane delivered to the membrane.
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Figure 10.6: The analysis of typical catalytic current data for the
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The data was obtained from a solution containing 1.0x10-3 moldm-3
fluoranthene in 0.2 moldm-3 TBAP /acetonitrile and 2.75x10-3
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analysis was therefore repeated with "trial and error" reductions in [forane] in the
channel. It was found that when the expected [forane] was reduced by 20% (i.e. 80%
transport efficiency of forane through the membrane, at any flow rate) plots of
knorm(EC’preeqm) versus Vf-2/ 3 were in fact straight lines which passed through the
origin for all [A]m and [Y] considered. Figure 10.6 shows a typical example of one
such plot. Furthermore, Figure 10.7 shows that the least squares "best fit" slopes of
these graphs vary linearly with [Y]m / [A]m as predicted by the expression defining the

knorm(EC’preeqm) parameter:

1/3
Knorn(EC’preeqm) = k,Kj, Liip| 2044 ? xé? / 10.8
[A] | 9DV

®
and the assignment of the EC’preeqm mechanism can be confirmed. Using the least
squares gradient of Figure 10.7 in combination with equation 10.7, a value of kyKiy
= 22.0£1.8st was deduced. This is in good agreement with the corresponding
determinations for this rate constant of 25.9+1.2s"t at the RDE (Chapter Seven) and
22.7+1.5s"1 (Chapter Nine) at the conventional ChE.

10.3.3 Interference by Oxygen

Oxygen was next introduced into the ChE flow system by removing the
degassing bubbler from the solution reservoir. This solution rapidly (x ten minutes)
became saturated with air so that reduction of O, at the downstream electrode
masked the reduction of F. The resulting voltammogram is shown in Figure 10.8.
The implications of this electrode response to the development of an amperometric
sensor were discussed in Chapter Eight and no further emphasis of this problem is
required here. The chemical removal of oxygen from a reservoir electrolyte was
examined by Albery et al [396], who proposed that dihydroxy hydroanthraquinone,
electrogenerated via the reduction of dihydroxy anthraquinone in aqueous solution,
would react with oxygen, removing this from the bulk solution and regenerating the
starting anthraquinone to maintain the supply. This approach was investigated

here, using anthraquinone (AQ) in acetonitrile solvent, as a means of removing the
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Figure 10.8: ChE sensor voltammogram for the reduction of oxygen
which entered the channel when degassing ceased.
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interference of oxygen from the channel electrode sensor.

Preliminary experiments were performed on a solution of 2.84x10-3moldm-3
AQ in acetonitrile/0.1moldm-3 TBAP at a mercury RDE. Two reduction waves,
shown in Figure 10.9, were observed with half wave potentials of —0.80£0.03V and
—1.35¢0.03V (vs. SCE). These are in good agreement with the literature values
measured in acetonitrile/0.1moldm-3 tetraethylammonium perchlorate of —0.94V
and —1.45 V (vs. SCE) respectively [361]. Levich analysis [103] of the first reduction
wave produced a value for D AQ = 1.98+0.04x10-5cm2s-!, which compares with a
previous determination of 2.17x10-5cm2s! [362]. The two electrode processes in

operation were therefore attributed to:

AQ +e- — AQ- (—0.80V)
and AO'- B} -
Q-+e — AQ? (-1.35V)

The magnitudes of the limiting currents of both reduction waves were completely
unchanged by the addition to the solution of 15x10-3moldm-3 forane, 0.125 moldm-3
N,0 or 3.0x10-3moldm-3 F. However, in the presence of 8x10-3moldm=3 O,, the
limiting currents of both waves were approximately doubled, confirming the
presence of a catalytic reaction with O, which regenerates AQ.

The electrochemistry of an acetonitrile/0.2moldm-3 TBAP solution containing
1.0x10-3moldm-? AQ and 1.0x103moldm-? F was next investigated at the
downstream mercury ChE. The reservoir solution was thoroughly purged of O prior
to use. Three waves, shown in Figure 10.10, were apparent and these were therefore

attributed to the following processes:

AQ + e — AQ- (—0.75V)
AQ e — AQ?- (-1.35V)
Fte — F- (-1.75V)

Half—wave potentials are quoted against a silver pseudo reference electrode (SPRE).

Levich analysis [103] of the first reduction wave (—0.75V) produced a value for D AQ
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Figure 10.9: A typical RDE voltammogram for the reduction of
2.84x10-3 moldm-3 anthraquinone in acetonitrile/0.2 moldm-3 TBAP
at a mercury electrode.
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Figure 10.10: A typical ChE sensor voltammogram for the reduction
of 1.0x10-3 moldm-3 anthraquinone and 1.0x 10-3 moldm-3 fluoranthene
in acetonitrile/0.2 moldm-3, recorded in the absence of oxygen.
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= 1.86+0.05x10-5cm?s-!, which is in good agreement with that determined at the
RDE of 1.98x10-5cm?s-t. The limiting current from the F (—1.75V) reduction wave
("corrected” by subtraction of ijy, for the two AQ reduction processes) also
demonstrated a linear behaviour with Vfl/ 3 and the value of Dp =
2.25+0.03x10-5cm?s! determined (by Levich analysis [103] of the gradient) from this
plot, is in good agreement with the value of 2.28x10-5cm2s-! found in Chapter Five
at the RDE. In addition, limiting currents from this wave, measured when 0—5%
forane was added via the HDPE membrane were all within the error bars of those
recorded in the absence of AQ. It is therefore possible to conclude from the above
ChE and RDE experiments that the mediated reduction of forane by
electrogenerated F - is completely unaffected by the presence of AQ.

When degassing ceased, the reduction of oxygen at the downstream electrode
again completely masked the electrode processes due to AQ and F, and a
current—voltage curve identical to that shown in Figure 10.8 resulted. Therefore
both the "upstream" and "downstream" mercury electrode were next polarised
under potentiostatic control using "ring—disc" [397] circuitry. Thus the upstream
electrode (we = 0.407cm, xe = 0.096cm) served as the "ring" and was held constant
at a potential of —1.50V (vs. SPRE), i.e. on the limiting current of the AQ~ ——
AQ?- reduction wave, while the potential of the downstream ("disc") electrode was
scanned negative from —0.5V. The voltammogram then obtained at the downstream
electrode, once again revealed the three waves, corresponding to the reductions of
AQ and F, observed in the absence of oxygen (shown in Figure 10.10). A reaction
between AQ2- generated at the upstream electrode and O; was concluded [396].
Moreover, the magnitude of ijin for AQ —— AQ'~ measured at the downstream
electrode confirmed that no O, was reaching here. The ijip versus Vfl/ 3 data
recorded at the downstream electrode gave values for D AQ and Dp which were
indistinguishable from these of 1.86x10-5cm2?s-! and 2.25x10-%cm?s™ respectively,
determined above. |

Quantitative addition of O; was achieved by mixing a given percentage of O,

with the carrier gas delivered to the HDPE membrane. Thus, 10, 20 and 50% O3/N,

mixtures were examined and for each ratio identical results to those described in the
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previous paragraph were found; i.e. all electrochemistry at the downstream electrode

indicated that no O, was present. The removal of Oy was therefore attributed to the

following process:

0 OH 0
QO T -
0 OH

0 + Hzo

Importantly, when forane was also introduced via the membrane, the nesf — Vi —
[Y]w / [A]m behaviour was indistinguishable from that obtained with degassing of the
reservoir solution and shown in Figure 10.5. An EC’preeqm mechanism therefore
remains in operation and the detection and successful measurement of forane in the

presence of Oy can be concluded.

10.4 The Reduction of Nitrous Oxide at the Channel Electrode Sensor

Having confirmed the success of AQ2?- in removing O, from the electrolyte
solution reaching the downstream mercury electrode, the mediated reduction of N,O
was next analysed with a continual supply of 20% O3 to the HDPE membrane. The
upstream electrode remained under potentiostatic control at —1.50V (vs. SPRE) and
an acetonitrile solution containing 1.0x10-3moldm-3 F, 1.0x10-3moldm-3 AQ and
0.2moldm-3 TBAP was used. The variation of ij;n with V¢ was therefore measured
as a function of substrate (N;0) concentration, [Y] . The data is shown in Figure
10.11. Using the theory presented in section 10.2 of this chapter to solve mass
transport to a membrane/ChE, working curves for the EC’pure mechanism were
generated and used to determine plots of kpom(EC’pure) versus Vf-2/ 3. A typical
example is shown in Figure 10.12, while Figure 10.13 shows a graph of the least
squares "best fit" gradients of such lines, plotted against [N;O]. The linear nature of
the data plotted in Figures 10.12 and 10.13 demonstrates that an EC’pure

mechanism is appropriate for the mediated reduction of N,O at the membrane
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Figure 10.11: The limiting detector electrode current — flow rate data
in the presence of varying concentrations of nitrous oxide applied to

the membrane.
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Figure 10.13: The gradients of plots such as those shown in Figure
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mercury ChE. The gradient of Figure 10.13 enabled a value for the rate constant of
the irreversible catalytic step ki; = 146x155! to be determined. This mechanistic
conclusion is consistent with the previous assignments of an EC’pure mechanism
determined at both the RDE (Chapter Seven) and conventional ChE (Chapter
Nine) where values of ki; = 115.9+4.55-1 and 128+9s-! were found respectively. That
such close agreement is observed between these separate mechanistic evaluations

confirms that accurate N,O determination is possible in the presence of O, using the

ChE sensor.

10.5 Potential Pulsing Experiments

The reduction of N,O in the vicinity of the downstream electrode produces N
as a reaction product. When this electrode is held at a reducing potential for
prolonged periods, i.e. during a voltammetric potential sweep, then bubbles of N,
form which occlude the electrode and interfere with its sensing capability. This
problem was also observed at the membrane electrode and was discussed in Chapter
Eight. Limited evidence of bubble formation was apparent during the voltammetric
studies of the mediated reduction of N,O presented above, particularly at low Vg
where the turnover to product was large (high nefr) and the solution velocity was
too low to wash away any N, bubbles which formed.

However, if the reducing potential is applied as a series of pulses then
insufficient N, is produced to form large bubbles [90]. Also, the resulting current
transient response at the downstream electrode can be measured at a predetermined
time after the beginning of each pulse, possibly before the attainment of
steady—state, which has the added advantage of enabling a more sensitive
determination of the anaesthetic gas concentration. This approach was applied with
success in Chapter Eight to overcome the problem of N bubble formation.

The current transient response of the downstream electrode to a square wave
potential pulse sequence between —1.50V and —1.90V (vs. SPRE) was therefore

examined, initially on the simple electron transfer (F + e- —— F-) process alone
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(no substrate). A pulse frequency of 0.025Hz was used which allowed the system to
reach a steady—state at both potentials employed. An acetonitrile/0.2moldm-3
TBAP solution containing 1.0x10-*moldm-3 F and 1.0x10-3moldm-3 AQ was used
for these experiments and the upstream electrode was once again held at a constant
potential of —1.50V, enabling measurements to be made at the downstream
electrode in the presence of O,. A flow rate of 1.03x10-2cm3s-t was used throughout.

The steady—state current found for F was identical to i1;, measured previously
at this flow rate, confirming the consistency of the pulsing approach. 1, 2, 3 and 5%
forane was next added via the HDPE membrane. The resulting transient data is
shown in Figure 10.14 and the steady—state current is plotted as a function of
[forane] in Figure 10.15. A linear response to forane is apparemnt. Figure 10.16
confirms that the steady—state current measured for a given [forane] is in excellent
agreement with i), determined earlier in this chapter using a potential sweep
method. The results obtained when O, was added to the system (up to 50%) were
indistinguishable from those in Figure 10.15.

Stepping experiments were then repeated with N,O as substrate. The
experimental conditions were identical to those described above. Typical transients
are shown in Figure 10.17; the "noisy" response is a result of the residual formation
of tiny N, bubbles on the downstream electrode. The presence of such bubbles was
concluded as insignificant given the excellent linear response to [N;O] shown in
Figure 10.18, recorded in the presence of up to 50% Oo.

Lastly, the response time of the sensor was investigated by adjusting the
concentration of substrate during an interval at the reduction potential of the pulse
cycle. The device is less sensitive to [forane] than [N,O] since the former substrate
was shown in sections 10.3 and 10.4 of this chapter to be less permeable through
HDPE. Therefore the concentration of forane, delivered to the sensor via the carrier
gas line and membrane, was adjusted immediately after the potential had stepped
from —1.50V to —1.90V. Figure 10.19 illustrates that the transient response adjusts
to the mew concentration within the period of one pulse, whether [forane] is
increased or decreased. An excellent response time of <10 seconds can be inferred.

In summary, the operation of the amperometric channel electrode sensor in a
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obtained by pulsing the detector electrode between —1.50V and
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Figure 10.15: The steady—state current, measured from transients
such as those shown in Figure 10.14, plotted against the concentration
of forane delivered to the membrane.
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Figure 10.17: Typical current transients for the reduction of nitrous
oxide, obtained by pulsing the detector electrode between —1.50V and
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such as those shown in Figure 10.17, plotted against the concentration

of nitrous oxide delivered to the membrane.
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pulse potential mode, as presented in this chapter, yields a linear response to both
forane and N,0. No interference results from the presence of O;. The merits of the
device are its simplicity, sensitivity to anaesthetic detection and, in particular, a
response time of under ten seconds to changes in forane concentration.

Possible improvements to the device, as it stands, might include the use of a
mechanical pump to achieve solution flow, enabling the design of a miniature sensor

for clinical convenience. Also, the employment of faster flow rates may further

hasten the response time of the sensor.

The use of the channel electrode sensor for breath by breath respiratory forane

analysis is therefore feasible.

10.6 Conclusions

The reductions of N,O and forane, via homogeneous electron transfer from
electrogenerated F'-, were demonstrated in Chapter Nine to proceed via the same
electrode pathways at the ChE as previously determined (in Chapter Seven) at the
RDE. In this chapter, these mechanisms were shown to remain unchanged when the
gaseous anaesthetic substrates were delivered to the channel through an HDPE
membrane.

The reduction of oxygen (introduced to the ChE from the electrolyte reservoir
or through the carrier gas line) at the working electrode was shown to mask the
current resulting from the reduction of F and therefore to prevent the determination
of [forane] or [N;O]. However, AQ?- electrogenerated at the upstream electrode
reacted with the dissolved O, and thus removed the problem of interference by this
gas at the downstream electrode. Importantly, the presence of AQ was shown to
have no effect on the reduction properties of the F/forane and F/N;O systems.

Pulsing the downstream electrode from a potential where no mediator was
electrogenerated, to a potential which corresponded to the transport limited current
for the reduction the F, was used to overcome the problem of electrode fouling by

N, a N,O reduction product. The resulting transients were shown to yield
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steady—state currents which varied linearly with [forane] and [N;O]. The response
time of the device to forane detection was shown to be less than ten seconds.

As a final conclusion to this work, the ChE sensor has been demonstrated to
respond linearly to both forane and N,O in the presence of a high concentration of
Oj. No limitations on the size of the device are apparent so that the sensor could be
readily miniaturised, as required, for clinical convenience. Solution flow through the
device would probably be best achieved by closed circuit mechanical pumping from
a small electrolyte reservoir.

The use of this device in conjunction with an aqueous membrane N,O/O,
sensor (of the kind described in Chapter Eight) and the appropriate circuitry

therefore promises fast and accurate respiratory analysis of forane, N2O and O..
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APPENDIX ONE

AC Impedance

The concept of impedance and the complex plane impedance diagrams arising

from some simple electrical circuits are introduced in this appendix.

Al.1 AC Theory

In order to work with electrochemical cells in AC circuits, the use of some
basic AC theory is necessary. The following section therefore uses the so—called
phasor concept of the sinusoidal alternating current, in which voltages and currents
are thought of as rotating vectors and are represented in the complex plane by an

Argand diagram.

The sinusoidal voltage can be expressed as:

E = AEsinwt All

where w is the angular frequency (rads-t), E is the instantaneous voltage and AE is
the maximum amplitude. The voltage is therefore represented as a rotating vector
or phasor as illustrated in Figure Al.1. The current associated with this voltage is
also sinusoidal and of the same frequency, w, but different in amplitude and phase

(lagging or leading) and can be expressed as:

i = Aisin(uwt + ) A12

The rotating vectors are separated on the polar diagram by the phase angle, ¢
(Figure Al.1). The response of simple circuit elements to the voltage E can be seen

by applying Ohm’s law, which for a pure resistance of value R is:

E=iR Al3
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Figure A1.1: Phasor diagram for an alternating voltage E = AEsinut
where AE is the maximum amplitude. The phasor is the rotating
vector E.
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which implies that the phase angle ¢ is zero. For a capacitance, C, the relationship

between the potential, E, across the plates to the charge, q, residing on the plates is:

q=CE Al4
Differentiating yields the current:
{ = dq _ CdE Al5
dt dt

which can be combined with equation Al.1 to give:

1 = wCAE cosut Al.6
or i _ AE — sin(wt + _) ALT
Xc

where X = 1/wC and is defined as the capacitive reactance. Equation A1.7 is
similar in form to the Ohm’s law expression for a resistor (Al.3) but with R
replaced by X, and a phase angle of 7/2 rather than zero. This phase angle is
positive so the current is said to lead the voltage.

Here, it is useful to introduce "complex" notation, in which magnitudes on the
ordinate axis are multiplied by j = |(~1). The components of the phasors E and i
can be represented in an Argand diagram with the real component on the abscissa
and the imaginary component on the ordinate. Figure Al.2 shows equivalent
representations in phasor and time axis form of the current and voltage relationship
discussed above for a circuit with capacitative reactance showing a 900 (7/2) phase

angle. Hence, the E phasor has a phase angle of —7/2 and therefore:

E = —jXd Al.8

This is again similar to Ohm’s law, but with a complex number, —jX¢, replacing
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Figure A1.2: Equivalent representations in phasor and time—axis form
of current and voltage relationships in a circuit with capacitative
reactance showing a 900 phase angle.
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resistance.

For a resistor and capacitance connected in series the sum of the voltage drops

across each circuit element must sum to the total of E, so in phasor notation:

Le. E =i(R - jXo)
or E =iZ Al.9

where Z = (R — jX;) is called the impedance.

The current will no longer be in phase or 900 out of phase with the voltage,
but can be obtained from the Argand diagram, Figure Al.3a. The phase angle is
given by:

tanp=Xc = _1 A1.10
R wRC

The simple relationship between complex impedance and E and i means that an
alternative diagram presenting the same information can be plotted in terms of
impedances (Figure A1.3b). For series circuits, the overall impedance is the vector
sum of the reactances of the separate elements. The overall impedance for parallel

combinations is the reciprocal of the sum of the reciprocal impedances of each

circuit component.

A1.2 Impedance Measurements

One of the simplest electrochemical systems to analyse is that of a rapid
reaction at its equilibrium, with no net current flowing. Under AC excitation, this
net current is still zero, but the current—potential relationship is approximately
linear rather than exponential (Chapter Two, section 2.1.1).

Consider the reaction:
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Figure A1.3: The relationship between alternating voltage across a
series resistor and capacitor and the alternating current through it,
represented by a) a phasor diagram, and b) an Argand diagram.
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O 4+ ne- ==

when the AC signal is first impressed, a time—dependent diffusion layer is created
and since no net current flows, a steady—state is set up after a few cycles. Assuming

that the impedance can be expressed as a series combination of a resistor and a

capacitor:

Rs Cs
it is found that:
RS = Rct + U(;/'LUI/2 Alll
Cs = 1/(oew?) AL12

where Ry is the charge transfer resistance, Cg is the pseudo capacitance and:

Ret=___ Al.13
nFi 0
and Oc = RT 1 + 1 Al.14
z'/2paD2 ([0 [R],

Thus R is a characteristic of the exchange current, ip, and therefore k0 the rate
constant at equilibrium, whereas o is related to the diffusional properties of the
system.

The overall impedance is:

Z'= R+ - _
juCs
1
Z"= R¢t + ac/w1/2 + ac/jw /2 Al.15

This is the sum of two terms: a simple resistive component, which is small when 1,
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is large, and a reactance, which can be regarded as a frequency dependent resistance.
‘This special reactance is called the Warburg impedance, ZW. If R.t approaches

zero, then the total impedance is:

| Zogl = [(oc/w!2)2 + (oc w292
ie. |2yl = (2/u) /20 A1.16

Since both real and complex parts of ZW are equal, it is characterised by a constant
phase angle of 7/4 (459), independent of frequency.

The above analysis has neglected the fact that all electrodes exhibit a
capacitance, Cqj, the double layer capacitance, which is independent of any
Faradaic reaction (which contributes Cs to the overall impedance). An
uncompensated solution resistance, Ry is also present in all practical electrochemical
systems. The combined effect of Cq; and Ry can be examined using "complex plane
impedance analysis" [108].

Considering a simple circuit such as a series resistance and capacitance with
an impedance Z = R + 1/jwC, it can be seen that the real part of Z is simply R and
the imaginary part is 1/wC. An Argand diagram of Z = Z’ + 2 is therefore a series
of points at different w, the value of Z’ approaching zero at infinite frequency where
the capacitance is effectively a short circuit (Figure 2.9). However, the graph
representing a parallel combination is a semi—circle (Figure 2.11). At low
frequencies, the impedance is purely resistive because the reactance of C is very
large. An additional resistance in series, which might represent an uncompensated
solution resistance has the effect of translating the semi—circle along the 7’ axis
(Figure 2.11).

A realistic model of an electrochemical cell can now be constructed by
identifying C as the double layer capacitance and resolving R into the charge
transfer resistance in series with the Warburg impedance (Figure 2.10). A full

analysis of this series—parallel configuration, called the Randles equivalent circuit

[124] has two limiting cases:
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1) At low frequency as w- 0:

-1
Z’=Ru+Rct+ agcW /2
YA crc'w.l/2 + 202Cq1
from which 727 =7 — Ry — Ret + 2a‘c2cd1 A1.17

i.e. a straight line of unit slope with an intercept on the real 72’ axis of Ry + Ret —

2Uc2Cd1.

2) At high frequency, Zyy is negligible in relation to R¢y and the two

components are:

7 =Ry + Lot A1.18
1 + w*CaiRes
Ca1Re
70 — dlivctW A1.19
1 4+ w? Cfi lRit
Eliminating w gives:
(2’ — Ry — Ret/2)? + (27)* = (Ret/2)? A1.20

which is the equation for a circle centred on Z’ = Ry + Rct/2, with a radius of
R¢t/2. The plot of the whole expression for 7’ vs. 7’ has the form shown in Figure
2.11, where kinetically controlled (semi—circular) and diffusion controlled (linear,

unit slope) regions can be observed.
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APPENDIX TWO

The Levich Equation for the Rotating Disc Electrode: Solution of Equation 2.54

Letting:
X = 0[0] A2.1
ow
allows equation 2.54 to be written as:
_B_X_ = —w2X A2.2
ow
which upon integration gives:
ow 0w | =0

Making the substitution Y = w3/3 leads to:

(0], .
J d[O]=F_[_(_)_]] .3'2/3J v fsexp(=y) dY A2.4

w=0 0

[O]

The definite integral on the right hand side of equation A2.4 is expressible in terms

of the Gamma function [398]:

®
J F e dt = y(x) A2.5

0

and so:
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0], = [?_([?%]] ERVON A2.6

The transport limited current at the electrode is then given by:

115m = nFAj

0z 2=0

= 1554 nFADS S W2 o [0] A

where F is Faradays constant and A is the area of the electrode.

— 281 —



APPENDIX THREE

The Levich Equation for the Channel Electrode: Solution of Equation 2.63 using the

Léveque Approximation (equation 2.65)

Introducing the function:

/3
n=1{_"9 / z A3.1
Dohx
leads to:
d[ O] _ d[0] dn _—1n d[ O] A3.2

52[0] _ 8[0] an_n_:[ vo ]1/3 d2[0] A3.3

and thus equation 2.63 (under the Léveque approximation) may be written as:

d2[0]+gn2 d[O]___0 A3.4
dnp? 3 dg

with the boundary conditions (equation 2.64) becoming:

n=20: [0] =0 A35i
e 01 = [0}, i

The solution to equation A3.4 follows the method described in Appendix Two and

leads to:

0], = 3([9? ‘/(1(/53) A3.6

7=0
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The transport limited current at the ChE is then given by:

1

i1in = nFWe J D, [agol] dx A3.T
0 % 12=0
e s
= nFw O], [;/_(‘13_/_37] OJ' [V; xg] dx A3.8
-4 ! 1Ol s, [0 1 ' A3
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APPENDIX FOUR

Computer Programs

The following FORTRAN programs are listed on the microfiche below:

42 HALEF, TRANS, LESTSQR, AREA, AREADIF.
4b HALER.
4c HALECPT, HALECP, HALECPE, HALEECDAL.
4d HALHET.
d4e SDECP.
4 BIE.
4g BIECP, BIECPE.
BIECPM, BIECPEM.

CROF 1 CHE
L.cC FHJ g 1213

TAAQO! 37
G22/09/89 1e 39
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APPENDIX FIVE

The Relationship between Forward and Reverse Chronoamperograms

The purpose of this appendix is to prove that the forms of the forward and
reverse transients for the case where there are no (heterogeneous or homogeneous)
kinetic complications are in fact related in the special circumstances that D A =Dp:

The equality of the diffusion coefficients leads to the simplification that t 1=

t =t 24 =2p =czand w, = wg = w. Thus equations 3.22 can be written as:

da _ exp(—2w?3/3) d2a A5.1

dt A dz?

db _ exp(—2w3/3) db2 A5.2
d(t-t?) A dz2 |

If we then chose to normalise these equations as follows:

a—[A]l =—([A] A5.3

and b~ b(t=t’) = —¢[A]_ A5.4

then it is apparent that both transients are described by the following equation:

d¢ _ exp(—2w3/3) d2(¢ A5.5
dt+ A dz?

where t+ = t for the forward transient and t+ = t — t’ for the reverse transient.

They are also described by the same boundary conditions:
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t+ =0 0<z<1 (=0 A5.61
t+ >0 r=1 ¢=0 ii
t+ >0 =0 (= U(t-{-) i1l

where U(t+) is a unit step function. It thus follows that:

i M e NIV .

where the term on the left hand side of the equation relates to the forward, and that

on the right to the reverse transient. It may be seen that:

where ig is the steady—state current which eventually flows at the potential E,, and

if and i, relate to the currents flowing in the forward and the reverse transients.
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APPENDIX SIX
The Thomas Algorithm

The Thomas Algorithm [299,300] is an efficient method by which the matrix

equation:

[TH{u} = {d} A5.1

may be solved for {u}, where [T] denotes a tridiagonal matrix and {u} and {d} are

vector quantities. The algorithm operates by factorising the tridiagonal matrix of

(J—1)2 elements:

fl
o
o
. .
o

: A5.2
[T] /IS IR I
a3 9Py 9 ¢y
L 0 a5 4b54]
to
[T] = [Ty ) [Tyl
[ y 0] [1 A 0]
8.2 az 1. ﬂz .
= A5.3
239 %39 1 f J-2
0 a J—1 aJ—-lJ 0
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for which @ and ﬂj are readily determined:

a; = b1

By = ¢yl
4=bj=af
By =cif o

Writing:
{1} = [Ty] {u)

allows {d} to be expressed in terms of {f}:
[Ty ) {f} = {d}

where the elements, fj, of {f} are given by:

f=dj/y

f=(dj-af; g)/o

{f} is then used to determine the elements u i of {u}:

a1 =154
U= 5=y

In this way {u} is obtained from {d}.
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APPENDIX SEVEN
The Synthesis of Poly(11—Vinylfluoranthene)

A6.1 Introduction

Poly(11~vinylfluoranthene) was synethised by the free radical polymerisation
of the 1ll-—vinylfluoranthene. The latter was prepared from fluoranthene via
11—acetyl—fluoranthene and 11—(1-hydroxy)ethyl—fluoranthene in the manner
described below for which the following general experimental points pertain. Melting
points were determined using a Kofler block. Infrared spectra were recorded as a
KBr disc on a Perkin—FElmer 781 spectrophotometer. The lg NMR spectra were run
at 300 MHz on a Bruker WH 300 spectrometer. Microanalyses were performed by
the Dyson Perrins Laboratory. Mass spectra were measured on a VG Micromass 30F

spectrometer using the in beam electron impact technique.

A6.2 11—Acetylfluoranthene

Fluoranthene was acetylated by a modification of the previous procedure [399].
Aluminium chloride (6.6 g, 0.0494 mol) was added to a solution of fluoranthene (5.0
g, 0.247 mol) in carbon disulphide (50 ml) at 0°C. Acetic anhydride (2.4 ml, 0.0247
mol) was added over a period of 30 minutes and the reaction mixture was stirred
with a mechanical stirrer for seven hours at 00C and subsequently at room
temperature overnight. The brown solid was collected by filtration, washed with
hexane and then treated with 3% hydrochloric acid; the residue was then extracted
into ether and the resulting ether solution dried (sodium sulphate). The solvent was
removed, and the reddish syrup was chromatographed (10% ethyl acetate in hexane)
to give a mixture of the two monoacetyl compounds 4~ and 11—acetylfluoranthene
(2.1g) and the diacetyl. The mixture of the monoacetyl compounds was then
separated by further chromatography (dichloromethane and hexane, 3:1) to give the
faster running non—fluorescent, 4—acetylfluoranthene, (0.74 g, 13%), followed by the

slower running blue fluorescent 11—acetylfluoranthene (1.2 g, 20%), together with a
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further mixture of unseparated 4—acetylfluoranthene and 1l-—acetylfluoranthene
(300mg). 11-acetylfluoranthene: m.p. 101-1020C (ref. [399]: 101-102°C) (found: C,
88.01; H, 4.76. C, H,,0 requires: c, 88.43; H, 4.92%). Apax(KBr): 1670cm™, il
NMR (CDCl3): § 2.72 (3H, s, Me), 7.65~7.70 (2H, t), 7.88-8.02 (6H, m) and 8.49
(1H, m). m/z (EI): 244 (M*, 55%) and 229 (M—Me*, 100%).

A6.3 11{1-Hydroxy)ethyl—fluoranthene

Sodium borohydride (129 mg) in water (9 ml) was slowly added to a solution
of 11—acetylfluoranthene (620 mg) in tetrahydrofuran (60 ml) at 0°C; the reaction
mixture was stirred at 0°C for 2.5 hours and room temperature for 2 hours, and then
cooled to 0°C and treated with ammonium chloride. The solvent was removed in
vacuo to give 11—(1-hydroxy)ethyl-fluoranthene, (620 ml, 99%), recrystallised from
ether hexane, m.p. 89—90°C (found: C, 87.59; H, 5.59. C;gH, 4O requires: C, 87.80;
H, 5.69%). Anax(KBr): 3500—3100 (OH)cm-t, 'H NMR (CDCls): § 1.62 (3H, d, Me,
J = 6.4Hz), 2.07 (1H, br s, OH), 5.05 (1H, q, J = 6.4Hz), 7.36~7.39 (1 H, m),
7.62—7.67 (2 H, m) and 7.84-7.96 (6 H, m). m/z (EI): 246 (M*, 39%), 231 (M—Me*,
39%), 228 (62%) and 203 (100%).

A6.4 11—Vinvlfluoranthene

11—(1—Hydroxy)ethyl—fluoranthene (400 mg) in benzene (60 ml) was refluxed
in the presence of toluene p—sulphonic acid (10 mg) for 3.5 hours. The reaction
mixture was cooled and neutralised (solid sodium carbonate) and the solvent
removed; the resulting yellow solid was dissolved in ether, washed with brine and
dried (sodium sulphate). After the solvent had been removed, the yellow residue was
purified by flash chromatography (neat hexane) to give 11—vinylfluoranthene, (200
mg, 54%), m.p. 102—103°C (found: C, 94.73; H, 5.42. ClSHI2 requires: C, 94.73; H,
5.27%). 1H NMR (CDCly): 6 5.35 (1 H, dd, J = 0.6 and 10.6Hz), 5.90 (1H, dd, J =
0.2 and 17.6Hz), 6.88 (1H, dd, J = 10.6 and 17.6Hz), 7.44 (1H, dd, J = 1.6 and
7.8Hz1, 7.62—7.68 (2H, m), 7.84-8.00 (6H, m). m/z (EI): 228 (M*, 100%).
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