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Synthesis, Characterisation and Charge Transport Properties of a Series of Osmium
Containing Polymers.

A series of metallopolymers, based on poly(4-vinylpyridine) (PVP) and
poly(N-vinylimidazole) (PVI), has been prepared containing both osmium- and
ruthenium-bis(2,2’-bipyridyl) centres. The polymers have been characterised using
uv/vis and emission spectroscopy as well as, thermal and electrochemical methods.
The results obtained are compared with those obtained for the metallopolymers
containing only osmium or ruthenium centres as well as, model monomeric
complexes. The results for mixed metal polymers suggest that there is little
interaction between the metal centres when in solution, either in the ground or
excited state.

The rate of homogeneous charge transport through
[Os(bipy)2 (PVP)nCI]CI films (n = 5, 10, 15, 20 and 25), has been examined
using potential step methods and cyclic voltammetry. The effect of redox site
loading, electrolyte type and concentration and temperature on the charge
transport diffusion coefficient for homogeneous charge transfer within the
immobilised film for the Os(II/1Il) oxidation, has been investigated. The
relevant activation parameters, enthalpy, entropy and free energy changes and
activation energy for diffusional charge transport are presented. The results
obtained suggest that at short times mass and charge transport can be decoupled,
while at longer times the mass transport required to maintain electroneutrality
occurs. The standard rate constant k° and transfer coefficient
characterising the heterogeneous electron transfer reaction from the underlying
electrode into the modifying film have also been evaluated. The effect of
variations in osmium content within the film, electrolyte type and concentration
and temperature on these parameters is examined. The relevant enthalpies for the
heterogeneous electron transfer reaction have been evaluated. The reaction entropy
is similar for all redox site loading/electrolyte concentration combinations
examined suggesting that the local microenvironment of the redox centre remains
largely unaltered by changes in the nature of the supporting electrolyte or the
active site loading.

The charge transport properties of [Os(bipy)2(PVI)nCI]Cl where PVI is
poly(n-vinylimidazole) and n =5 10, 15, 20 and 25 has been explored in a range
of electrolytes based on chloride, sulphate, tosylate and perchlorate anions. The
effect of electrolyte and redox site loading and temperature on the homogeneous
charge transport process reveals that for low redox site loading/high electrolyte
concentration segmental polymer chain motion limits Dg-j-. In contrast, for high
active site/low electrolyte concentration combinations the rate of charge
transport is controlled by ion transport within the film. The effect of
electrolyte and active site loading on k° is also explored.

Homogeneous and heterogeneous charge transfer through
poly(N-vinylimidazole) containing [Os(N)g] ' moieties has been examined as
a function of the nature of the contacting electrolyte solution and of
temperature. The charge transport parameters are sensitive to the nature of the
electrolyte anion. In sulphuric acid charge transport is rapid and is consistent
with a swollen porous film. In perchloric acid the films appear compact.

The ability of the [Os(bipy)2(PVP)jgCI]CI polymer to catalyse the
reduction of Fe(lll) to Fe(ll) in both 01 M H2SOs and 10 M HCIO4
electrolytes is demonstrated. Catalysis occurs at a large portion of the active
sites within the polymer in sulphuric acid leading to three dimensional
catalysis. In perchloric acid catalysis only occurs within a region of molecular
dimensions at the film/electrolyte interface.
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CHAPTER 1

Introduction. Review and

Theory of Charge Transport

Through Polymer Modified Electrodes.



Section 1.1 Electrochemical Properties of Polymer Modified Electrodes

The structure of the electrode/electrolyte interface is of decisive
importance to electrochemical reactions. The ability to control the physical
and chemical properties of this interface offers considerable advantage in
fields such as analytical applications, electrochemical synthesis, corrosion
inhibition etc. The modification of traditional electrode materials with
surface deposits using methods such as covalent bonding, adsorption and polymer
films, to give rise to a modified electrode gives the opportunity to directly
influence the structure of the electrode/film interface. The investigation of
modified electrodes has received considerable attention during the last ten to
fifteen years [1-4], Polymer modified electrodes have become recognised as
having properties which are desirable for practical applications, including
chemical and mechanical stability, rapid charge transport rates and synthetic
flexibility. Polymer modified electrodes have some properties in common with
traditional metallic or glassy carbon electrodes in that they seek to be highly
conductive. However, the interior of a modified electrode is a dynamic matrix
whose composition can change e.g charge compensating counterions can move into
or out of the film as a function of the”electrode potential. Similarly, other
species such as solvent or other solutes may have significant long range
mobility within the film. It has become realised that the electrochemical
behaviour of redox, ion exchange and conducting polymers depends to a large

extent on these physicochemical properties of the polymer phase.



This thesis describes;

i) The synthesis of a series of single and multi centre, redox active
metallopolymers in which the active site loading, the nature of the redox
centre, and the polymer backbone can be varied.

ii) The characterisation of the physical and chemical properties of
these materials.

iii) The investigation of the effect of electrolyte type and
concentration, redox site loading, pH, temperature and polymer backbone on the
electrochemical properties of electrodes modified with these materials.

The principal area of interest in this work has been the examination
of the redox processes occurring within these films. Many experimental
observations e.g the wvariation of charge transport rates, cyclic voltammetry
peak shapes, non Nernstian electron transfer thermodynamics, activation
parameters and ion exchange properties of polymer modified electrodes have been
explained in terms of polymer-electrolyte models.

The underlying assumptions of these models are :

1) The modifying film is multilayer in nature and is swollen when in
contact with electrolyte solutions. The film 1is a polyelectrolyte or is

transformed into a polyelectrolyte as the potential is changed.

2) The immobilised films are permeable to solvent and ion movement
into and out of the coatings. The requirement of electroneutrality is
maintained by movement of charge compensating counterions, provided there is no

chemical reaction after electron transfer e.g deprotonation.



3) Due to solvent or ion movement into or out of the film, the polymer
matrix can swell or become more compact during the redox reaction. Depending
on the mechanism of this process, reversible elastic deformation or
irreversible transformations can occur. The energy required for the
electrochemical transformation will be the sum of that needed for the redox
reaction and any additional energy input required. Additional input can arise
because of forced swelling of the film due to chargc compensating counterion

influx or movement of the polymer chain to which the redox sites are bound.

4) Polyelectrolyte layers are sensitive to structure and environment.
The effect of interactions between the redox sites and other species within the
film is significant due to the high fixed site concentration (typically greater
than 1 mol dm ). Selective binding of counterions, ion pair formation,
dimerisation and protonation, affect the rate of charge transport through the

film and other properties of the modified electrodes.

5) The distribution of ions between the bulk electrolyte and the film
obeys the appropriate Donnan relation at equilibrium. This is frequently

termed membrane behaviour.

6) The mechanism of charge propagation through redox polymer films is
generally accepted to occur via successive electron hops between
oxidised/reduced sites within the film. This rate of charge transport can be
limited by one of three processes, i) The intrinsic barrier to electron self
exchange. ii) The movement of charge compensating counterion into/out of the

film, iii) The segmental motion of the polymer strands to which the redox site



is bound, or where the redox centre is electrostatically bound within the
polymer, the diffusive motion of the redox site through the film.

It is to be noted that the structural requirements for rapid electron
transport and fast counterion transport required for electroneutrality are
opposite i.e rapid electron self exchange is favoured by close redox sites at a
high concentration within the film, while an open porous structure will favour
facile permeation of counterion and segmental chain motion. The interplay of
these three rate limiting processes and the influence of film swelling is of
central importance in the work presented here and will be discussed in greater

detail later.

Section 12 Charge Transport Dynamics Through Polymer Modified Elcctrodes.

The types of polymeric materials which form modifying films on
electrode vary considerably from electronically conducting materials, notably
polypyrrole, polyaniline and polythiophene to polymeric materials which possess
a bound redox centre. The materials which have been considered in this thesis
are of the redox type and it seems pertinent to review the literature with
respect to charge transport dynamics through such materials. The aim of this
chapter is by no means to present a complete literature survey covering the
whole of the polymer modified electrode area, but to survey and present the
most interesting and representative examples of the examination of charge
transport dynamics through redox polymer modified electrodes. This section is
subdivided into parts dealing with polymer modifying films in which; i) the

electroactive centre is covalently bound to the polymer backbone e.g the osmium



and ruthenium materials discussed in this dissertation, or have a redox centre
comprising part of the polymer backbone e.g poly(vinylferrocene). ii) the
electroactive centre s electrostatically bound within the film e.g

ferrocyanide within protonated polyvinylpyridine films.

Section 1.2.1 Covalently Bound Redox Centres

The investigation of those systems possessing a functional group which
can be polymerised, frequently electrochemically, to give redox polymers with a
bound centre will be considered first. Poly(vinylferrocene) (PVF) is one of
the earliest such electrode modifiers and its properties have been extensively
examined [5-8], Schroeder and Kaufman have shown that polymer morphology as
dictated by supporting electrolyte, electrode potential and doping has a
significant influence on the charge transport process [9]. For example, by
incorporating a dye, (Sudan |Ill) into the film during casting, and observing
the desorption of the dye into solution, a diffusion coefficient of 10"
cm s was  observed for the diffusion of the dye through
polyvinylferrocene. The activation energies for the homogeneous charge
transport process through PVF have been evaluated as approximately 15.5 kJ/Mol,
while the entropy terms are negative (-134 J/(mol deg)) [10]. The charge
transport process has been interpreted as being limited by polymer chain motion
and counterion transport [11],

Several models for charge transport through polyvinylferrocene have
been proposed, notably the porous or pinhole model and the membrane model.
These have been investigated by Leddy and Bard and they concluded that PVF
films act as a membrane, where material diffuses through the bulk film, rather

than through pores [12], In a series of papers [13-15] non-Nernstian



thermodynamics for PVF films have been interpreted in terms of a
mechanical/electrochemical model. This model accounts for the observed
behaviour in terms of the forced inclusion of charge compensating counterion
and the finite nature of the free volume within the film. The energy required
to carry out the electrochemical transformation is, therefore, the sum of the
redoxreaction and the forced swelling of the polymer film. The effect of
structural properties such as crosslinks on this process is discussed.
Experimental evidence is reported to support the model and the formation of
crosslinks due to the formation of ferrocenium/perchlorate ion pairs. The
formation of salts between the oxidised redox sites and the counterions as well
as the polyelectrolyte behaviour of poly(vinylferrocene) has been used to
explain the differences in the cyclic voltammetry and chronoamperometric
response of these filmsin contact with aqueous and acetonitrile electrolyte
solutions [16].

The kinetics of electron transfer through thionine coatings has been
extensively studied [17-20]. These studies used conventional potential step
and optical measurements to evaluate an apparent charge transport diffusion
coefficient, for homogeneous charge transport through the immobilised
films. This gavevalues which were dependent on thenature of the counterion,

. 2-1
ranging from 9.1 x 10—] cm s in sulphuric acid at pH 13 to 0.9 x

10 n cmgs 1 in tosylate solutions. The fact that charge transport
depends on the anion size suggests that anion transport limits the rate of
charge propagation through the films. The activation energy in sulphuric acid
solution was 35 kJ/Mol, which further suggests that ion movement limits the

rate of charge propagation. Thionine films have shown considerable catalytic

properties, notably with respect to Fe(lll) and [Fe(CN)g] " reduction [21],



The mediated reaction for Fe(lll) occurs at the film/electrolyte interface
between the thionine sites in the film and Fe(lll) in solution.

An important class of redox active polymers are materials which are
electropolymerised from metal complexes containing a pendant vinyl group
[22-27], The thermodynamically unfavourable oxidation of a series of iron,
ruthenium and osmium bipyridine and phenanthroline complexes has been examined
at poly[Os(bipy)2(vpy)2]*+ (vpy = 4-vinyl pyridine) modified electrodes
[22], These investigations show simple electron transfer reaction energetics
which agree with the Marcus outer sphere cross reaction relation. The
permeability of poly cationic (tris(4-methyl-4’-vinyl-2,2’bipyridine)ruthenium)
and poly[Ru(vbpy)3]*+ to ferrocene, TCNQ, cationic ferrocenium and anionic
TCNQ" has been examined [28], The permeation of these species is a function
of electrolyte concentration and the charge of the substrate. Permeation rates
are typically of the order of 10Q cm2§l. The electron transport
dynamics through these electropolymerised films can also be investigated using
steady state methods where influx of charge compensating counterions into the
film is not required [29-30]. This avoids problems such as migration and
allows the independent evaluation of electron diffusion coefficients. One of
the largest diffusion coefficients measured for a localised electronic state
redox polymer, [Os(bipy)2(vpy)2]*+~ +, sandwiched between platinum and
porous gold electrodes in contact with dry N2, is 1.7 x 10" cmgs_'l
[31]. The dependence of electron diffusion coefficient with electrochemical
potential has been explored for these films [32],

The effect of active site loading within the film has been explored

for films formed by the electropolymerisation of [Co(v-terpy)2]2+ (v-terpy

is 4’-vinyl-2,27,6",2”-terpyridinyl) [33], The effect of increasing the redox



site loading on D*-j- is frequently interpreted in terms of the Dahms-Ruff
behaviour which predicts a linear increase in D”p with increasing fixed site
concentration. In the above example the rate of charge transport for the

Co2+/+ redox couple varied linearly with redox site concentration over the
range 0.1 to 0.6 M, while D”p for Co”+//2+ was independent of the active

site concentration. Both charge transport rates are of the order of 10 13

*
'1. The effect of intersite separation has been elegantly explored by

cmgs
"diluting” osmium sites with structurally similar ruthenium sites [34], This
avoids problems such as solvent swelling and cross linking changes as the redox
centres are separated by dissimilar sites. As the osmium loading within the
film is increased D”p initially increases, followed by a region where D”"p
is relatively insensitive to osmium loading, until at the highest osmium
concentrations (1.2 M) D”p increases sharply.

The nature of the supporting electrolyte medium exerts considerable
influence over charge transport dynamics for many modified electrodes. The
effect of changing the supporting electrolyte system to a molten salt has been
explored for poly-[Ru(bipy)2(vpy)2]*+///2+ in AICI3/N-(I-butyl)pyridinium
chloride and AICI3/I-methyl(3-ethyl)imidazolium chloride [35].
was 1.7 x 10'* molcm’~s'~r2, a decrease of a factor of -2.6 compared to
the value obtained in acetonitrile. This suggests that there is little solvent
effect on the rate of charge transport, suggesting that electron self exchange
limits the rate of charge transfer.

The tetracyanoquinodimethane (TCNQ) polymer system has been
extensively examined [36-38], notably with regard to the effect of electrolyte
concentration [39-40]. The peak current maximum for the cyclic voltammetry

response is observed for intermediate supporting electrolyte concentrations



(-1.25 M). This behaviour has been interpreted in terms of the formation of
ion pairs between reduced redox sites and counterions from the supporting
electrolyte. As the supporting electrolyte concentration is increased the film

is considered to become more compact since at high counterion concentrations
the electrolyte is better able to minimise the electrostatic repulsions between
charged centres on the polyelectrolyte [41],

The use of sampled current voltammetry to consider both the rate of
homogeneous charge transport through a modifying polymer film, as well as the
rate of heterogeneous electron transfer (measured as the standard rate constant
k°), has been considered for poly(styrene-co-chloromethylstyrene) containing
pendant viologen groups [42-43], As the concentration of the fixed redox site
within the film is increased from 6.7 x 1.0™* to 3.3 x 10" mol cm'?
increases from 25 x 10"~ to 3.9 x 10" cmV*. This behaviour
follows the Dahms-Ruff relation indicating a significant contribution by
electron self exchange to the charge transport rate. k° also increases from
3.0 to 89 x IQ'S cms"* over this concentration range. The thermodynamic
parameters for these homogeneous and heterogeneous charge transport processes
have been evaluated by using a non isothermal cell in which the reference
electrode is held at constant temperature. This gives activation parameters of
approximately 16-30 kJ/Mol with negative entropy terms. The thermodynamic
parameters for the heterogeneous charge transfer reactions show negative real
entropy terms.

Electrooxidative polymerisation of o-phenylencdiamine, N-methylaniline
and N-ethylaniline has been used to form modified electrodes and the Kkinetics
of heterogeneous electron transfer examined [44], The heterogeneous electron
transfer obeys the conventional Butler-Volmer equation, while the homogeneous

charge transport process can be described via Fick’s laws. The rate of

10



homogeneous charge transport for this material lies between 1 and 4 x 10'8

cmV”" with k° between 4 and 6 x 10" cms"”.

Electrooxidation of a series of [MCS-NH”phenanthroline®]2',
(M=Co, Fe) gives stable modified surfaces [45-46]. Electrodes modified with
poly-tris[5-amino-Il,10-phenanthroline]iron(Il) show charge transport rates of 3
X 10O cmos‘] [45], The activation energy for homogeneous charge
transport is 32 kJ/Mol with negative entropy terms. Since substrate permeation
is much more rapid than the charge transport rate, electron mobility is
considered to limit the charge transport process.

The investigation of charge transport dynamics through materials such
as those considered in this thesis, where a redox active centre is
coordinatively bound within a preformed polymeric matrix, has been
investigated. The effect of the nature of the electrolyte anion on the
structure and charge transport rates through partially quaternised
poly(4-vinylpyridine) films has been considered recently by coordinating
[ReCCO~Xphen)] and [Ru(bipy)2CIl]2+/~ + [47], These metal complexes allow

the film structure to be probed by both electrochemical and luminescent

techniques. The rate of charge transport was typically of the order of 10'9
cmgs 1 and was independent of redox site loading but strongly dependent on
the nature of the electrolyte anion. The films are strongly hydrated in

nitrate solutions while in perchlorate solutions they are dry and compact. The
ruthenium analogues of the poly(4-vinylpyridine) metallopolymers presented in
this thesis have been reported previously [48-52], The effect of redox site
loading in perchloric acid has been examined [53], This study showed that the
activation energy decreased as the redox site loading was increased. The

charge transport parameter decreased with increasing site loading



at  high temperatures (318 K), at lower temperatures (288 K)

increased as the redox site loading was increased [53]. The temperature
dependence of charge transport processes through [Ru(bipy)2(PVP)CI]CI and
[Ru(bipy)2(PVP)(MMA)CI]CI has been investigated [54] (PVP
poly(4-vinylpyridine, MMA = poly(methyl methacrylate). The
poly(4-vinylpyridine) system gives activation energies between 32 and 43 kJ/Mol
depending on the electrolyte. The co-polymer system exhibits dual slope
behaviour in which two activation energies are obtained. For temperatures
above 285 K the activation energy is 140 kJ/Mol which decreases to 40 kJ/Mol at
lower temperatures. The catalytic properties of [Ruibipy?PVPACIJCI films
in 1.0 M HC1 with respect to[Fe(H20)g]2+ oxidation have been explored
[55], The charge transport rate has been evaluated as 3 x 10'9 cm7s 1.
The linear range for [Fe(H20)g]2+ determination extends to 5 x 10" M
suggesting their use as analytical sensors [56]. The mediation of
[Fe(CN)g]® by such films has also been examined as a function of pH,
electrolyte and substrate concentration [57], For surface coverages less than
100 molcmO the mediated oxidation of ferrocyanide by the ruthenium
containing film is controlled by diffusion of the substrate to the electrode
surface.

The effect of factors such as the molecular weight of the polymer, its
morphology, the temperature of the supporting electrolyte, the electrochemical
solvent and the electrolyte ion on the reduction of Ru(lI1)EDTA covalently
bound to poly(4-vinylpyridine) has been examined [58], It is proposed that the
guantity of anion resident within the film is relatively insensitive to the

ionic strength, but highly sensitive to pH. This arises since a low pH

electrolyte will protonate the uncoordinated pyridine wunits causing film



expansion and hence a more porous film. Activation energies are of the order
of 20 kJ/Mol suggesting facile ion movement through the film as the rate

determining step.

Section 1.2.2 Electrostatically Bound Redox Centres

The incorporation of anionic transition metal complexes, notably
hexacyanoferrates and hexachloroiridates into protonated or quaternised
polyvinylpyridine films has received considerable attention [59-62]. The rate
of charge transport as measured by impedance methods was shown to be dependent
on the loading of [Ir(Cl)g]2"/~" within poly(4-vinylpyridine), decreasing
from 11 x 10’8 cm2s"~ where the [Ir(Cl)g]2"/*" concentration is 0.034
M, to 4.6X 18 crzn_s when theihdium concentration is increased to
0.081 M [63]. These values of Dqgj were approximately 10 times higher than
those observed using chronocoulometry. The consideration of temperature
effects on charge transport rates through polymer films has received little
attention, despite its ability to aid diagnosis of the rate determining step in
the charge transport mechanism. Recently Oh and Faulkner reported on variable
temperature chronocoulometry results for ferri/ferro cyanide within partially
quaternised poly(4-vinylpyridine) films [64], Ea increased with increasing
ferri/ferrocyanide loading over the range 24-80 kJ/Mol. It is suggested that
an increased redox site loading causes increased crosslinking. was also
shown to be sensitive tothe anion in the electrolyte solution. Infrared
spectroscopy has been used to show that perchlorate produces nearly dehydrated,
rather impermeable films [64]. The incorporation of dioctyl phthalate as

plasticiser into quaternised poly(vinylpyridine) films containing ferrocyanide,
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alizarin red S or alizarin complexone has been shown to increase D”p [65].
Without added plasticiser the rate of charge transport for a ferrocyanide
containing film was 8 x 10 cm”s"*, with a 1.1 mole ratio of dioctyl
phthalate to pyridine units D”p increased to 3.8 x 10'9 cmzs'l. Glow
discharge polymerisation of 4-vinylpyridine in the presence of [Fe(CO)”*] onto
electrodes gives modified surfaces which are permeable to acidic electrolytes
[66]. Extensive crosslinking of the polymer chains gave enhanced stability
over linear systems. The rate of charge transport varied from 5 x 10 to 7

x 10 ! 1cr2n S ! depending on the iron concentration. Using HCIO4 as
background electrolyte resulted in almost complete loss of the cyclic
voltammetry signal due to hindered ion permeation / Fe2+//+ diffusion. An in
depth study of the role of ion transfer has been presented by Doblhofer for
[Fe(CN)g] electrostatically bound within poly(vinylpyridinium) films
[67], This paper highlights the importance of migrational effects in the
charge transport process. This leads to a migrational enhancement when the
background electrolyte concentration is low. Further examination of this
system [68] has lead to evaluation of the diffusion and migration parameters
and the conclusion that the contribution to charge transport rates by electron
hopping is insignificant. Other models have shown the importance of the
supporting electrolyte concentration on the evaluation of D”p [69], These
migrational effects can in some circumstances lead to potential step methods
underestimating D”p by as much as a factor of 100 [70], Whether such
migrational effects are observed depends on the system under investigation, for
example, investigations wusing rotating disk voltammetry and chronocoulometry

gave identical results for poly(4-vinylpyridine) films in which

[Ir(Cl)g] ions were electrostatically confined [71].
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Potential step measurements such as chronoamperometry, -coulometry or
-potentiometry performed under conditions of finite diffusion have been used to
investigate charge transport through a series of hexacyano and octacyano metal
complexes within protonated poly(4-vinylpyridine) [72], In common with many of
these electrostatically bound systems which induce crosslinking of polymer
chains, decreased as the incorporated anion concentration increased,
until a steady state was reached at a concentration of ~1M.

The exploration of heterogeneous charge transfer reactions by sampled
current voltammetry of anionic redox couples [W(CN)g]r"/"",
[IrCC)"r*2") incorporated electrostatically  within a protonated
poly(vinylpyridine) has been carried out by Oyama and co-workers [73-74],
Cyano complexes of similar structure and charge have shown different
dependencies of D”-p on the redox site loading. The rate of charge transport
is independent of the [W(CN)g]®'/”~' loading, while for [Mo(CN)g]**

decreases with increasing redox loading. Charge transfer reactions for
[Fe(CN)g]nr'/~'  confined within protonated poly(vinylpyridine) have been
examined via alternating current impedance [75], This technique gave values of
the heterogeneous rate constant, k°, which were the same as those obtained by
sampled current voltammetry, while the homogeneous charge transport rates are
reduced by 1 to 2 orders of magnitude. It has been suggested that this
behaviour is related to the time scale of the two experiments, the time window
of the ac impedance experiment being approximately an order of magnitude
shorter than the sampled current observations. Other authors have examined
this system using the same technique [76], the heterogeneous electron transfer
rate was approximately 10 times less than that observed in [75], Additional

cross linking causing increased repolarisation energy associated with the
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electron transfer process has been postulated as a possible explanation of
these differing results. Both D”p and k° typically decrease as the
ferrocyanide content of the film is increased. On increasing the ferrocyanide
to pyridine ratio from 1:200 to 1.5 D”"p decreased from 4.2 x 10'7 to ~1 x
109 cmV”, while k° decreased from 15 x 10 to 15 x 100
cms“*, with the transfer coefficient remaining approximately constant at a
value of 0.52 [77].

The perfluorinated ion-exchange polymer Nafion has been extensively
used to immobilise cationic metal complexes [78-79]. This polymer is
physically robust and the redox site loading can be easily changed. This has
lead to extensive investigations of the effect of increased metal complex
content on D”p [80], Frequently increased redox site loading does not
produce a corresponding increase in D”p in accordance with the Dahms-Ruff
equation [81]. The nature of the dependence of charge transport on the redox
site loading within Nafion films has been explored for a series of structurally
similar cationic metal complexes [82], Despite their structural similarity the
rate of charge transport was different, this behaviour was interpreted in terms
of hydrophobic and hydrophilic phases within the immobilised films. The
heterogeneous electron transfer kinetics and homogeneous charge transport rate
for a Nafion-[Ru(bipy)3]2+ system have been explored via convolution
voltammetry [83], This gave the homogeneous charge transport rate as 4 x
10"™®cmV”™ and k° as 10'M cms-1.

The electrode kinetics of metal complexes within a series of
perfluoro, polycarboxylate and polysulphonate coatings have been explored using
normal pulse and current impedance methods [84], The effect of increased metal

content within the film is typically to decrease D"p. By varying the
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temperature of the contacting electrolyte, thermodynamic parameters for the
homogeneous charge transport process, as well as entropy and enthalpic
parameters for the heterogeneous electron transfer were evaluated. Activation
energies ranged from 30 to 80 kJ/Mol depending on the nature of the coating.
The effect of the Donnan potential on the formal potential of
[Os(bipy)3]2+//*+ and other cationic metal complexes immobilised within
Nafion films has been explored [85]. The temperature dependence of the formal
potentials has been used to calculate entropy terms which include an entropy of
transfer as well as an entropy of reaction. These observations have been used
to help explain properties of Nafion coatings.

Redox active materials containing two active centres have been
investigated [86-87], Alizarin red S contains two redox sites, namely the 1,2
dihydroxy and 9,10-dione groups and the rate of charge transport through Nafion
films containing this material has been measured [87], These investigations
show that charge transport for the conversion of alizarin red S to
1.2-dihydroxyanthracene-9,10-diol-3-sulphonate is significantly larger (D"p =
15 X 10-10 cmV™*) than the conversion to
1.2-dioxoanthracene-9,10-dione-3-sulphonate (D”p = 6.1 x 10 cm s )
despite both reactions being 2e", 2H+ processes. These observations are
correlated with different contributions of electron self exchange to the
overall charge transport rates. As well as the isolation of cationic
materials, electronically conducting polymers such as polypyrrole have been
deposited within Nafion [88], The properties of this composite material
differs from the polypyrrole polymer which is normally responsive to the anion
type. Charge transport rates through the composite is similar to that obtained

for the homopolymer polypyrrole, with a D"-p/L2 value of 3.96 s_l.
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The charge transport properties of poly(methylviologen) has been
examined within a Nafion film [89]. The nature and concentration of the
supporting electrolyte affected both the homogeneous and heterogeneous charge
transport kinetics.

Poly(styrenesulphonate) has also been used for the electrostatic
confinement of positively charged metal complexes. The electrochemical
properties of [Ru(bipy)3]2+//3+ electrostatically bound within this matrix
has been explored [90]. DAT was no* significantly affected by the

concentration of [Ru(bipy)3]2+ within the film over the range 0.38 to 0.08

M, mainta.in.ing a value of approximately 13 x 10_Q cm 23_1. Dct
decreased with increasing anion size ANCT
BFA'-CIOMPFgACHACgHASO-j". This suggested that the

transport of charge compensating counterion plays a significant role in the

charge propagation rate [91]. Other complexes which have been confined include

[Co(bipy)3]2+, [Co(phen)3]2+ and [Ru(NH3)6]3+ [92],
[Ru(bipy)2(OH2)2]2+, [Ru(bipy)2(0H2)2]24+0 [93] and Cu2+
[94],

Another important anion exchange material is polylysine. By
exchanging [Co(C20 M)3] into protonated polylysine coatings two
independent pathways for physical diffusion have been diagnosed [95], There
are regions within the film which are filled with electrolyte solution, and
species located here behave as for bulk solution, and regions typical of a
polymer phase. Species located within "Donnan domains” are confined by
electrostatic forces, and give diffusion coefficients of the order of 10’7
cmV*, The kinetics of the cross exchange reaction between

[Co(tpy)2]2+ (tpy=2,2’,2”-terpyridine) and [Mo(CN)g]3" or
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[W(CN)g]0 confined within protonated poly-L-lysine have also been
investigated in terms of the Andrieux-Saveant theory [96].

Poly(N,N-dimethylaniline) can be electropolymerised to form an ionene
polymer with quaternary ammonium sites [97], These sites can be used to bind
negatively charged species such as ferrocyanide electrostatically. The rate of
charge transport through a 2.75 um film, containing 5 x 10" molcm:'2
ferrocyanide with 0.2 M CF~A"COONa as supporting electrolyte, was 1.8 x 10'9
cmgs o The heterogeneous electron transfer rate for this system was
measured as 14 X 10’ cms"A. Tris(bathophenanthroline
disulphanato)iron(ll) has also been immobilised within these films by
electropolymerisation [98]. In this system the homogeneous charge transport
rate is dependent on the concentration of iron complex within the film. For
low fixed site concentrations the homogeneous charge transport rate is 2-3 x
109 cmgé'l, while at higher concentrations (0.23 M) D”p is reduced to
2 x 10 cmns'*, The heterogeneous electron transfer rate is between

24 and 6.7 x 10" cms”* with the transfer coefficient remaining constant

at 0.23+0.02.

Section 1.3 Evaluation of Charge Transport Rates for Modified Electrodes.

The importance of the modified electrode lies both in its ability to
provide widespread applications, as well as model systems for examining
electron transfer reactions. The success of any attempt to exploit modified
electrodes in either of these fields lies in a detailed understanding of both
charge transport rate and mechanism. This is particularly so for practical

applications since ideally, charge should be transported such that it does not
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limit the electrode performance. In this section methods of evaluating charge
transport rates using cyclic voltammetry, chronoamperometry and sampled current

voltammetry are discussed.

Section 1.3.1 Theory of Cyclic Voltammetry.

Cyclic voltammetry has been widely exploited for the elucidation of
electrochemical reaction mechanisms, and for the evaluation of diffusion
coefficients for solution species. The investigation and characterisation of
modified electrodes is also facilitated by this technique. It gives a wide
variety of information over a potential range without the need for specialised
experimental conditions. The surface coverage of electroactive species and
peak position of the active centre are readily accessible,

Cyclic voltammetry can be used to evaluate charge transport rates for
modified electrodes, notably by examining the current response of the modified
electrode at high sweep rate [4], This leads to semi-infinite diffusion
conditions where the depletion Ilayer produced in the redox reaction does not
extend to the film/electrolyte interface. These conditions lead to solution
type behaviour and so established theory can be used. The consideration of the
modifying layer as a finite diffusion space in order to evaluate both kinetic
and charge transport parameters is less widely exploited, despite the well
developed theory [1].

Firstly, the theory of semi-infinite linear diffusion for linear sweep
voltammetry as applied to modified electrodes is considered [99], The peak
current of a cyclic voltammogram for a modified electrode in the case of a
reversible electrode reaction, where a semi-infinite diffusion regime is

maintained, is given by the Randles-Sevcik equation (Equation 1) [100]:
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ip = 0.4463n3/2F3/2A(DrT V)1/2C (1)

(RT)1/2

Other features of the voltammograms are :

Ep = Epa - Epc = 0.0592/n V at 25 °C @

and (3)

where ip is the peak current, n the number of electrons passed (unity for all
reactions considered here), F the Faraday constant, R the gas constant, T the
temperature, A the electrode area, D(~p and C are the charge transport
diffusion coefficients and concentration of electroactive species within the
film respectively, V the sweep rate, Epa and Epc, ipa and ipc the
anodic and cathodic peak potentials and currents respectively. This analysis
will be obeyed for all modified electrodes which show reversible
electrochemistry at a sufficiently rapid sweep rate, since the only requirement
is that the depletion layer remain sufficiently far inside the modifying film.
The Randles-Seviik equation has been used to evaluate charge transport rates
for a monoquaternised bipyridine film [101] and for [Ru(bipy)3]2+ within

polybipyrazine [102], as well as, for the materials examined in this thesis
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[103]. It is evident that the sweep rate at which semi-infinite diffusion
behaviour is observed is a function of the charge transport rate. This
observation has been exploited by Andrieux to -evaluate D”*-p for
poly(p-nitrostyrene) [104].

Under these semi-infinite diffusion conditions only a proportion of
the modifying film is oxidised or reduced. By controlling the timescale of the
experiment the situation arises where all electroactive material, which is not
kinetically isolated undergoes a redox reaction. This gives rise to the

surface or thin-layer situation which is described by equation 4 [105] :

ip=n2F2A V 4
4RT
Epa = Fpc ©)
FWHH = 90.6 / n mV at 25 °C (6)
where jT is the total amount of electroactive material confined on the

electrode surface, (this can be readily obtained from cyclic voltammetry via
the relation F = Q/nFA where Q is the charge passed after background
correction in the slow sweep rate voltammogram (typically 1 or 2 mV/s)),
further F = CL where L is the film thickness, FWHH is the full width at half

height.
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The problem presented by modified electrodes where the surface
coverage is greater than a monolayer, is that a cyclic voltammogram
representative of pure diffusion or pure surface behaviour may be difficult to
attain. This is frequently ascribed to interactions between the adsorbed
molecules due to the high concentration [106] or the applied electric field
[107]. Other problems arise, such as uncompensated resistance associated with
the film or the electrolyte solution which manifests itself in a similar manner
to kinetic limitations, causing for example peak to peak separation [108],
Thus one must exercise considerable care as to the manner in which data are
obtained and interpreted. The rate of the heterogeneous electron transfer from
the underlying electrode material to the modifying layer can sometimes play a
role, posing a kinetic limitation at high sweep rates [109]. It is to be noted
however that in the majority of cases this does not represent a rate limiting
step [110]

The diffusion equation for linear sweep voltammetry with finite
diffusion space has been examined by Aoki et al [111] for reversible kinetics
with the following assumptions.

1) Mass transfer of both the oxidised (Ox) and reduced (Red) forms of
the redox couple is subject only to diffusion described by Fick’s second law.

2) The thin film initially contains R with concentration C°.

3) Both oxidised and reduced forms of the redox couple share a common
diffusion coefficient D.

4) Electroactive species cannot pass through the interface between the

film and the solution i.e the redox centres are confined within the film.
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5) The electrode reaction is sufficiently rapid to ensure a Nernstian
equilibrium.
The boundary conditions which describes this situation are given in

equation 7:

CQO, t) / CR(0,t) = exp [nF (Ej + Vt - E°) / RT]

i/ nF =D(SCR/8 x)x=£) = - D( 8CQ 8 x)x=Q (7)

—(800/8x)x:d =(5cr/5x)x=d =0

The i-E curve is evaluated as the ratio of the thickness of the diffusion space
to the diffusion layer goes from a semi-infinite to finite diffusion
condition. This leads to a single approximate equation describing the peak

current response as a function of the nature of the diffusion space (Equation

ip = 0.4463 nFA {DCTC/L} (x) 1/2 tanh (0.56 a>1/2 + 0.050;)

(8)

where Cl- nFL2V /IDctRT

This analysis has been extended to cover irreversible and

quasi-reversible cases and a kinetic zone diagram (Figure 1.3.1) has been
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constructed to describe the effects of differing charge transport and
interfacial electron transfer kinetics [109]. Equation 8 allows calculation of
charge transport diffusion coefficients over a large range of sweep rates, from
a knowledge of surface coverage and peak current at a given sweep rate. The
theory also predicts an upper limit for the peak width, at half height of 200/n
mV, on transition from surface behaviour to semi-infinite diffusion, the
surface case being given by a FWHH of 90.6/n mV. Classical "solution™ type
behaviour is accounted for in equation 8 since whence is large (thick layers
and/or slow charge transport) it reduces to the Randles-SevSik equation.

The dependence of the peak potential on sweep rate is given by

equation 9 :
Ep = E° +0.555 (RT / nF) [1 + tanh {2.41 (CA 46 - 1.20) 9)

+ 1.20(0>0'46 - 1.20)3}]

The peak width at half height (FWHH) is given by equation 10 :

Ep/i = [5.72 + 2.20 tanh {1.38(a>0730 - 1.%) (10)

+ 0.4(61>0-30 - 1.96)3}](RT / nF)
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log M

Figure 131 Domains of A (= k°(RT/nFED"~T V )1//2)
and a) for the degrees of reversibility and finite nature of
the diffusion space. I, 2 and 3 denote the reversible,
guasi-reversible and irreversible regions respectively. A,

B and C are the regions corresponding to the cases of
infinite diffusion, finite diffusion and surface wave

respectively.
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Section 1.3.2 Theory of Potential Step Chronoamperometrv.

Chronoamperometry and chronocoulometry can also be performed under
semi-infinite or bounded diffusion conditions [112], Figure 1.3.2 shows the
concentration profiles for times t = tQ = 0, tj, t2 after applying a

potential step.

The electroactive species occupies only a thin film of solution (or
the modifying layer) and no reactant exists at distances beyond the film
thickness L. The equation describing the response obtained after a potential

step on a solution is given by equation 11 [112]:

_ nFADCTL1/2C (*Dk  exp -k2d2 -exp -(k + 1)2d2
i(t) = 1 (1o
n 1/2t1/2 k=0 DCTI dctl

The wuse of this finite diffusion space equation can yield information
at longer times, where different equilibria to those observed at the short
timescale can affect the observed response. By recording the current response
to a perturbing potential step at sufficiently short times, where the depletion
layer does not extend to the film/electrolyte interface, then equation 11
reduces to the classical Cottrell equation [113] describing diffusion in

solution (12).

i(t)= R (12)
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0 L

Figure 1.3.2 Concentration profiles for electroactive
species within a polymer film after application of an

oxidising potential step.
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The effect of uncompensated resistance on large amplitude
chronoamperometric experiments has been considered by several authors
[114-116]. The presence of large Faradaic currents in the presence of
uncompensated resistance, Ru, can produce an ohmic drop, causing the actual
electrode potential to be less than the intended value. This can lead to
significant errors in the estimation of kinetic parameters [117], The Nernst
equation [118] is assumed to govern the surface concentration for reversible
electrode processes. Since iRu drop prevents the actual electrode potential
from attaining the desired value, i.e. that required for the redox reaction to
proceed independently of the electrode potential, uncompensated resistance
means that the Nernst equation does not apply. The effect of uncompensated
resistance on the potential step measurements for the osmium containing
metallopolymers examined in this thesis is considered in chapter 3 (vide

infra).

Section 1.3.3 Theory of Sampled Current Voltammetrv.

The rate of charge percolation can also be examined using sampled
current voltammetry. The waveform involves applying a series of potential
steps of increasing amplitude, encompassing a potential range, where there is
initially no redox reaction, to a point where the response is diffusion
controlled. The current decay from the exciting pulses is then recorded
instantaneously at several different times, unlike conventional normal pulse
polarography where signal averaging toward the end of the pulse is employed
[119]. Thus the values of the apparent charge transport diffusion parameter
DE-p*/2C for the process of charge transport within the coatings can be

obtained from the slopes of ijim wvs t'1/2 plots via the Cottrell equation
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(equation 12).
The current-potential relationship for the sampled current
voltammograms for the simple electrode process Red = Ox + ne\ has been

derived [120] and is given for the oxidation process by :

E=E £ RT/OrnF In 1.75 + x2(1 + exp(x£))’
1-x(I +exp (x£))
(13)

E* = E° + RT/QTnF In 4 Kk° T 1/2

3Y2 D ~"NV2

where E is the electrode potential, E° is the reversible half-wave
potential, (X is theanodic transfer coefficient, k°® is the standard rate
constant, r is the sampling time, R is the gas constant, T is the absolute
temperature, £ = (nF/RT)(E-E°), is thecharge transport diffusion
coefficient, and xis the ratio of the current i at potential E, to the
limiting diffusion controlled current.

From equation 13 it can be seen using the value of E° obtained from
cyclic voltammetry, that when the logarithm of the third term on the right hand
side is plotted against E for the oxidation process a straight line is
obtained. The slope of these lines and their intersection with the zero line
are equal to anF/RT and E°-(RT/anF)In{(4/31/2)(k°(T/DCT)1/2)}
respectively. These values can then be used to evaluate the transfer

coefficient and standard rate constant.
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Section 1.4 Evaluation of Thermodynamic Parameters for Modified Electrodes.

Section 1.4.1 Homogeneous Charge Transport

The dependence of on the temperature of the supporting
electrolyte can be used to calculate the thermodynamic parameters for
homogeneous charge transport, namely Ea, A H», A and AG”. The
Arrhenius equation [9] (Equation 14) describes the response for activated

charge transport through polymer films :

Dqgj-= exp(-Ea / RT) (14)

where is the rate of homogeneous charge transportevaluated either by
cyclic voltammetry or chronoamperometry, Dqj0 is the preexponential factor,
Ea is the activation energy, R the gas constant and T the absolute
temperature.  The activation enthalpy ¢AH” is then given by Ea - RT. The
entropy of charge transport can be derived from the Eyring equation [121]

(Equation 15):

dCT® = 2(kBT/h)exp(” si4R) (15)

where e is the base of the natural log, Kg istheBoltzmannconstant, h

Planck’s constant and 8 is the equilibrium separation of vicinal redox sites.
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Section 1.4.2 Heterogeneous Electron Transfer
Temperature effects on k° have been examined to evaluate enthalpic
and entropic parameters for the heterogeneous electron transfer reaction. The

effect of temperature on the standard heterogeneous rate constant is considered

to obey the following relation [122-124]:

log (k°) = log{Zelkpexp[(/*SjO0)real/R]} (16)

-(zIH+°)real/2.303RT

where Zej is the heterogeneous collision frequency (assumed to have

negligible temperature dependence), k and p are constants (assumed equal to

unity), ( A sf°)real and ( A H=)real rePresent the entropic and

enthalpic barriers at the standard potential after correction for the entropic
and enthalpic driving forces, AHrc°(=T ASrc®) and/”Src®
respectively. A Src® can be calculated from the temperature dependence of

the formal potential of the redox couple [125,126]:

Astc® ~ f(5e°/5t1) (17)

This reaction entropy difference between the reduced and oxidised forms of the

redox couple can also be evaluated using an electrostatic model [127]:
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<Z\Src0)Born - 47.88(Z0x2/a0x * ZRed2/aRcd) (19)

where Zgx and ZRecj are the net charges and aQx and aRed are the

equivalent radii in angstroms of the oxidised and reduced species respectively.
The temperature dependence of k° can also be used to calculate

( A H°)jdeaj and ( A S°)ideal which give the enthalpic and entropic

barriers to electron transfer at a particular potential where they are

evaluated from Equation 19 and 20 [122-124]

<AH°)ideal = (AH®)real + ¢(*TASrc® (19)

20
(¢ S°)ideal - ~ S°>real + Src® <o
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Section 1.5 Concluding Remarks.

From this review, it is evident, that charge transport through polymer
films on electrode surfaces in which redox active groups have been immobilised
either coordinatively or electrostatically has been extensively examined. The
subject is now approaching a mature state, and more recent publications have
centred upon quantitative measurements of charge transport rates through
polymer films and the more subtle features of electron transfer dynamics.

The range of materials which has been examined is large, including
electropolymerised redox active systems, as well as materials in which the
redox active centre is immobilised, either by electrostatic or covalent binding
after the initial synthesis of a polymeric backbone. Redox active polymers can
give rise to films which are smooth, monolithic, pore free overlayers or
granular films which contain pores and/or different phases e.g. hydrophobic and
hydrophilic regions in Nafion films or Donnan domains in polylysine. The
concentration of active sites within the films varies considerably. Those
systems in which the redox centres are electrostatically bound, generally have
relatively lower concentrations as dictated by the partition coefficient, while
electropolymerised / preformed polymers can have redox site concentrations as
high as 10 M.

The rate of charge transport through polymer films is strongly
dependent on the chemical and physical composition of the film as well as on
temperature and electrolyte. Charge transport rates of between 10_12 and
10" cmV™* are observed with the most rapid charge transport rates being
observed via steady state techniques such as interdigitative arrays and the
"closed-face  sandwich" method of Pickup and Murray, where ion

transport/migration effects are avoided. However, conventional electrochemical
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techniques such as cyclic voltammetry chronoamperometry and chronocoulometry
find the most widespread application in the diagnosis of charge transport
processes. Under certain experimental conditions charge propagation through
polymer modified electrodes is typically diffusional and obeys Fick’s laws of
diffusion. In general, the electron transfer kinetics both from the underlying
electrode into the film and within the film obey the conventional models
describing electron transfer such as Butler-Volmer kinetics. The slow rate of
homogeneous charge transport through polymer films is due to a combination of
slow diffusion of the electroactive species through the viscous polymer medium,
restricted segmental polymer chain motion, inter/intra chain interactions and
ion transport limitations. The identification of the rate determining step for
the chargc transport process by altering the redox site loading, electrolyte
type and concentration has been examined for electrostatically bound redox
centres but less so for active sites which are coordinatively bound to polymer
chains. The -evaluation of thermodynamic parameters has not been widely
exploited, presumably because a large number of systems are incompatible with a
wide variation of temperature.

It is becoming apparent, that the application of modified electrodes
will be dependent on the production of stable electrodes which are highly
permeable for ions but at the same time possess highly oriented redox centres
at a high concentration for fast electron transfer. However, these
requirements are to some extent mutually exclusive. Optimum conditions can be
found by varying both the structure and chemical composition of the modifying
film and external parameters such as electrolyte type and concentration of the

electrolyte.
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Section 2.1 Introduction.

Metallopolymers constitute a class of materials that is attracting
increasing attention because of their potentially widespread application
[1-5]. In particular, polymers containing covalently bound ruthenium
complexes have been investigated in some detail and the application of these
materials as redox catalysts, photosensitisers and molecular diodes has been
proposed [6-21], In these studies, the materials are often applied as thin
layers on solid electrode surfaces and the properties of the so formed modified
electrodes are investigated. Ruthenium containing metallopolymers are of
interest due to their long lived excited state and facile electron exchange
dynamics, which can be exploited in areas such as photosensitisation. However,
photochemically induced ligand exchange reactions are frequently a feature of
these materials [20-23]. Investigations of polymers of the type
[Ru(bipy)2(Pol)nCI]CI and [Ru(bipy)2(Pol)n]CI2 (where bipy
2,2-bipyridyl and Pol = poly-4-vinylpyridine (PVP), poly-N-vinylimidazole
(PVI1) or a copolymer of 4-vinylpyridine and styrene or methylmethacrylate) have
been reported [15-16]. In these investigations detailed information about the
charge transport processes within the polymer layers was obtained and it was
shown that the nature of the polymer backbone and the metal to polymer ratio
(n) are important factors, which determine the electrochemical process, and
hence influence the utility of these materials. However, little is known
about the relationship between the physical properties of the metallopolymer
and its electrochemical response. For example, the effect of chain mobility or
interactions between the polymer bound metal centres has not been addressed in

any detail [24], This chapter describes the synthesis and characterisation of
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a series of novel metallopolymers of the type [Os(bipy)2polCIl]+ or
[OsChipy~pon]2* (pol= poly-4-vinylpyridine (PVP) or
poly-N-vinylimidazole(PV1)) as well as metallopolymers containing two different
redox centres based on ruthenium and osmium bis(2,2’-bipyridyl) moieties. The
aim of these studies is to systematically investigate series of polymers
containing different redox active groups, with different metal to polymer
ratios, and with different polymer backbones. The metallopolymers described
offer considerable synthetic flexibility in that, unlike other systems, many of
the parameters which influence the response can be independently and easily
varied. The effect of the presence of two redox centres in the same polymer on
ground and excited state properties has been explored using electrochemical and
spectroscopic techniques. It is anticipated that such investigations should
allow a better understanding of the correlation between the electrochemical and
mechanical properties of thin layers of these materials. Finally the
investigation of possible interactions between the polymer bound metal centres

is of interest.

Section 2.2 Experimental Section

Section 2.2.1 Equipment and Methods.

Uv-visible spectra were recorded on Hewlett-Packard 342A diode array
and Shimadzu UV 240 spectrophotometers. Emission spectra were recorded using a
Perkin-Elmer LS-5 luminescence spectrometer equipped with a red-sensitive
Hamamatsu R928 detector. Spectra were recorded using an emission slit width of
10 nm at room temperature and 25 nm at 77 K and are not corrected for

photomultiplier response. Electrochemical measurements were performed using an
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E. G. & G. PAR 273 potentiostat/galvanostat. A visible 100 W light source was
used for the photochemical experiments. Glassy carbon electrodes of 7 mm
diameter were modified by pipetting the required quantity of a methanolic 1%
(w/v) solution of the metallopolymer directly onto their surface. The solvent
was then allowed to evaporate slowly in a solvent saturated chamber followed by
air drying. All potentials are quoted versus a potassium saturated calomel
electrode (SCE) without regard for liquid junction potentials. Peak positions

for the redox couples of the metallopolymer coatings were obtained at slow
sweep rates where the anodic and cathodic peaks typically converge. Potential
step chronoamperometry was used to determine Os(Il/111) charge transport rates
by stepping from -0.4 V to 200 mV past the formal potential of the redox
couple. Charge transport rates for Ru(ll/11l) oxidation were calculated by
stepping from -0.4 V to 1.3 V and then subtracting out the current contribution
from the Os(I1I/111) oxidation. Alternatively by initially holding the
potential past the formal potential of the osmium couple, until the osmium
oxidation is complete, and then stepping to 1.3 V, the charge transport rate
could be assessed without an osmium contribution. These transient
current/charge measurements were made over the time range 0 to 20 ms by means
of a Philips 3311 digital storage oscilloscope interfaced to a BBC
microcomputer for data interrogation and allowing signal averaged results to be
obtained [25]. Differential scanning calorimetry (D.S.C.) was performed using

2 mg samples of vacuum dried materials using a Stanton Redcroft CPC 706
Temperature Programmer, a DSC lineariser and a DC amplifier. Experiments were
carried out in static air with a heating rate of 10 °C per minute up to

temperatures of 350 °C.
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Section 2.2.2 Synthesis of Monomeric and Polymeric Materials.

[Ru(bipy)2Cl2] t27], [Ru(bipy)2(H20)2] (PFg)2 [27],

[Ru(bipy)2(PVP)10CI]CI, (D, [17] [Ru(bipy)2(PVP)10](Cl)2, (2), [17]
[Ru(bipy)2(PVI)10CI]CI (3), [20] and [Ru(bipy)2(PVI)10]Cl2, (4), [20]

were prepared as described previously. [Os(bipy)2CI2] was prepared as
described by Buckingham et al. [28].

Poly(4-vinylpyrid,ine) : Poly(4-vinylpyridine) was prepared by bulk
polymerisation of freshly distilled 4-vinylpyridine under a nitrogen atmosphere
using 2,2’-azoisobutyronitrile as initiator at 70 °C. The product was
purified by repeated precipitation in diethyl ether from methanol. The
resulting polymer was fractionated by partial precipitation from methanol
solutions by addition of toluene to cloud point, followed by raising the
temperature. The molecular weight of the precipitant at 40 °C was determined
by viscometry measurements in ethanol in conjunction with the Mark-Houwink
equation [n] = 2.5 x 10"4 My®'8, to be approximately 430,000 g/Mol [29].

Poly(N-vinylimidazole) : Poly(N-vinylimidazole) was prepared from
freshly distilled monomer as described above for PVP and similarly
fractionated. The molecular weight, as determined by viscometry in ethanol in
conjunction with the Mark-Houwink equation; [n] = 9.83 x 10"4 My~ 4, was

110,000 g/Mol. [30]
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[Os(bipy)2(Pol)nCI]CI pol=poly-4-vinylpyridine or poly-N-vinylimidazole; n
= 5 10, 15, 25. PVP polymers labelled as compounds 5-8, PVT polymers as
compounds 9-12. respectively. The metallopolymers were prepared as the
analogous ruthenium polymers [17,20] except that longer reflux times were
required. [Osibipy~C”] and the appropriate amount of the polymer were
heated at reflux in ethanol for periods of up to 3 days. The reaction was
monitored by wuv-visible spectroscopy and cyclic voltammetry. Although no
photochemical reactions were observed the reactions were routinely carried out
in the dark. The metallopolymers were isolated by precipitation into diethyl
ether and purified by repeated precipitation (3x) in diethyl ether from
methanol. In a typical synthesis of [Osibipy"PVPACIJCI 40 mg (0.07 mM)
of [Os(bipy)2Cl2] was dissolved in 30 cm:J of ethanol and refluxed for 30
minutes. 73 mg (0.7 mM) of PVP in 10 cm of ethanol were then added and
refluxing continued for 72 hours. The metallopolymer was recovered by
precipitation into diethyl ether and vacuum dried. Yield 104 mg, 92%. The
perchlorate salts of these polymers were prepared by addition of a two molar
excess of lithium perchlorate to the ethanol solution of the metallopolymer.
The precipitant polymer was recovered by filtration and purified as for the
materials where chloride was the anion. These materials are labelled as 5a -

ga for the PVP polymers and 9a - 12a for the PVI polymers.
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[Os(bipy)2(PVP)|g]Cl2, Compound 13:

[Os(bipy)2Cl2] (57 mg, 0.1 mmol) and PVP (104 mg, 1 mmol) were
heated at reflux in 75 cm ethanol-water (50:50) in the dark for 8 days. The
metallopolymer was recovered by solvent stripping and subsequent dissolution in
methanol followed by precipitation into diethylether and vacuum dried. The
reaction could also be carried out in ethylene glycol/water mixtures with some

reduction in the reflux time. Yield 146 mg, 91%.

[Os(bipy)2(PVI)|Q]Cl2, Compound j 4
This polymer was prepared as reported above for the analogous PYP

polymer. Yield 87%.

Metallopolymers of the type [Os(bipy)2PolCI]CI /
[Os(bipy)2Pol2]Cl2 (pol=poly(4-vinylpyridine) or poly(N-vinylimidazole))
could be isolated during the preparation of 13 and 14 respectively. The
reactions appear to be stepwise in nature with the [Os(bipy)2PolCI]Cl species
being initially formed before the second chloride anion is displaced to give
the [Os(bipy)2Pol2]Cl2 species. Thus by isolating the products during
the reaction any desired ratio of mono to bis substituted products could be
obtained. The properties of these materials are similar to a combination of

those associated with their respective constituents.

[Os(bipy)2(PVP)10CI]CI/[Ru(bipy)2(PVP)10CI]CIl, Compound 15 :
To 57 mg (0.035 mmol) of [Os(bipy)2(PVP)jQCI]ICI (8) in 75 cm3
methanol, [Ruibipy”~C”] (17 mg, 0.035 mmol) was added and the solution

refluxed in the dark for three days. The resulting metallopolymer was



recovered by precipitation into diethyl ether (3x) and vacuum dried. Yield 68

mg, 92%.

[Os(bipy)2(PV1)jQCI]CI/[Ru(bipy)2(PVI)j()CI]CI, Compound 16

To 53 mg (0.035 mmol) of [Os(bipy)2(PVI)joCI]ClI (10) in 75 cms3
methanol [Rutbipy”~C”~] (17 mg, 0.035 mmol) was added and the solution
refluxed in the dark for 24 hours. The resulting metallopolymer was recovered

by precipitation into diethyl ether (3x) and vacuum dried. Yield 62 mg, 88%.

[Ru(bipy)2(PVP)10](Cl)2/[Os(bipy)2(PVP)10CI]CIl, Compound 17.

To 62 mg (0.04 mmol) of [Ru(bipy)2(PVP)|Q]J(Ch2 (2) dissolved in
75 cm3 methanol 23 mg (0.04 mmol) of [Ostbipy”"C”] were added. The
resulting solution was refluxedin the dark for 3 days. Theproduct was
recovered as described above and purified by precipitating three times in

diethyl ether from methanol. Yield 67 mg, 80%.

[Ru(bipy)2(PV1)jgl(Cl)2/[Os(bipy)2(PVI)jgCIJCI, Compound J8.
This mixed ruthenium/osmium metallopolymer was prepared from compound

4 and purified as given above for compound 17 Yield 85%.

[Os(bipy)2(PVP)10](CD2/[Ru(bipy)2(PVP)10](Cl)2, Compound 19.

To [Os(bipy)2(P'V'P)1Q](Ch2 (13) (50 mg, 0.03 mmol) in 75 cms3
methanol [Ruibipy”*I*"O”rKCIO™ (19 mg, 0.03 mmol) was added. The
resulting solution was refluxed in the dark for 3 days. Theproduct was

recovered by precipitation in diethyl ether and vacuum dried. Yield 60 mg,

86%
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[Os(bipy)2 (PVI)1g](CH2/[Ru(bipy)2(PV1)|Q](Cl)2, Compound 20.

This metallopolymer was prepared as given above for compound J 9 using
[Os(bipy)2(PVI1)|Q](Cly2 (14) as starting material. Yield 82%.

The following compounds were synthesised using literature methods
[14,17,31] from Os(bipy)2ClI2 pic = 4-methylpyridine, mim =
N-methylimidazole. [Os(bipy)2(pic)CI](PFg), (21). Calculated for

C26C1F6H23N50sP C:40.22; H:2.96 and N:9.02. Found C:40.57; H:3.02 and

N:9.07. [Os(bipy)2(pic)2](PF")2, (22). Calculated for
C32F12H30N60sP2 (C:39.26; H:3.06 and N:8.58. Found C:39.32; H:3.10
and N:8.59. [Os(bipy)2(mim)CI](PFg), (23). Calculated for

C24C1FeH22N60OsP C:37.66; H:2.87 and N:10.98. Found C:37.32; H:2.74 and
N:10.51. [Os(bipy)2(mim)2](PFg)2, (24). Calculated for
C28F12H28N80sP2 C:35-14; H:2.92 and N:11.71. Found C:35.16; H:2.87

and N:11.79.

Section 2.3 Results and Discussion.

Section 2.3.1 General:

In the literature some reports of osmium polypyridyl containing
polymeric materials have appeared, however in these cases heavily crosslinked
materials were formed by electropolymerisation at electrode surfaces [32-34],
This procedure typically gives rise to insoluble products in which the ratio of
metal centres : polymer units is difficult to control or determine.

This report is the first attempt to systematically investigate a

series of metallopolymers in which multiple metal centres are bound to a
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preformed polymer backbone. The synthetic approach used is to react the
appropriate metal complexes with preformed PVP or PVI, so that crosslinking can
be avoided and soluble polymers are obtained. In this manner the materials
can be characterised in solution and as thin films on electrode surfaces.

The formation of the different metallopolymers is based on the well
documented lability of the chloride ions in the complex [M(bipy)Cl2], M = Ru,
Os. Extensive studies have shown that the first chloride ion is easily removed
by refluxing in methanol or ethanol, whereas the removal of the second chloride
occurs only in aqueous solutions or in high boiling point organic solvents
[17,20,26,27,35]. Therefore, in syntheses which aimed to prepare
monosubstituted materials such as [Os(bipy)2(PVP)jQCI]CI ethanol was used
as a solvent (see reactions 1 and 2), whereas for the synthesis of species such
as [Os(bipy)2(PVP)jQ]Cl2 water was added to the reaction mixture (see

reactions 1-4, S = solvent)

[M(bipy)2CI2] +S —-> [M(bipy)2(S)CI]+ + CI (D)
[M(bipy)2(S)CI]+ + Pol —-> [M(bipy)2(Pol)CI]+ + S @)
[M(bipy)2(Pol)CI]+ + H20 —-> [M(bipy)2(Pol)H20]2+ + C1° @
[M(bipy)2(Pol)H20]2+ + Pol - -> [M(bipy)2(Pol)2]2+ + H20 Q)
M=Ru or Os.



The osmium polymers are prepared in a similar way to the corresponding
ruthenium polymers, but because of the inertness of osmium complexes longer
reflux times are needed. The synthetic flexibility of the procedure is evident
since materials with different metal to polymer ratios can be prepared easily
by adding the appropriate amounts of reactants. The polymer backbone can be
changed provided it has a pendant coordinating group and the nature of the
metal centre can also be varied. The metal loading of the materials reported
here is based on the quantity of starting material employed, assuming complete
reaction. This assumption is supported by the continuous monitoring of the
reactions using spectroscopic and electrochemical techniques. The coordination
around the metal ions was examined by comparison of the spectroscopic and
electrochemical properties of the polymers with those of appropriate model
compounds (vide infra). Approximate extinction coefficients have also been
evaluated, this is however, complicated by problems as to the degree of
hydration of the homopolymers and the subsequent metallopolymers. The
extinction coefficients however, remain useful for examining the ratio of metal

centres to polymer units.

Section 2.3.2 Glass Transition Temperature.

The effect of metal loading and the nature of the counterion in the
[Os(bipy)2(PVP)nCI]1X and [Os(bipy)2(PVI)nCI]X  metallopolymers, where
the counterion X is chloride or perchlorate, on Tg, has been examined. The
thermal stability of the metal centres in these materials means that it is
possible to examine Tg as a function of redox site loading.

[Ru(bipy)2CI]Cl wunits have been used previously as probes of structure and
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dynamics in quaternised poly(4-vinylpyridine) [24]. Table 2.3.2.1 shows that

the glass transition temperature is sensitive to the metal loading, with TO
increasing considerably over the homopolymer values with increasing metal
loading. Thoroughly dried poly-4-vinylpyridine has a glass transition
temperature of approximately 142°C which is largely independent of molecular
weight [37], The higher glass transition temperature with increasing metal
content most likely reflects a greater difficulty in obtaining fluid like
motion within the metallopolymers, as the molecular weight is increased by
addition of metal centres. We have attempted to correlate these observations
with thermodynamic parameters observed for charge transport through films of
these materials immobilised on electrode surfaces, when in contact with aqueous
electrolyte [Chapters 4-6], [19], Under certain circumstances two activation
energies for homogeneous charge transport are observed. This behaviour will be
considered more extensively in Chapters 4 and 5 but it appears to be connected
with the internal polymer organisation. However the temperature at which the
change in activation energy occurs, typically 285 K for the
poly(4-vinylpyridine) metallopolymers, is significantly different from the
glass transition temperatures reported here and cannot therefore, be directly
connected. Given that the electrochemical measurements are made on thin films
in contact with an aqueous electrolyte this is not entirely unexpected.

PVP is thermally stable in a nitrogen atmosphere upto 300- 350
°C. On conversion to the acid salt or 1l-alkylpyridinium salt the thermal
stability decreases, the decreasebeing a function of the extent of
quaternisation. For the materials described here however no loss ofthermal
stability via D.S.C measurements is observed and both spectroscopic and

electrochemical measurements suggest that the metallopolymers do not decompose
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Table 2.3.2.1. Glass transition Temperatures for [Os(bipy)2(Pol)nCI]X

polymers.

Compound Tg (°C) Compound Tg(°c)
PVP 143 PVI 182

X=C1~ 5 230 9 260
6 205 10 226
1 192 11 207
8 180 12 193

X=cio4~
Sa 252 9a 278
6a 223 10a 240
la 209 11a 217

8a 189 12a 198
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at temperatures of up to 300 °C. The degradation in the polymeric
1-alkylpyridinium salts is generally acceptedas occurring in two stages: loss
ofthe 1-alkyl group and scission of the polymer backbone [38]. That these
metal containing polymers remain stable suggests a strong coordination between
the metal and polymer nitrogen.

The glass transition temperature of the perchlorate saltof these
polymers shows an increase over those values obtained when chloride is the
counterion. For quaternised PVP films containing ferrocyanide, in contact with
perchlorate containing solutions [39], it has been recently proposed, that a
nearly completely dehydrated material results, with consequential loss of
internal fluid like motion. It seems likely that such a process is also
occuring in these polymers and that this is being reflected in the Tg

measurements.

Section 2.3.3 Absorption and Emission Spectroscopy.

Electronic spectroscopy has proved useful in the characterisation of
ruthenium containing polymers [16,17], In particular the position of the
lowest absorption maxima and the wavelength of emission are often
characteristic for a particular ruthenium moiety, and by comparison with
mononuclear model compounds, the coordination sphere of the metal ion bound to
the polymer backbone can be established. The data obtained for the absorption
and emission spectra of the metallopolymers, together with data obtained for
some model compounds, have been given in Table 2.3.3.1. The spectral features
observed are typical of osmium and ruthenium compounds respectively. A
detailed analysis of the spectroscopic features of osmium and ruthenium

compounds has been given elsewhere, [16-20,26-27,31] and will not be considered
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Table 2.3.3.1 Spectroscopic and Electrochemical Data for the Metallopolymers

and Monomeric Model Compounds.

A max, abs A max,em A max.,em 0% E|,2red
nma(log 6) r.t./nma 77K /nma Vb Vb

1 498 (3.92 , 440 3.87) 704 680 0.75 -1.50

2 455 (4.01 , 464 4.05) 604 594 1.25 -1.36

3 502 (3.75 , 347 3.73) 638 626 0.57 -1.48

4 485 (3.97 , 345 3.86) 626 617 0.86 -1.40

5 364 (4.05 | 431 4.08) “ — 0.35 -1.47
486 (4.04 , 730 3.45)

£ 364 (3.72 , 431 3.65) — — 0.23 -1.57
524 (3.67

13 354 (4.23 , 444 4.08) 764 750 0.75, 2.15 -1.15
616 (3.46

11 344 (3.67 , 404 3.59) 758 748 0.48 -1.30
496 (3.88 , 666 3.07)

15 358 (4.28 , 486 4.18) 716 684 0.35, 0.75 -1.52

16 354 (4.14 , 506 4.13) 700 684 0.25, 0.67 -1.60

17 352 (4.35 , 432 4.21) 650 616 0.33, 1.15 -1.48
486 (4.20

18 346 (3.94 , 488 3.93) 643 626 0.22, 0.88 -1.62

11 352 (4.28 , 432 4.33) 618 600 0.75, 1.15 -1.15
480 (4.22 730(sh) 750

20 344 (4.14 , 488 4.03) 650 632,754 0.48, 0.95

21 358 (4.07 , 428 4.09) - 0.33, 1.78 -1.46
506 (4.08 , 730 3.49)

22 358 (4.24 , 390 4.02) 766 750 0.73, 2.20 -1.32
442 (4.09 , 610 3.50)

23 365 (3.92 , 430 4.12) - - 0.23 -1.57

24 346 (3.86 , 416 3.80) 754 750 0.95 -1.30
512 (3.85 , 686 3.37)

a measured in methanol, compounds 21-24 measured in acetonitrile.

b electrolyte 0.1 MTEAP/acetonitrile
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here. The electronic transitions observed in the visible region are attributed

to metal-to-ligand charge transfer bands (MLCT), while the emission is thought
to occur from a ligand based triplet state. The spectra obtained for the
polymers 5 - 12 do agree well with those observed for the model compounds 21
and 23. (see Figures 2.3.3.1 and 2.3.3.2). For these model compounds and
metallopolymers no emission was observed. This suggests a coordination of
[OsNACIJCI for these polymers. Due to the spectral complexity however no
definite assignment of the coordination sphere around the osmium ion can be
made from the absorption data alone. The absorption spectra of the osmium
polymers 13. and 14 are very similar to those observed for the model compounds
22 and 24 respectively. A significant feature of the uv-visible data is the
similarity of the extinction coefficients between the polymeric and monomeric
species.  Also for both sets of compounds emission signals at about 750 nm are
observed. This strongly suggests the presence of the [OsNgJC” moiety in
these polymers, so that two nitrogen units from the polymer backbone are bound
to the osmium centre. These observations are in agreement with the synthetic
conditions employed.

The spectra obtained for the mixed metal compounds, show the presence
of both metal centres, but the complexity of the spectra prevents a conclusive
analysis of the composition of the materials. More specific information can be
obtained from the emission spectra. For the mixed polymers 15and J6 the
presence of an emission maximum at about 700 nm can, by comparison with
analogous compounds [41], be explained by the presence of a [RuNA~CI]CI
moiety. As anticipated no evidence for an osmium based emission was observed
in these materials. For the polymers 12 and 18 an emission at about 625 nm at

77 K is indicative for the presence of [RuNgJC” groupings [15-19].
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Figure 2.3.3.1. Uv-visible spectrum of metallopolymer 5 and
model compound 2L. Spectrum of the metallopolymer was
recorded in methanol, model compound in acetonitrile.

Sample concentration 10'4 mol dm’3.
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300 500 700 900
Wavelength (nm)

Figure 2,3.3.2. Uv-visible spectrum of metallopolymer 9 and
model compound 22. Spectrum of the metallopolymer was
recorded in methanol, model compound in acetonitrile.

Sample concentration 104 mol dm’3.
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Figure 2.3.3.3. (a) Room temperature and (b) 77-K emmision
spectra of metallopolymers 19 and 20 in methanol. Sample

concentration 10'4 mol dm'3.
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For these compounds no osmium based emission was observed. For polymer J9
emission signals at room temperature are observed at 618 nm with a shoulder at
730 nm. At 77 K emission maxima at 600 and 750 nm are observed for these
materials. The position of these maxima, and the rather large difference in
the high energy band between room temperature and 77 K, suggest that this band
is due to emission from the [RuN”JC” moiety, while the temperature
insensitive band at 750 nm most likely represents emission from the
[OsNg](Ch2 unit. The response observed for [Osibipy*PV~AKCIN/
[Ru(bipy)2PVI2](Ch2 (20) is similar with a ruthenium emission occurring

at 643 and 618 nm for room temperature and 77 K respectively. The osmium
emission is less sensitive to temperature and occurs at 758 and 748 nm
respectively. This behaviour is illustrated in Figure 2.3.3.3. Where
significant excited state interaction exists between metal centres e.g in
dimeric complexes [42], a single emission is observed from the lowest energy
state. The fact that both centres in these materials emit (at least at this
loading and in solution) suggests that significant excited state interaction is

absent.

Section 2.3.4 Electrochemical Properties.

The materials  obtained were  further characterised using
electrochemical techniques. The formal potentials of the M(II/II1) redox
couple of the metallopolymers coated as thin films on glassy carbon electrodes
have been listed in Table 2.3.3.1. A typical cyclic voltammogram of a mixed
metal metallopolymer (15) has been given in Figure 2.3.4.1. As expected the

osmium analogues of previously reported ruthenium metallopolymers show
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0.2 0.4 0.6 0.8 1.0
E (VvsSCE)

Figure 2.3.4.1 Cyclic voltammogram of metallopolymer 15.

deposited as a thin film on a glassy carbon electrode.

Electrolyte 0.1 M TEAP/Acetonitrile. Surface coverage 1 x

10's molcm-2. Electrode area 0.0706 cm2. Scan rate 5

mV/s.
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reversible redox couples at less positive potentials [31,35-36]. The redox
potentials obtained for compounds 5-12 did not show any variation with the
metal loading. When examined as surface deposits these metallopolymers show
surface behaviour [43] at slow sweep rates, with peak currents directly
proportional to the scan rate. At scan rates higher than 20 mV/s apparent
semi-infinite diffusion [43] is observed with the peak current being
proportional to the square root of the scan rate. The rate of charge
transport for the PVP and PVI metallopolymers has been extensively examined as
a function of electrolyte, pH, redox site loading and temperature and will be
discussed in Chapters 4, 5 and 6.

Table 2.3.3.1 shows that the position of the Os(II/I1l) oxidation is
sensitive to the nature of the osmium moiety and that the synthetic conditions
outlined here result in the formation of only one electroactive product. By
comparing the redox potentials obtained for the metallopolymers with those of
analogous polymeric [15-19] and mononuclear model compounds, assignments about
the nature of the polymer bound moieties can be made. These assignments are in
total agreement with those given above based on the absorption and emission
results. The redox potentials obtained for the ruthenium groups in the mixed
metal polymers are in close agreement with those reported earlier for polymers
only containing ruthenium. This coupled to the fact that the waveform remains
undistorted suggests that little interaction exists between the metal centres
[44-47], The redox potentials observed for a particular osmium or ruthenium
moiety in different metallopolymers are the same within experimental error.
For some of the osmium containing polymers an additional irreversible oxidation
was observed at around 2 V vs SCE. This oxidation has, by comparison with data

reported for analogous compounds, been assigned to the Os(I11/1V) redox couple
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[31]. Also data for the first reduction potentials were obtained. As in other
similar compounds these reductions are thought to be bipyridyl based [48], No
detailed analysis of these reductions was carried out however, as in most cases
only a single reduction is observed, it is not possible to definitely assign
these reductions to either the osmium or ruthenium moities.

The nature of any ground state interaction can also be investigated by
evaluating charge transport rates through thin films of these materials.
Chronoamperometry was used to evaluate homogeneous charge transport rates,
given as for both Os(Il/I11) and Ru(ll/111) oxidation for glassy carbon
electrodes modified with films of the mixed osmium/ruthenium polymers. The
Cottrell behaviour for electrodes modified with
[Os(bipy)2(PVP)10CI]Cl/[Ru(bipy)2(PVP)10CI]CI (compound 15) in 01 M
tetraethyl ammonium perchlorate is illustrated in Figure 2.3.4.2. This clearly
shows that the rate of charge propogation through the polymer phase via the
osmium centres is more rapid than through the ruthenium centres, is 2.1 x
109 cm”s*1 and 9.8 x 10‘*cmz2s'* for the osmium and ruthenium
centres respectively. The same values were obtained for the corresponding
polymers containing only osmium or ruthenium centres, i.e compound 6 and
compound h This suggests that little interaction exists between the redox
centres. The activation energies for these mixed metal polymers are also
similar to their single metal analogues. In the above electrolyte the osmium
activation energy is 20 kJ/Mol while the ruthenium activation energy is 15
kJ/Mol, these values are the same to within experimental error to those
obtained for compounds 6 and 1. Other electrochemical data including the

reaction entropy, which has proved itself sensitive to changes in redox centre
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Figure 2.3.4.2 The chronoampcrometric response presented as

Cottrell plots for the Os(lI/111) and Ru(ll/I1l) oxidation,

0.1 M tetraethyl ammonium perchlorate as

8

for compound j5.

supporting electrolyte. Surface coverage 2 x 10~

_0
molcm™ .
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solvation [32] remain constant at a value of 19.5 J/Mol/K on going from the

monometallic to the bimetallic polymers.

Section 2.3.5 Photochemical Properties.

Earlier work on ruthenium based metallopolymers has shown these
polymers can be photolabile, and the photochemically induced ligand exchange
reactions have been studied in some detail [49]. Because of the presence of
two different absorbing species in the mixed metal polymers the use of
absorption spectroscopy is of little value for monitoring such ligand exchange
reactions. However, cyclic voltammetry can be used to examine the
photochemistry of thin films of the polymers reported here. It was found, that
metallopolymers containing only osmium centres, are photostable both in
methanol solution and as thin films on glassy carbon electrode surfaces in a
wide variety of electrolyte salts and solvents. This photostability of osmium
compounds with respect to the analogous ruthenium compounds is generally
accepted to arise because of the increased energy of the anti-bonding
dd-orbitals, responsible for the photochemically induced ligand exchange
reactions [50], Both the [RuN~CHJCI and the [RuNg]Cl2 moieties showed
photochemically induced photosubstitution, with the product in both cases
having a redox potential of about 800 mV vs SCE. A typical example of cyclic
voltammograms taken during the photolysis of an electrode modified with polymer
15 has been given in Figure 2.3.5.1. It can be seen that the osmium redox
couple remains stable but that the signal originally observed for the ruthenium
redox couple shifts upon photolysis from 650 to about 800 mV vs SCE. Such a
shift has in other ruthenium containing polymers been explained by a ligand

exchange reaction as in reaction 5
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Figure 2.3.5.1 Photochemically induced ligand exchange
reactions in a thin, electrode bound film of metallopolymer
15 wusing 1 M aqueous HCIO4 as electrolyte. Scan rate 100
mV/s. Surface coverage 1 Xx 100 molcm 9. Interval

between scans 30 seconds.
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hv/H20

[Ru(bipy)2(PVP)CI]+  fc- [Ru(bipy)2(PVP)H20]2+ + CI" ®)

The shift in potential observed here is in agreement with such a ligand
exchange [50]. The photochemically induced ligand substitution of the
ruthenium metallopolymers provides a convenient means of changing the redox
potential of the surface immobilised species. This has potential applications

in sensor development and information storage whilethe photostable osmium
centre can act as an internal standard. It is also important to realise that

the clear difference in redox potential between the [Ru(N)"H20]Cl2 and
other moieties strongly suggests that no significant amounts of this aquo
species are present in the polymers prepared. Since the photochemically
induced ligand exchange can be complete, it is a convenient way of preparing a

pure species that cannot be synthesised by direct methods.

Section 2.3.6 Metallopolvmer Diffusion in Solution:

The possibility of labelling, at a low loading, macromolecules with an
electroactive centre and then determining their diffusion rate in solution
using conventional electrochemical procedures has been investigated using the
[Os(bipy)2CI]+ redox centre. A low loading of 1:100 Metal centre:monomer
units was used. Since this increases the molecular weight by only 5% and
eliminates only 5% of the pendant nitrogens the effect of the label on the
macromolecules diffusion rate is expected to be minimal. The effect of the
molecular weight on this diffusion rate was considered using a series of

poly(4-vinylpyridine) polymers of differing molecular weights (as determined
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using viscometry) over the range My= 16,000 to 360,000 g/Mol. The
possibility of establishing a relation between polymer molecular mass and its
diffusion coefficient in solution is attractive given the difficulties in
determining polymer molecular weights for nitrogen containing polymers by
conventional methods such as gel permeation chromatography. The diffusion rate
of these metallopolymers in a background electrolyte of 0.1 M tetra-ethyl
ammonium perchlorate (TEAP) in acetonitrile was measured using conventional
cyclic voltammetry and potential step chronoamperometry. At this level of
loading reproducible signals were obtained which followed the conventional
models for diffusion in solution. An increase in molecular weight from 6,000
to 180,000 g/Mol initially decreases the solution diffusion rate after which
point Dsojn remains constant with further increase in the polymer molecular
weight (see Figure 2.3.6.1). The rate of polymer diffusion in solution is of

the order of 10 cm”s'* compared to a rate of 10" - 10’ cmV*
which would be expected for monomeric species. These observations suggest that
the transition from monomeric to polymeric species significantly retards the
molecules movement through solution, but that changes in the mass of the
polymeric species have less effect. The fact that at at high molecular weight
Dsoin becomes independent of molecular mass may be related to the ability of
the macromolecule to form a helical coil thus presenting a minimum surface area
to solution. By suitably constraining the polymer molecular mass range it may
be possible to establish a working relationship between the rate of diffusion

in solution and the molecular weight.

72



CD

60 120 180 240 300

Mv x 103 g/Mol

Figure 2.3.6.1 The effect of increasing molecular weight for

the diffusion of [Os(bipy)2(PVP)jgqC1]C1 in solution.
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Section 2.4 Concluding Remarks.

The synthetic strategy developed here allows the stepwise formation of
multifunctional polymers. The metallopolymers can be readily characterised by
UV-visible and emission spectroscopy and can be prepared with controlled
loadings by varying the stoichiometric ratio of the starting polymer to metal
complex. Electrochemical measurements and emission spectroscopy confirm that
the excited state and redox properties of the metal centres are maintained upon
polymeric attachment. This is significant since one can identify a suitable
metal complex for a given application and then synthesise a polymeric analogue
with similar properties.

The Tg measurements suggest that the rigidity of the metallopolymers
increases with increasing metal loading. Electrochemical and emission data
suggest that at best a weak interaction exists between the different redox
centres when in solution. This is perhaps somewhat unexpected, especially as
with the metal loadings used, the coordination spheres are expected to be in
very close contact and the separation between the metal centres will be of the

order of 15 A.
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CHAPTER 3

Electrochemical Methods
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Section 3.1 Electrode Preparation and Coating.

The stability of electrodes modified with the osmium containing
discussed here is dependent on the preparation of that surface. As well as
this, the reproducibility of homogeneous charge transport rates, and more
noticably heterogeneous electron transfer rates, is affected by the nature and
history of the wunderlying electrode. In order to produce electrode surfaces,
which show reversible kinetic behaviour, in a reproducible manner, the
following electrode pretreatment regime was adopted. Firstly, the surface of
the glassy carbon electrodes was renewed by mechanical abrasion using silicon
carbide paper of successively smaller grit size. This established a new
surface and removed any surface defects. During this procedure the abrasive
paper must be kept continually wet. This serves two purposes, it removes
particulate carbon stripped from the surface which might otherwise cause
surface scratching and, it prevents frictional heating of the electrode.
Frictional heating causes problems with electrode leakage, but more importantly
it irreversibly increases the background charging observed during
electrochemical measurements. The electrode surface was then copiously washed
with deionised water and methanol before polishing with a 0.5 fjm alumina slurry
on a felt bed. This was continued until a perfect mirror finish was obtained.
The electrode was finally polished on a felt bed with water before washing with
deionised water and methanol. The background of the electrode was checked
electrochemically prior to modification. This involved cycling the electrode
between -05 and +1.2 V vs SCE at 5 mV/s. These polished electrodes were
further treated by pipetting 250 ul of chlorosulphonic acid directly onto their

surfaces and left for 5 minutes, followed by washing with deionised water.
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It has been suggested that this process forms highly polar groups on the
electrode surface [1]. This process significantly improves surface adhesion of
the osmium metallopolymers.

Electrochemical pretreatment was also investigated as a means of
electrode surface renewal [2-5]. This involved holding the potential of a
polished electrode at 1.5 V for 5 minutes (pre-anodization). The osmium
containing polymer was then pipetted directly onto the surface and allowed to
dry. Equilibrium was more rapidly established within the films, which were
more stable and showed a higher rate of heterogeneous electron transfer. There
was however, an increase of approximately 30% in the capacitive current. In an
alternative procedure, the electrode was pre-anodised and subsequently
pre-cathodised at -1.5 V for 3 minutes. This regime further improved film
adhesion but also increased background charging. For this reason
electrochemical pretreatment was not used extensively.

The nature of electrode configuration in an electrochemical cell,
where the working electrode is modified, is of considerable importance due to
the combination of relatively low electrolyte and high redox active
concentrations. It is known, that where large currents, such as those produced
at a modified electrode, are passed through an electrolyte, it does not act as
an equipotential volume [6]. This means that the interfacial potential
difference, between the working electrode and the solution, varies across the
surface of the working electrode. This gives rise to non uniform current
density, with those points on the working electrode surface closest to the
auxiliary electrode giving the largest current densities [7]. It is apparent

therefore, that the active area of the working electrode is less than its
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geometric area. In order to minimise this effect the auxiliary electrode
should be placed such that all points on the working electrode are equidistant
from the working electrode, whilst maintaining the reference electrode
position. In this study a 5 cm2 platinum gauze, positioned horizontally
under the working electrode was used as counter. This positioning, as well as

the large surface area are expected to give rise to uniform current densities.

Section 3.2 Cyclic Voltammetrv

Electrochemical measurements were performed using an E. G. & G. Model
273 potentiostat / galvanostat. Where necessary iR compensation was achieved
via positive feedback circuitry (vide infra). Electrochemical cells were of
conventional design and were thermostatted to within + 1 °C. All potentials
are referenced with respect to the potassium saturated calomel electrode (SCE)
without regard for liquid junction potentials.

The thin layer or finite diffusion characteristics of modified
electrodes were discussed previously in section 1.3.1. This theoretical
framework clearly defines the properties which a surface wave must have i.e a
peak width at half height of 90/n mV and zero peak to peak separation as well
as equal peak currents which increase as V . Linearity of ip vs v is
frequently accepted as sufficient condition for surface behaviour, this is a
necessary but insufficient condition. ip must be linear with V but must
also have a slope of unity, thus for example, when the sweep rate is increased
from 1 mV/s to 2 mV/s ip must actually double. The other features of zero
peak to peak separation and a 90/n mV peak width should also be observed. For
some electrolyte/loading combinations these features can be difficult to

observe e.g Figure 3.2.1.
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Figure 3.21 (a) Cyclic voltammogram for an electrode
modified with [Os(bipy)2(PVP)jQCI]CI. Sweep rate 5
mV/s. Surface coverage 1.7 X 10 " mol ¢m "2 Electrode

area 0.3848 cm2. Supporting electrolyte 0.1 M HCIO4.
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This shows a cyclic voltammogram of [Os(bipy)2(PVP)jQCIICI in 01 M
perchloric acid. The wave is clearly not surface but would be deemed by many
to be acceptable to calculate a surface coverage. The fact is however, that
the film is exhibiting a slow oxidation rate and is not being exhaustively
oxidised. In fact a timescale considerably longer than that provided by the 1
mV/s sweep rate is required. A plot of ip vs V is linear but the normalised
slope (including the required constants) is less than unity (0.9). Controlled
potential coulometry shows that such films can take as long as 30 minutes to be
completely oxidised. If such waves are used to calculate surface coverages
then a serious underestimate is obtained. Figure 3.2.1b shows the same
modified electrode under identical conditions but in 0.1 M sulphuric acid as
supporting electrolyte. The total apparent surface coverage has almost
doubled, which has important consequences for the accurate determination of
Dct- The peak current vs sweep rate plot is linear and has the theoretical
normalised slope of unity. In this work, the problem of slow exhaustive
oxidation has been solved by either using very slow sweep rates (<1 mV/s),
chronocoulometry or measuring the surface coverage in an electrolyte in which
the film can be totally oxidised more easily.

Similar problems to these exist for semi-infinite diffusion
conditions. The peak current should exhibit a linear dependence on but
must also have a normalised slope of unity. A slope larger than this suggests
a contribution from finite diffusion, while a lower slope suggests a problem
either with iR drop or a problem with electrode kinetics. is most simply
evaluated from waves which show semi-infinite diffusion behaviour, as shown in
Figure 3.2.2. The features of the cyclic voltammograms include a separation of

58/n mV at 25 °C, linear ip vs V (with normalised slope = 1) and
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Figure 3.2.1 (b) Same electrode as given in 3.2.1 (a) with

0.1 M H2SO4 as supporting electrolyte.
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ipa/ipC = 1 This suggests that there are no kinetic or other problems in
the electrode process. A contribution from finite diffusion can be corrected
for by wusing the Aoki approach described in chapter 1 which calculates the
nature of the diffusion space, it does, however, rely on an accurate
determination of surface coverage and layer thickness.

The instrumentation used in this work allowed for iR compensation using
positive feedback circuitry. This was implemented as follows. Firstly, a train
of small amplitude potential steps (50 - 200 mV) was applied to the modified
electrode in a potential region where no redox reaction occurred. The current
output was monitored using a digital storage oscilloscope. iR compensation was
then applied incrementally until the potentiostat began to oscillate. iR
compensation of 85% of the value which initiated oscillation was then applied to

compensate for iR drop within the cell.
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Figure 3.2.2 Cyclic voltammogram of electrodes modified with
[Os(bipy)2 (PVP)sCI]CI electrodes. Sweep rate 100 mV/s.
1.0 M HC104 as supporting electrolyte. Surface coverage 2

X 108 molcm'2. Electrode area 0.3848 cm
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Section 3.3 Potential Step Methods
Chronoamperometry

Short timescale transient amperometric/coulometric measurements were
made by means of a Phillips 3311 digital storage oscilloscope interfaced to a
BBC microcomputer for data interrogation and allowing signal averaged results
to be obtained. For both the redox active potential step and for background
correction 5 signals were averaged.

Large amplitude potential step chronoamperometry is a standard
technique in the study of electrochemical systems. In this section the
experimental implementation of this method to evaluate charge transport rates
through osmium containing polymer films is described. The current-time
transients are usually considered to be controlled by the potential driven rate
of heterogeneous electron transfer and by the rate of homogeneous charge
transfer within the film, this process plays the same role as physical
diffusion of the redox species in solution. In the case of polymer modified
electrodes some features which must be considered include background correction
for capacitive currents, uncompensated resistance effects and the experimental
timescale.

In the chronoamperometry experiment a potential step across the formal
potential of the redox couple, produces not only a Faradaic response, but also
generates capacitive currents. These must be corrected for in the accurate
determination of charge transport rates. In this work the removal of
capacitive currents has been examined using two techniques. Firstly, the
current response of an unmodified electrode during a potential step across the
potential region of interest is performed in background electrolyte and the

response recorded. This is then considered to represent the capacitive
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contribution, to the total current observed, for the same electrode after
modification, during the same potential step. This capacitive component is
then subtracted from the total current response. The remaining current thus
represents the Faradaic current from which is calculated. In this work
however, this procedure is considered to be unsatisfactory since it assumes
that the charging of the double layer is the same before and after
modification. An alternative to this approach is to evaluate the capacitive
contribution after modification. This involves performing small potential
steps at the foot of the redox wave and linearly extrapolating the observed
capacitive current. This is in turn subtracted from the total current observed
when the potential is stepped across the redox couple, to yield the Faradaic
component from which is calculated. The significance of the capacitive
component varies according to the electrolyte and redox site concentration, but
also depends on the particular morphology which the film adopts in a given
electrolyte solution. Thus, for example, the capacitive current may only
contribute 1% of the total current observed in sulphuric acid, while in
perchlorate the capacitive current can contribute as much as 10% to the total
current. In these circumstances background correction is a necessity.

Redox polymer modified electrodes usually possess a high concentration
of redox active material within the film e.g for the systems described here
this ranges from 0.3 to 1.2 M. These high concentrations give rise to large
Faradaic currents, which, in the presence of uncompensated resistance can
produce a significant potential drop at the electrode surface [8]. This effect
can cause significant errors to be made in the evaluation of kinetic
parameters. In potential step experiments designed to obey the Cottrell

equation, it is assumed that the actual electrode potential governs the surface
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concentration as described by the Nernst equation. Where Ru exists the
electrode does not reach the required potential and the reaction does not
proceed at a rate which is independent of the electrode potential.

The effect of uncompensated resistance on the Cottrell behaviour is
illustrated using data obtained for [Os(bip)2(PVP)|QCI]CI films. The
effect of H2SO4 concentration on the chronoamperometric behaviour without
iR compensation, presented as Cottrell plots is presented in Figure 3.3.1. The
current response does not follow the Cottrell equation, most notably in low
electrolyte concentrations. At short times the observed current falls below
that given by the Cottrell equation. This is considered to be a consequence of
the potential which is attained at the electrode surface. At short times the
electrode fails to attain the potential required for the reaction to proceed at
a rate independent of the electrode potential. This leads to less of the
metallopolymer being oxidised and hence reduced currents. If this data is used
to calculate then a significant underestimation of the charge transport
rate occurs. It also leads to a positive intercept on the current axis, for
this reason charge transport data with non zero intercepts for Cottrell plots
must be considered with caution. At longer times the applied potential is
realised, but now the Os(ll) concentration is larger than that which is
dictated by a Cottrell response, thus leading to larger currents. In low
electrolyte concentrations this leads to a distinct current "overshoot" at
intermediate times. If this data is used to evaluate DgT an overestimate is

obtained together with a negative current intercept.
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Figure 3.3.1 The effect of HjSO” concentration on the
chronoamperometric response of [Os(bipy)2(PVP)jQCI]CI
modified electrodes. Data points show the response without
iR compensation, while the solid lines show the Cottrell
response after iR compensation. Potential step from -0.4 to

+0.4 V vs SCE.
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The deviation of the chronoamperometric response from the Cottrell
equation is more apparent for low concentrations of supporting electrolyte.
This suggests that the ion population exerts considerable influence over charge
transport properties. The solid lines of Figure 3.3.1 shows that the effect of
adding iR compensation using positive feedback circuitry to compensate for both
film and solution resistance.

An alternative to iR compensation is to step the potential further
past the formal potential of the redox couple, this means that despite a
potential drop at the working electrode, the potential attained is still
sufficient for the oxidation to proceed at a potential independent rate. This
is possible only where the formal potential of the metallopolymer is
considerably less than the upper potential limit of the electrolyte solution,
which is approximately 12 - 13 V vs SCE for these aqueous electrolyte
systems. The Cottrell response for [Os(bipy)2(PVP)jQCI]CI films where the
potential is stepped to 1.0 V is illustrated for HC1O4 electrolyte in Figure
3.3.2.

The behaviour illustrated in Figure 3.3.2 shows that for longer times
the current falls below that given by the Cottrell equation. This arises due
to the onset of thin layer behaviour. The time at which this behaviour is
observed is a function of both D”p and the film thickness. This is
illustrated for [Os(bipy)2(PVP)10CI]CI films in Figures 3.3.3 and 3.3.4,
where the surface coverage is varied from 10'7 to 10'10 molcm'z. Since
the redox centre is part of the polymer chain for these systems an increase
inr is expected to increase the layer thickness L. This data illustrates two
aspects of charge transport through these films. When the surface coverage is

varied significantly DCp(PS) becomes dependent on the surface coverage.
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Figure 3.3.2 The effect of HCIO™ concentration on the
large amplitude potential step chronoamperometric response
for [Os(bipy)2(PVP) jgC1]C1 modified electrodes.

Potential step from -0.4 to +1.0 V vs SCE.
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This is not entirely unexpected, since where charge propagation is limited by a
mass transport process such as ion movement, such a mass transport process will
be impeded by an increased film thickness. Also, the time at which the
chronoamperometric response deviates from the Cottrell equation is clearly
dependent on the film thickness. In table 3.3.1 the ratio of the thickness of
the diffusion layer to the film thickness is investigated using the data from
Figures 3.3.3 and 3.3.4.

This table shows that the Cottrell equation becomes invalid at times
where the diffusion layer thickness is between 50 and 82% of the dry film
thickness in sulphuric acid and between 42 and 47% of dry film thickness for
perchloric acid. The sulphuric acid data obtained for small surface coverages
suggests that the film thicknesses calculated from density measurements are not
grossly inaccurate. The difference between the times at which the
chronoamperometric response fails to obey the Cottrell equation in sulphuric
and perchloric acid, may arise due to variations of film thickness between the
two electrolytes for the same surface coverage. The fact that in HCI1O4 the
Cottrell equation is obeyed for diffusion layer thicknesses of only 40% of the
dry film thickness, suggests that the film may become more compact in
perchloric acid media. Alternatively, the data may suggest, that the processes
controlling charge transport remain the same throughout the total film
thickness in sulphuric acid, while in perchloric acid, kinetic barriers to mass

transport exist at longer times.
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Table 3.3.1 The ratio of diffusion layer thickness to total
film thickness where the chronoamperometric response fails to

obey the Cottrell equation.

r (mol cm'2) L (cm) Dc t (PS) 8/L
(ernes'l)

0.1 M H2S04 as supporting electrolyte.

3.60x1 07 5.10x10"4 1.0OxIO" 9 0.50
3.66x10's 5.24x105 2.95x10"9 0.55
4.55x10"9 6.50x1 06 4.40x109 0.71
5.05x10°10 7.14x10°7 6.20x1 09 0.82

O.i M HC104 supporting electrolyte

2.56x10'7 3.65x10'4 7.11x10"10 0.42
2.58x10'8 3.69x10'5 2.03x10°9 0.44
2.70x10'9 3.85x10°6 5.21x1 09 0.47
2.55x10" 10 3.64x10"7 7.13x10°9 0.47
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Figure 3.3.3 The effect of surface coverage on the
chronoamperometric response of [Os(bipy)2(PVP)|QCI]CI
modified electrodes. Supporting electrolyte is 01 M
H2SO4. Surface coverages are, from top to bottom, 5 x
10-10, 5 x 10'9, 5 x 10's and 5 x 10'7 rnolcrn'2

respectively. Potential step from -0.4 to 1.0 V vs SCE.
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Figure 3.3.4 The effect of surface coverage on the
chronoamperometric response of (Os(bipy)2(PVP)10CI]CI
modified electrodes. Supporting electrolyte is 01 M
HCIO4. Surface coverages are, from top to bottom, 5 x
10 5 x 109, 5 x 1008 and 5 x 107 molcm-2

respectively. Potential step from -0.4 to 1.0 V vs SCE.
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Sampled Current Voltammetry

Sampled current voltammetry was performed using an E. G. & G. Model
273 potentiostat interfaced to a B.B.C microcomputer for data acquisition,
storage and analysis. A pulse width of 200 ms and an interval of 10 s between
successive pulses was employed. The current was sampled before application of
the potential step and confirmed to be zero, this ensures that the depletion
layer of the oxidised species due to the preceding step has been completely
re-reduced. Sampling times of 1, 2, 4 and 10 ms after application of the
potential step, where the current response was under semi-infinite diffusion
control and obeyed the Cottrell equation, were employed throughout this study.

The data were analysed as described in section 1.3.3 to yield both the
rate of homogeneous charge transport and the rate of heterogeneous electron
transfer. However, the calculation of from four current samples is
considered unreliable and these values were only wused to confirm
chronoamperometry results.

The limiting current observed in sampled current voltammetry should
obey the Cottrell equation as discussed for chronoamperometry in the preceding
section. The experimental timescale (1-10 ms) has been chosen in order that
Cottrell behaviour be observed for the maximum number of cases. Other
important features include a constant background charging and well defined

limiting current as illustrated in Figure 3.3.5.
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Figure 3.3.5 Sampled current voltammogram of
[Os(bipy)2(PVP)10CI]CI films in 0.6 M HCI1. Sampling
times are 1, 2, 4 and 10 ms after the application of

N
potential steps. Surface coverage 2 x 10 molcm
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CHAPTER 4

Charge Transport Properties of

ros(bipvWPVP)nCnCl Modified Electrodes.
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Section 4.1 Introduction:

As discussed previously in chapter 1 the potential application of
modified electrodes in domains as diverse as sensor design [1-6], energy
conversion [7], corrosion protection [8] and catalysis [9], has lead to
extensive investigations in this area of electrochemistry. The nature of
charge transport through the modifying layer is recognised as being of central
importance in these investigations, not only for fundamental reasons but also
because the applied wutility of these materials will ultimately be dictated by
the charge transport properties of the modifying layer. Despite this, the
number of reports dealing with the effect of electrolyte, redox site loading
and temperature on charge transport dynamics remains meagre for materials with
immobile redox centres [10,11],

For the investigation of charge transport mechanisms and kinetics of
polymer modified electrodes, steady state (ring-disk and array electrodes) and
transient methods (chronoamperometry, chronocoulometry and normal pulse
voltammetry) have been explored extensively [12-19]. These short timescale
techniques typically give information about the charge transport properties of
the modifying film close to the polymer/electrode interface. The results
obtained in this manner may not be typical for the whole modifying layer due to
different morphologies and/or redox composition.

In this chapter the effect of electrolyte type and concentration,
temperature, pH, redox site loading and experimental timescale on both the
homogeneous and heterogeneous charge transport properties of
[Os(bipy)2(PVP)nCI]Cl, where n= 5, 10, 15, 20 and 25, modified electrodes
is investigated. The rate of homogeneous charge transport has been explored

for each redox site loading in 0.1 to 1.0 M supporting electrolyte. The
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supporting electrolytes examined are HC1l, HCIO4 and H2SO4. Cyclic
voltammetry and short timescale potential step methods give detailed
information of the charge transport properties of this type of material at
different timescales. Thermodynamic parameters have been evaluated from the
temperature dependence of both as measured by potential step and cyclic
voltammetry methods. Similarly, the dependence of heterogeneous electron
transfer from the underlying electrode into the metallopolymer film on the

above variables has been explored using sampled current voltammetry.
Section 4.2 Experimental

Materials. [Os(bipy)2(PVP)nCI]CI n= 5, 10, 15, 20 and 25 were

prepared as described previously in chapter 2.

Apparatus and procedures Electrochemical measurements were performed
using an E.G.& G. Model 273 potentiostat/ galvanostat as described in chapter
3.

Surface coverages were estimated by graphical integration of the
background corrected slow sweep rate cyclic voltammograms (1 mV/s), and were
typically 2 - 4 x 10 moIC?:m . The quantity of osmium immobilised on the
electrode surface was kept constant as the loading was varied. This means that
the layer thickness for the 1:25 loading is approximately 3.5 times greater
than the 1:5 loading. However, the same results within experimental error are
obtained for homogeneous charge transport when layer thickness is kept
constant. Where the layer thickness is varied more extremely DqT typically

decreases with increasing film thickness (see chapter 3 for further discussion
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of layer thickness effects). The advantage of keeping the quantity of osmium
on the electrode constant is that a high Faradaic to capacitive current ratio
is maintained where the electrolyte, redox site concentrations and temperature
are low. Layer thickness was estimated from the individual densities of the
dry metallopolymers as measured by flotation in non swelling solvents, namely
petroleum ether and dichloromethane; n = 25, 1.07 g/cma; n = 20, 1.08
g/cm3; n = 15 1.09 g/cm3; n = 10, 1.20 g/cm3 and n =5 1.40 g/cm3.
These gave a value for the maximum concentration of osmium centres within the
film as follows n =25, 0.33 M; n =20, 0.38 M; n = 15, 0.46 M; n = 10, 0.70 M
and n = 5 117 M. These values have been used to calculate DAT from the
experimentally determined

In studies where the electrolyte concentration was varied, all the
experiments were carried out with fresh coatings. This avoids possible
problems from "memory effects” where the rate of charge transport through a
film would be dependent on the electrolytes to which it had previously been
exposed. The values for the diffusion coefficients, and activation parameters
are reproducible to within + 2% on a single coating and to + 10% between

coatings.

Section 4.3 Results : The Effect of Electrolyte and Redox Site Concentration on

Homogeneous Charge Transport Rates.

Section 4.3.1 General Potential step chronoamperometry, chronocoulometry and
sampled current voltammetry were employed in conjunction with the Cottrell
equation [20] to estimate the charge transport rates for the Os(II/III)

oxidation as apparent diffusion parameters DE£-p(PS)*2C and D"j(PS), where
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PS indicates potential step in accordance with the methods described in chapter
3 and the Cottrell equation (section 1.3.2).

For the cyclic voltammetry experiments sweep rates in the range 1 to
500 mV/s were used. Charge transport rates were evaluated from the peak
current obtained at sweep rates between 50 and 500 mV/s using both the Aoki
[21] and Randles-Sevcik [22] approaches described in 1.3.1 and the
methodologies described in chapter 3. This rate of homogeneous charge
transport derived from cyclic voltammetry data is labelled as D*j(CV).

The rate of charge transport through these osmium containing
metallopolymer films has been evaluated as the osmium loading within the film
has been changed from 1:25 to 1.5 ([Os(bipy)2CIl]+ : pyridine monomer

units).

Section 4.3.2 Hydrochloric Acid

Figure 4.3.2.1 shows the effect of osmium loading on the Cottrell
response obtained from chronoamperometric experiments carried out in 1.0 M
HC1. This figure clearly shows that the rate of charge transport is dependent
on the osmium concentration within the film. The linearity and zero intercept
of the Cottrell plot suggests that the response is diffusion controlled. It
also shows, that for osmium loadings between 1:25 and 1:10 D(~.p(PS), as
obtained from the slope of the plots, increases as the osmium concentration
increases, but that for the 1.5 loading a decrease is observed. The time at
which the chronoamperometry response fails to obey the Cottrell equation is
dependent on both the redox site loading and the electrolyte concentration.
Thediffusion layer thickness at this time can be approximated by 8 = (7T

Dct*)*2- The effect of active site loading on the ratio of the diffusion
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Figure—4,3.2.1 The effect of redox site loading on the

chronoamperometric response for [Os(bipy)2(PVP)nCI]CI
films on glassy carbon electrodes presented as Cottrell

plots. 1.0 M HC1 as supporting electrolyte.
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layer thickness to the layer thickness in 0.8 M HC1 is given in Table 4.3.2.1.
This table shows that the Cottrell equation is only obeyed for times
considerably less than those required for complete oxidation of the film.

The effect of redox site loading on Dgq j(PS) has been explored at
various concentrations of HC1 as supporting electrolyte and the results
presented in Figure 4.3.2.2 and Table 4.3.2.2. Table 4.3.2.2 shows that for
high electrolyte concentrations, and for osmium loadings less than 1.5, a
linear increase of D”-j*PS) with osmium loading is observed, while at low
electrolyte concentration a decrease is observed for osmium loadings where
n<15.

Table 4.3.2.2 shows that D(-.-p(PS) increases with increasing HC1
concentration for all of the loadings examined. However, the extent of this
increase differs for each osmium loading. For the 1.5 loading Dqj(PS) does
not increase as significantly compared with the other osmium loadings. For the
1:10 loading a large variation in Dqj(PS) is observed, with much of this
increase occurring between 0.6 and 0.8 M HC1. For the lower osmium loadings
the effect of HCL1 concentration on DQ-p(PS) is less than that observed for the
1:10 loading, and the increase of Dqj(PS) with HC1 concentration is largely
monotonic.

The effect of osmium loading on both D*-j-(CV) and the redox
potentials as obtained from cyclic voltammetry in HC1 are given in Table
4.3.2.2. As observed wusing potential step methods, CY also shows an initial
linear increase in D7-j-(CV) with increasing osmium loading. The loading that
limits this linear response differs between CY and potential step methods, for
the CY experiments linear behaviour is observed for loadings lower than 1:15.

The effect of increased HC1 concentration is again to increase the charge
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Table 4.3.2.1 The effect of redox site loading on the ratio of
diffusion layer (6 ) to film thickness (L) as measured by potential
step methods. Table A shows data where the surface coverage is kept

constant and B where film thickness is constant.

Redox Surface Layer Diffusion 8 /L
Site Coverage Thickness Layer
Loading (xIO8 (x 105 cm) Thickness
mol cm 2) (& 105 cm)
® 1:5 2.54 2.17 0.54 0.25
l]O 2.32 3.31 1.39 0.42
1:15 2.10 4.56 1.59 0.35
lZ) 2.29 6.02 1.98 0.33
1:25 2.40 7.27 2.18 0.30
® 1:5 5.01 5.05 1.16 0.23
1:10 3.71 5.30 2.12 0.40
1:15 2.35 5.10 1.73 0.34
T 186 4.89 1.61 0.33
1:25 1.72 5.21 1.46 0.28
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Figure 4.3.2.2 The effect of HC1 concentration and redox
site loading on Dg-j-(PS) of [Os(bipy)2(PVP)nCI]CI
films. The HCI concentrations arc from top to bottom 1.0,

0.8, 0.6 and 0.1 M.

112



Table 4.3.2.2: The

supporting electro

parameters of [Os(bipy)2(PVP)nCI]ClI modified electrodes.
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transport rate. The rate of charge transport increases rapidly between 0.6 and

0.8 M HC1 for osmium loadings lower than 1:10.

Section 4.3.3 Perchloric Acid.

The timescale over which the Cottrell equation is obeyed for potential
step experiments in 0.1 M perchloric acid is shown in Table 4.3.3.1. For low
redox site loadings the Cottrell equation is valid only for diffusion layer
thicknesses of between 28 and 43% of the total film thickness and is dependent
on both active site and electrolyte concentration. From the linear portion of
the Cottrell plot, which shows a zero current intercept, DE£j(PS) was
evaluated. The effect of redox site loading and perchloric acid concentration
on Dqj(PS) is shown in Figure 4.3.3.1 and in Table 4.3.3.2. For osmium
loadings between 1:25 and 1:15 Dqj(PS) is relatively insensitive to the redox
site loading, for the 1:10 loading a sharp increase is observed, while for the
1:5 loading the rate of charge transport decreases from the 1:10 value to a
rate which is comparable to that seen at the lower loadings. The effect of
increased perchloric acid concentration as supporting electrolyte is typically
to increase the charge transport rate, notably for the 1:10 loading.

The variation of Dgj(CY) with redox site loading is given in Table
4.3.3.2 and shows a region where the charge transport rate is relatively

insensitive to osmium loading followed by an substantial increase for the 1.5

loading. The effect of electrolyte concentration is distinctly different to
that seen in all other electrolytes, with the exception of
[Os(bipy)2(PVP)25CI]ClI in sulphuric acid. An increasing perchlorate

concentration steadily decreases D”T(CV) and also results in a less positive
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Table 4.3.3.1 The effect of redox site loading on the ratio of
diffusion layer (8 ) to film thickness (L) in 0.1 M HCIO4 as

measured by potential step methods.

Redox Surface Layer Diffusion 8/L
Site Coverage Thickness Layer

Loading (xI108 {x 105 cm) Thickness

molcrf™*) (& 105 cm)

1:5 3.22 2.72 2.22 0.81
1:10 2.89 4.12 1.77 0.43
1:15 3.19 6.93 2.49 0.36
1:20 3.01 7.92 2.53 0.32
1:25 2.75 8.33 2.33 0.28
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Ratio Osmium Pyridine Units

Figure 4,3.3.1 The effect of HCIO4 concentration and redox
site loading on DE£-p(PS) of [Os(bipy)2(PVP)nCI]CI
films. The electrolyte concentrations are from top to

bottom 1.0, 0.6, 0.4 and 0.1 M
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Table 4.3.3.2: The effect of concentration of perchloric acid supporting
electrolyte and redox site loading on charge transport parameters of

[Os(bipy)2(PVP)nCI]CI modified electrodes.

Loading Cone. Dct (PS) Da (CV) E°

M *109 *1010 \%

&t &l

01
n=5 0.95 2.62 0.245
Z 1 2.29 0.240
(jb 2.23 0.225
1.25 1.85 0.215
] 1.40 1.33 0.210
1.44 0.93 0.215

N1
n=10 3.69 0.48 0.215
Z 3.77 0.41 0.220
3.69 0.35 0.215
lq@ 6.35 bﬁ? 0.170
6.35 0.142
L 6.72 0.05 0.125

-

n=15 1 1.02 ]:89 0.245
Z 1.30 0.260
i]-\ 1.44 0.73 0.250
, 1.54 0.64 0.240
1.72 0.52 0.245
2.50 0.47 0.215

01
n=20 0.99 1.07 0.240
Z 1.15 1.04 0.235
1.41 0.74 0.240
, 1.53 0.63 0.230
) 1.76 0.51 0.225
2.09 0.44 0.225
n=25 8% 0.83 ﬁjb 0.240
. 0.94 0.235
1.46 0.73 0.225
1.62 0.62 0.190
] 1.62 0.51 0.195
1.62 0.39 0.180
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redox potential. Overall the wvariations in DEp(CV) are small, with the

exception of the 1:10 loading.

Section 4.3.4 Sulphuric Acid.

The timescale over which the Cottrell equation is obeyed has been
examined as a function of the active site loading. Table 4.3.4.1 shows the
dependency of 8 /L on redox site loading in 1.0 M H2SO4. Significantly,
for loadings where DEp(PS) and D™-j(CV) are similar e.g
[OsCbipy*CPVPACIJCI the Cottrell equation is obeyed for nearly 80 % of
the total film thickness. Where more significant differences exist between
DCT(CV) and D(~.p(PS) the chronoamperomctric response fails to obey the
Cottrell equation at earlier times.

The influence of sulphuric acid concentration on DEp(PS) of various
osmium loadings is shown in Figure 4.3.41 and in Table 4.3.4.2. D"pCPS)
increases approximately linearly with increasing osmium loading between 1:25
and 1:15, before decreasing for the 1:10 and 1.5 loadings.

The effect of an increased electrolyte concentration is dependent on
the redox site loading. For the 1:25 loading D(-<p(PS) is relatively less
sensitive to sulphuric acid concentration. As the redox site loading is
increased D~p(PS) increases more significantly with electrolyte
concentration, and for the 1:20, 1:15 and 1:10 loadings it is seen to increase
greatly between 0.2 and 04 M H2SOs4. For the 1.5 loading D”p(PS) is
again rather insensitive to sulphuric acid concentration.

Table 4.3.4.2 also gives the dependence of D”p with redox site
loading and sulphuric acid concentration as measured by cyclic voltammetry. A

change in the osmium loading from 1:25 to 1:20 reduces D”p(CV) but after this
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Tabic 4.3.41 The effect of redox site loading on the ratio of layer

thickness (L) to diffusion layer thickness (5) in 1.0 M sulphuric

acid as measured by potential step methods.

Redox

Site

Loading

1:5

1:10

1:15

1:20

1:25

Surface

Coverage

108

molcm c)

2.10

2.23

2.01

2.11

2.32

Layer

Diffusion Layer 8/L

Thickness Thickness

(< 105 cm) 105 cm)

1.79

3.14

4.36

5.55

7.03

1.42 0.79
1.88 0.59
1.30 0.30
1.94 0.35
3.86 0.55
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Ratio Osmium:Pyridine Units

Figure 4.3.41 The effect of H2SO4 concentration and
redox site loading on DA”T(PS) of [Os(bipy)2(PVP)nCI]ClI
films. The electrolyte concentrations are from top to

bottom 1.0, 0.4, 0.2 and 0.1 M
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Table 4.3.4.2: The effect of concentration of sulphuric acid supporting
electrolytes and redox site loading on charge transport parameters of

[Os(bipy)2(PVP)nCI]CI modified electrodes.

Loading Cone. dct(ps) dct(cv) E°
y e WD
em?2s1 cm?s™1
n=5 0.1 27 3.22 0.270
0.2 .16 4.18 0.255
0.4 .16 4.77 0.260
0.6 .16 6.50 0.255
0.8 .16 8.39 0.260
1.0 .16 9.12 0.255
n=10 0.1 2.95 2.51 0.260
0.2 3.77 6.11 0.248
0.4 6.40 8.75 0.250
0.6 8.89 12.75 0.250
0.8 9.01 14.88 0.250
1.0 9.16 16.70 0.250
n=15 0. 8.89 1.70 0.237
0. 12.85 4.07 0.235
bB 52.10 4.54 0.235
59.05 5.53 0.220
0.8 59.97 6.60 0.220
1.0 62.06 7.80 0.225
n=20 0.1 6.32 2.10 0.235
0.2 8.01 4.01 0.235
0.4 22.10 5.22 0.230
0.6 23.92 5.43 0.220
0.8 28.63 6.53 0.225
1.0 30.10 7.52 0.223
n=25 0.1 3.78 21.00 0.240
0.2 4.20 21.22 0.230
0.4 4.24 ﬁii) 0.225
0.6 4.56 0.210
0.8 5.92 10.63 0.210
1.0 8.54 9.65 0.200
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an increased osmium loading does not significantly affect the charge transport
rate. Where n<20 the effect of increasing sulphuric acid concentration is to
increase Dqj(CV). The behaviour for the 1:25 loading is however,
significantly different with Dqgj(CV) decreasing as the H2SOa4

concentration is increased.

Section 4.4.1 Determination of Thermodynamic Parameters for Homogeneous
Charge Transport.

The evaluation of thermodynamic parameters can be wuseful in the
identification of the rate determining step of the charge transport process
[23]. Activation energies have been evaluated by varying the temperature of
the contacting electrolyte over the range 278-303 K, measuring the charge
transport rate and evaluating the activation energy, Ea, via the Arrhenius
equation (Equation 5) as described in chapter 3.

The activation parameters obtained in this manner for 0.1 and 1.0 M
electrolytes from potential step and for CV measurements are given in Tables

4.4.2.1 to 4.4.4.2.

Section 4.4.2 Hydrochloric Acid.

This behaviour of Ea(PS) with changing redox site loading in both
0.1 and 10 M HC1 is illustrated in Figure 4.4.2.1. With 0.1 M HC1 as
supporting electrolyte, Ea(PS) remains unchanged with redox site loading at
about 25 kJ/Mol, and is coupled to a negative entropy term. In 1.0 M HC1
Ea(PS) changes with redox site loading. For the 1:25 to 1:15 loadings the
activation energy is 42+2 kJ/Mol, while for the 1:10 and 1.5 loadings it is
reduced to less than 10 kJ/Mol. The entropy term is negative for all loadings
and becomes less negative with decreasing loading.
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Figure 4421 The effect of redox site

loading

[Os(bipy)2(PVP)nCI]CI polymer films on Ea(PS) in

M HC1 and# 0.1 M HC1.
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Table 4.4.21 : Activation parameters for charge transport through
[Os(bipy)2(PVP)nCI]CI films as obtained by sampled current

voltammetry in hydrochloric acid.

Loading Ea (PS) AH(PS)*  AS(PS)f AG<PS)
KMol KIUMol  IMolrK L ki/Hol

= 0.1 M 25.0 2.6 _74.3 44.7
1.0 M 6.9 4.5 134.1 44.4

=D 0.1 M 27.1 24.6 _76.0 47.3
1.0 M 9.0 6.5 _118.8 41.9

n-15 0.1 M 23.5 21.0 _93.5 48.9
10m 21 20.6 _18.3 45.1

=) 0.1 M 27.1 24.6 _88.4 50.9
1.0 M 43.5 41.0 ~20.4 47.1

n=25 0.1 M 25.6 23.1 _09.1 52.6
1.0 M 2.1 39.6 -30.6 48.7
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The behaviour observed using cyclic voltammetry is similar in both 0.1
and 1.0 M HC1 (see Table 4.4.2.2). For the low redox site loadings <1:10
Ea(CV) is large at 90-130 kJ/Mol and the entropy term is positive, with the
higher values being observed for the higher electrolyte concentration. For
1:10 and 1:5 loadings lower activation energies of 20-40 kJ/Mol and negative

entropy terms were obtained.

Section 4.4.3 Perchloric Acid

The activation parameters evaluated from potential step data are given
in Table 4.4.3.1. For the 1:25, 1:20 and 1:15 loadings Ea(PS) s
approximately 40 kJ/Mol in both 0.1 and 1.0 M perchloric acid. This activation
energy is reduced to 159 and 9.9 kJ/Mol in 0.1 and 1.0 M electrolyte
respectively for the 1.5 loading. The 1:10 loading shows a similar value of
145 kJ/Mol in 01 M electrolyte. In 1.0 M perchloric acid an unusual dual
slope behaviour is observed, which is illustrated in figure 4.4.3.1. At
temperatures below 285 K Ea(PS) is similar to that observed for the lower
loadings with a value of 51 kJ/Mol, however, above that temperature the
activation energy is larger (134 kJ/Mol). All of the above activation
energies, except the one obtained for the 1:10 system at high temperature, show
negative entropy terms.

The Ea(CV) values are considerably larger than those observed using
potential step methods (see Table 4.4.3.2). For loadings < 1:15 Ea(CV) is of
the order of 100-150 kJ/Mol and has a positive entropy term. For the 15
loading little wvariation of the activation energy with electrolyte
concentration is observed, and Ea(CV) is coupled to a negative entropy term.

The 1:10 loading represents a transition situation that shows dual slope

125



Table 4.4.2.2 : Activation parameters for charge transport through

[Os(bipy)2(PVP)nCI]CI films

in hydrochloric acid.

Loading Ea (CV)
kJ/Mol

n= 0.1 M 37.8
1.0 M 44 .9

n-10 0.1 M 18.0
1.0 M 16.0

n-15 0.1 H 88.4
1.0 M 134.5

n=20 0.1 M 87.6
1.0 M 133.3

n=25 0.1 M 86.1
1.0 M 132.2

obtained by

I\HECV)*

kJd/Mol
35.3
42.4
15.5
13.5
85.9
132.0
85.1
130.8
83.6
129.8
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cyclic

A SiCV)*
IMol-1K-~
54.5
_27.2
-168.1
~141.2
102.8
265.9
90.9
246.4
80.4

237.0

voltammetry

AG(CV)

kJ/Vol
51.6
50.5
65.6
55.6
55.3
52.7
58.0
54.9
59.7

56.7



Table 4.4.3.1 : Activation parameters for charge transport
through [Os(bipy)2(PVP)nCI]CI films as obtained by sampled

current voltammetry in perchloric acid.

Load ing Ea(PS) AH(PS)® AS(PS)F A G EF
kJ/Mol  kJ/Mol IMol-1~ 1 KIMNK

n= 0.1 H 15.9 13.1 -108.2 45.7
1.0 M 9.9 7.5 -123.9 44.5

n-10 0.1 H 14.5 12.0 ~113.1 45.7
T>285 K 1.0 M 134.0 131.5 292.8 44.3
T<285 K 51.0 48.5 -38.0 60.0
n-15 0.1 M 41.0 38.5 ~41.6 50.9
1.0 M 4.4 41.9 —22.8 48.7

n=20 0.1 M 44.1 41.6 -36.3 52.4
1.0 M 39.3 36.8 ~46.2 50.6

n=25 0.1 M 42.6 40.1 ~46.5 53.9
1.0 M 35.3 32.8 -65.4 52.3
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3.2 3.4 3.6
/T (Kx103)

Figure 4.43.1 Temperature dependence of D”piPS) for

[Os(bipy)2(PVP)1oCI]CI films in 1.0 M HC1C>4.
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Tabic 4.4.3,2 : Activation parameters for charge transport

through [Os(bipy)2{PVP)nCI]CI films as obtained by

cyclic voltammetry in perchloric acid.

Loading

nN=

n=10

n=15

n=20

n=25

T>285 K

T<285 K

0.1

1.0

0.1

1.0

0.1

1.0

0.1

1.0

0.1

1.0

Ea (@)
kJ/Vol

48.6

422

2240

35.0

92.0

162.7

151.3

160.1

154.2

158.4

156.6

A H(cv

kJ/Mol

46.0

39.7

221.5

32.5

89.5

160.2

148.8

157.6

151.7

155.9

154.1
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IMolI~K™'1
9.2
-39.3
548.0
~106.0
92.0
332.5
2952
319.8
290.5
304.0

297.6

AG(CV)

kJ/Vol
48.9
51.4
58.2
64.0
62.1
61.1
60.8
62.3
65.1
65.3

65.4



behaviour in 0.1 M perchloric acid. Above 285 K Ea(CV) is large and coupled
to a positive entropy as observed for the lower redox loadings. Below that
temperature a lower Ea(CV) coupled to a negative entropy term is observed.
In 1.0 M electrolyte a large activation energy with a large positive entropy

value is observed.

Section 4.4.4 Sulphuric Acid

The values obtained for Ea(PS) in 0.1 M sulphuric acid, increase as
the redox site loading is increased and are associated with negative entropy
terms (see Table 4.4.4.1). The behaviour in 1.0 M sulphuric acid is similar to
that observed previously for 1.0 M HCI. At low loadings Ea(PS) is high
(35-40 kJ/Mol) and is then reduced at higher redox site loading.

The cyclic voltammetry behaviour in 1.0 M sulphuric acid exhibits a
large Ea(CV) associated with a positive entropy term (see Table 4.4.4.2). As
the osmium content in the film is increased to 1.5 Ea(CV) is reduced and
becomes associated with a negative entropy term. In 0.1 M sulphuric acid the
activation energy decreases sharply from the value obtained for the 1:25
loading of 79 kJ/Mol to a value of 10 kJ/Mol for the 1:10 loading, followed by

an increase to 45 kJ/Mol for the 1:5 loading.
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Table 4,441 : Activation

through

parameters

[Os{bipy)2(PVP)nCI]ClI

films

current voltammctry in sulphuric acid.

Loading

n=

n=10

n=15

n=20

n=25

0.1 M

1.0 H

0.1 M

1.0M

0.1 H

1.0H

0.1 M

10M

0.1 M

1.0 H

Eg (PS)

kJ/Vol

47.6

2.6

24.0

6.0

14.5

39.2

6.0

34.9

14.5

34.9

for charge

transport

as obtained by sampled

kJd/Mol

45.1

0.1

21.5

3.5

12.0

36.7

3.5

32.4

12.0

32.4

131

JH(PS)T A S(PS)*

JMoIMK-1

0.6

-151.2

-83.1

-134.1

-131.7

-13.5

-148.7

-38.8

-128.2

-52.9

A g @s):
kJ/Mo

44.9

45.2

46.3

43.5

51.3

40.8

47.8

44.0
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Table 4.4,4.2 : Activation parameters for charge transport
through [Os(bipy)2(PVP)nCI]Cl films as obtained by

cyclic voltammetry in sulphuric acid.

Loading Eg(CV) AH(CV)N Asicv)N AG<CV)+
kJ/Vol kJ/Mol JMol-1K-1 kJd/Nol
n= 0.1 M 45.2 427 -18.9 48.3
1.0 H 27.9 25.4 -68.3 45.8
n-10 0.1 ™ 10.5 8.5 -155.6 52.4
1.0 M 115.5 113.0 220.1 47.1
n=15 0.1 M 21.4 18.9 -130.7 55.4
1.0 M 90.4 87.7 170.6 51.6
1=3%0 0.1 M 59.7 57.2 3.0 56.3
1.0 M 80.1 77.6 67.9 57.4
n=25 0.1 M 79.2 76.7 8.0 51.7
1.0 M 74.9 72.4 63.2 53.6
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Section 4.5 Discussion of Homogeneous Charge Transport.

Charge transport through such modifying films is now widely accepted
as occurring through electron self exchange reactions between reduced/oxidised
redox couples. The rate determining step for charge propagation can be limited
by; i) the rate of segmental polymer chain motion, ii) the transport of charge
compensating counterion into/out of the modifying film during redox, iii) the
intrinsic barrier to electron self exchange.

The rate of charge transport through the [Os(bipy)2(PVP)nCI]CI
films reported here is clearly dependent on the electrolyte type, its
concentration and the redox site loading. Significantly, the apparent rate of
charge transport also appears to be dependent on the timescale of the method
used to evaluate it. Traditionally, the investigation of charge transport
through such metallopolymer films has been accomplished using short timescale
potential step measurements. The fact that short timescale chronoamperometry
gives a charge transport rate, D”j(PS), which is larger than that obtained
using cyclic voltammetry, D(~.j(CV), suggests that for these osmium containing
polymers, there are kinetic barriers to the movement of mobile species
participating in the overall redox process, over and above those controlling
the charge injection rate. Such a multiequilibrium model is supported by the
fact that activation energies measured by cyclic voltammetry are larger and
frequently reflect processes, notably polymer chain motion, which are expected
to occur under more complete equilibrium conditions (vide infra). The
timescale over which the Cottrell equation is valid depends on both the active
site and supporting electrolyte concentrations. Significantly, in those
electrolytes, such as H2S04, where DCT(PS) and DCT(CV) are similar the

Cottrell equation is valid for up to 80 % of the total film thickness. This
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further suggests that where kinetic barriers to mass transport are absent that
charge is propagated through the whole film thickness at a similar rate. The
origins of these kinetic barriers to mass transport within the film is
discussed later. The observations ofthis chapter clearly show that
electrochemical methods, as well as, radiotracer techniques and the quartz
crystal microbalance [25-27] can be used to investigate the time dependence of
mass transport.

The difference in charge transfer rates when the electrolyte solution
is varied, suggests that the contacting electrolyte directly influences ion
availability within the film and/or the coatings morphology. The effect of
increased electrolyte concentration is to increase D”".j(PS) for all
electrolytes and loadings examined. The increase is not linearand frequently
shows an electrolyte concentration above which Dqj-(PS) increases
significantly. It is well known that polyelectrolyte films can act to exclude
ions where the ion concentration in solution is below the fixed site
concentration within the film. This occurs due to the films associated Donnan
potential [28]. It seems likely, therefore, that the rate of charge transport
is limited by ion availability dictated by Donnan exclusion, where the
electrolyte concentration is low, andthat only when the electrolyte
concentration exceeds the fixed site concentration is it possible to remove the
ion transport limitation. Other factors, such as the electrolytes ability to
mobilise or solubilise polymer chains or swell the film, will also influence
ion availability.

mThe effect of electrolyte concentration on the cyclic voltammetry

experiments has also been explored (see Tables 4.3.2.2 - 4.3.4.2). In HC1 an

increased electrolyte concentration gives an enhanced Dqg j(CV), with much of
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the increase occurring between 0.6 and 0.8 M electrolyte. This again suggests
that Donnan exclusionoperates for high redox site loading/low electrolyte
combinations and that as the electrolyte concentration is increased, other
processes limit D(~.y(CV). The formal potential data in HC1 support the above
interpretation (see Table 4.3.2.2). EQin HCL1 is insensitive to electrolyte
concentration for the 1:15, 1:20 and 1:25 loadings. At the 1:10 loading EQ
decreases significantly between 0.6 and 0.8 M HC1, the same point at which
Dct(CV) increases sharply. At the 1.5 loading EQactually increases with
increasing HC1 concentration supporting the view that for this loading Donnan
exclusion operates at all the HC1 concentrations examined. The situation in
perchloric acid is in stark contrast to the behaviour discussed above, with
Dct(CV) decreasing as the perchlorate concentration is increased.
Perchlorate salts of these metallopolymers are wunusual in that they are
insoluble in aqueous media. These observations suggest that as the perchlorate
ion concentration is increased, the film becomes more compact, thus hindering
ion transport. This agrees with recent reports on partially quaternised
poly(4-vinylpyridine) films containing Re(CO)3(phen), phen
1,10-phenanthroline, which were shown to form nearly dehydrated compact films
in perchlorate containing media [29]. In sulphuric acid an increase in
electrolyte concentration typically increases D”j(CV), except for the 1:25
loading. This increase is monotonic, which suggests that the film is
extensively swollen. This is supported by the data obtained from the 1:25
loading where DA™T(CV) decreases as the sulphuric acid concentration is
increased. This behaviour is explained by extensive film swelling as the
electrolyte is increased. This process increases the intersite separation,

requiring that the polymer strands move in order that electron self exchange
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occur.

With the exception of sulphuric acid an increased redox site loading
initially increases D"jCCV). DEy(CV) does not increase over the whole
loading range investigated except in perchloric acid, but for the highest
loading examined (1:5) D”j(CV) decreases. This coupled to the observed
dependence of D”-p(CV) on electrolyte concentration suggests that ion
transport plays a significant role in determining Dgp(CV). The fact that
redox site loading has little effect on the charge transport rate when the
electrolyte concentration is low, again suggests ion transport limitations. At
the highest redox site loading examined (1:5) the fixed site concentration is
approximately 1.17 M. Thus a change in electrolyte concentration from 0.1 to
1.0 M does not dramatically alter Dqgij-(CV), since the charge compensating
counterion concentration in solution is always less that the fixed site
concentration and so Donnan exclusion will always operate.

Interestingly, the dependence of both D*j(PS) and D*j(CV) on the
fixed site concentration is frequently linear for low redox site loadings.
This behaviour is generally accepted as being indicative of a Dahms-Ruff
relation in which electron self exchange makes a significant contribution to
the observed charge transport rate [30-33]. However, both the variation of
electrolyte concentration and thermodynamic data (vide infra) clearly suggest
that ion or polymer chain movement, not electron self exchange represents the
rate determining step. Also, measurements conducted on similar ruthenium
containing materials using steady state methods, suggest that the values
obtained for electron self exchange are considerably larger than the DT

values observed here [34],

136



The above interpretation, in which ion movement and availability play
a significant role in the charge transport process, a limitation which can only
be removed for low redox site/high electrolyte concentration combinations, is
supported by the thermodynamic data. The Ea(PS) values obtained are
different in 0.1 and 1.0 M electrolytes. However, AS(PS) values are always
negative except for 1.0 M perchloric acid at high temperatures. These negative
entropies suggest that an ordering process, namely ion transport limits the
rate of charge propagation at both electrolyte concentrations. These negative
entropy terms arise, since electron transport requires an ordering of polymer
chains in a localised activation zone around the electroactive centre [24].
Coupled to this, the requirement of charge compensating counterion movement
into the polymer film will reduce polymer chain flexibility. Both effects will
bring about an increase in the systems order and hence a negative entropy
term.

The Ea(PS) values in 0.1 M HC1 are constant for all loadings
examined. This, in combination with the insensitivity of Dg j (PS) to redox
site loading, suggests that in 0.1 M HC1 that Donnan exclusion controls the ion
availability within the film for all redox site loadings. In 1.0 M electrolyte
Ea(PS) is large (40 kJ/Mol) for the 1:25, 1:20 and 1:15 loadings. This is
reduced to less than 10 kJ/Mol for the 1:10 and 1.5 loadings. This, combined
with the effect on D”j(PS) of redox site concentration changes discussed
previously, suggests that in 1.0 M HC1 ion transport controls the rate of
charge propagation for all loadings. The data suggest that in 1.0 M HC1 Donnan
exclusion has broken down for the 1:25 to 1:10 loadings. This is supported by
the increase of Dgj(PS) with increasing redox site concentration up to the

1:10 loading. The large value of Ea(PS) observed for these low loadings,
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also suggests large scale ion movement within the film. For the 1.5 loading
Donnan exclusion operates even in 1.0 M HC1 due to the fixed site concentration
of 1.17 M, as evidenced by the suppressed D7j(PS) values. The Ea(PS)
values for the 1:10 and 1.5 loading are small. The Ea(PS) value obtained for
the 1:10 is thought to reflect facile ion movement in the film. For the 15
case Donnan exclusion means that transport of charge compensating counterion
across the film/electrolyte interface is the rate determining step, which is
reflected in the low activation energy observed.

When the activation energies are evaluated using cyclic voltammetry
the same trend is observed in both 0.1 and 1.0 M HCl. For low loadings
Ea(CV) is large and coupled to a positive entropy term. This implies that
the rate determining step is a disordering one. Thus it appears that segmental
polymer chain motion limits D”-p(CV) for the 1:25 to 1:15 loadings.
Significantly, in 0.1 M HC1 the activation energy is less that the 1.0 M case,
suggesting that the film is less swollen at lower HC1 concentration thus
reducing the requirement of chain movement for the electron self exchange to
occur. The Ea(CV) and entropy values obtained at high loadings suggest ion
transport as the rate limiting step.

In perchloric acid Ea(PS) decreases from 35-50 kJ/Mol for the 1:25
to 1:10 loadings to 10 kJ/Mol at the 1.5 loading. The behaviour in 1.0 M
electrolyte was broadly similar except for the 1:10 loading. For the 1:25 to
1:15 loadings both D7-p(PS) and Ea(PS) remain relatively constant as the
perchlorate concentration is increased from 0.1 to 1.0 M. This, coupled to the
negative entropy term, suggests that the films are compact, and that ion
transport is impeded, even at electrolyte concentrations where Donnan exclusion

is expected to be broken down. At the 1:5 loading Ea(PS) is low and reflects
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membrane behaviour similar to that discussed for HC1. The 1:10 loading appears
to represent a transition situation. In 0.1 M perchlorate the charge transport
rate is limited by ion availability as controlled by Donnan exclusion, while in
1.0 M electrolyte the two rate determining processes are observed. For
temperatures above 285 K the large activation energy and positive entropy
suggest polymer chain motion as the rate determining step [35,36]. The removal
of the ion transport limitation causes the increased D”-p(PS) values observed
for the 1:10 loading. At lower temperatures ion transport again limits the
charge propagation rate. The large Ea(CV) values, coupled to positive
entropies, represent polymer chain motion as the rate determining step for the
1:25 to 1:15 loadings in both 0.1 and 1.0 M perchloric acid. Donnan exclusion
again controls the processes for the 1.5 loading. In 1.0 M perchloric acid,
polymer strand motion controls Dq”CV) for the 1:10 system, while dual slope
behaviour is observed in 0.1 M electrolyte. This suggests that polymer chain
movement controls the charge transport process at higher temperatures, while
ion movement limits D*j(CV) for temperatures below 285 K.

In 0.1 M sulphuric acid Ea(PS) increases steadily as the redox site
loading is increased. It is presumed that where the osmium content within the
film is low, the electrolytes ability to solubilise the film is at a maximum.

As the osmium content is increased, the film becomes less swollen hence
impeding ion transport, which in turn results in an increased activation
energy. In 1.0 M sulphuric acid the rate determining step remains as ion
movement within the film. The observed increase in D"j(PS) is a consequence
of an increased ion population within the film. D”-j*PS) for the 1:5 loading

is again under Donnan exclusion control, this acts to limit ion availability

within the film thus reducing DqT/(PS). The homogeneous activation energy
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which represents the barrier of ion transport within the film remains low
however. The large Ea(CV) and positive entropy values for the 1:25 loading
in 01 and 1.0 M sulphuric acid both imply a polymer chain movement
limitation. In 0.1 M electrolyte an increase in osmium content changes the
rate determining step to ion movement (low activation energies and negative
entropies). The films Donnan potential can be overcome by the 1.0 M
electrolyte for all loadings except 1:5. Therefore, ion transport limits
DCX(CV) for all sulphuric acid concentrations examined at the 1:5 loading.

This is in agreement with the electrolyte concentration effects discussed

earlier.
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Scction 4.6 Electrolyte and Redox Site Loading Effects on Heterogeneous

Electron Transfer Reactions

Section 4.6.1 General

A typical sampled current voltammogram for the Os(l1/11l) oxidation
within [Os(bipy)2(PVP)2s5CI]CI films with 0.1 M sulphuric acid as
electrolyte is shown in Figure 4.6.1.1. These sigmoid shaped waves are similar
to those observed at unmodified electrodes for solution phase reactants [37],
The anodic currents increase with decreasing sampling time and at the same
time the half wave potentials of the voltammograms for the oxidation process
shift in a positive direction with decreasing sampling time. This behaviour is
accepted as being indicative of Butler-Volmer kinetics [38] and the
conventional analysis for sampled current voltammograms is, therefore, expected
to be appropriate. The rising portion of the sampled current voltammogram has
been analysed using the method of Matsuda [39] (Section 1.3.3) to give the
standard rate constant, k°, and anodic transfer coefficient, CL , for the
heterogeneous electron transfer.

The values for the heterogeneous rate constants, enthalpies and
entropies are reproducible to within + 2% on a single coating and to + 10%

between coatings. Transfer coefficients are accurate to within +0.05.
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Figure 4.6.1.1 Typical sampled current voltammograms for the
Os(I1/111) reaction within [OsCbipy~"CPVPACIJCI
films. Electrolyte 0.1 M H2SO4. Sampling times are,

from top to bottom, 1, 2, 4, 10 ms. Surface coverage 2 x

108 molcm'”.
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Section 4.6.2 Hydrochloric acid

Figure 4.6.2.1 and Table 4.6.2.1 give the dependence of k° and
transfer coefficient on both HC1 concentration and redox site loading. k°
increases with increasing HC1 concentration, the nature of this increase being
dependent on the redox site loading. For the low loadings a near linear
variation of k° and HC1 concentration is observed. For the 1:15 and 1:10
loadings k° increases significantly between 0.6 and 0.8 M. When the redox
site loading is increased to 1.5, k° becomes largely insensitive to
electrolyte concentration. Redox site loading also alters the rate of
heterogeneous electron transfer. An increased osmium content initially sharply
increases k°. This increase is not sustained over the complete loading range
examined and decreases after the 1:15 loading for low HC1 concentrations. In
0.8 and 1.0 M electrolyte k° decreases after the 1:10 loading.

The transfer coefficient shows considerable sensitivity to electrolyte
concentration and redox site loading and reflects the trend observed for k°,
reaching a maximal value for the 1:10 loading. For high osmium loadings Cis
influenced by electrolyte concentration and increases steadily with increased
electrolyte concentration, reaching a value of 0.37 + 0.05 for 1.0 M HC1. For
osmium loadings below 1:10 (X is significantly reduced and is relatively less

influenced by electrolyte concentration.
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Figure 4.6.2.1 The effect of redox site loading and HC1

concentration on k° for [Os(bipy)2(PVP)nCI]CI films.
0] 2

Surface coverage 2 x 10 molcm . The electrolyte

concentrations are, from top to bottom, 1.0, 0.8, 0.6 and

0.1 M.
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Table 4.6.2.1: The effect of concentration of hydrochloric acid supporting
electrolyte and redox site loading on heterogeneous electron transfer

parameters for [Os(bipy)2 (PVP)nCI]CI modified electrodes.

Loading Cone. k°*104 X
1

M cms

n=5 0.1 2.89 0.17
0.2 2.94 0.29
0.4 2.95 0.34
0.6 3.00 0.36
0.8 3.15 0.35
1.0 3.27 0.37

n-10 0.1 3.81 0.18
0.2 4.09 0.27
0.4 4.38 0.31
0.6 4.66 0.35
0.8 6.17 0.36
1.0 6.53 0.38

n-15 0.1 4.65 0.10
0.2 5.15 0.17
0.4 5.19 0.20
0.6 5.19 0.22
0.8 5.97 0.24
1.0 6.02 0.24

n=20 0.1 3.60 0.16
0.2 3.81 0.21
0.4 4.16 0.22
0.6 4.49 0.24
0.8 4.53 0.24
1.0 4.97 0.25

n=25 0.1 2.95 0.14
0.2 3.10 0.14
0.4 3.29 0.16
0.6 3.38 0.17
0.8 3.59 0.19
1.0 3.73 0.24
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Section 4.6.3 Perchloric acid

The dependence of k° on HCIO4 concentration and osmium content is
given in Table 4.6.3.1. The effect of increased perchloric acid is to increase
k°. This increase is typically monotonic and the total change in k° on
going from 0.1 to 1.0 M perchlorate solutions is similar for all loadings.
Initially an increased osmium content increases k°, this is sustained until
the 1:5 loading, where k° is suppressed.

The transfer coefficient is again significantly lower than the
theoretical value of 0.5 for a reversible reaction. Oi remains approximately
constant (0.16+0.04), with increasing electrolyte concentration for the 1:25 to
1:15 loadings. For the 1:10 and more particularly, the 1.5 loading Oi

increases steadily with increasing perchloric acid concentration.

Section 4.6.4 Sulphuric acid

In sulphuric acid the values of k° are considerably larger than
those observed in the other electrolytes (see Tables 4.6.2.1 - 4.6.4.1). For
n<25 k° increases as the sulphuric acid concentration in the contacting
electrolyte is increased (see Figure 4.6.4.1). This increase is linear for all
loadings between 1:20 and 1:5. The 1:25 loading shows a decrease in k°® with
increasing electrolyte concentration. As observed in the other electrolytes
examined, k° initially increases as the redox site loading is increased. The
increase is significantly larger than that observed in the other electrolytes
examined. As the redox site loading is increased to greater than 1:15, k°

decreases for sulphuric acid concentrations above 0.4 M.
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Table 4.6.3.1 The effect of concentration of perchloric acid supporting
electrolyte and redox site loading on heterogeneous electron transfer

parameters of [Os(bipy)2 (PVP)nCI]CI modified electrodes.

Loading Cone. ke*l< a
M cms-'

n=5 0.1 2.22 0.30
0.2 2.35 0.31
0.4 2.75 0.31
0.6 3.10 0.32
0.8 3.50 0.32
1.0 3.93 0.32

n-10 0.1 3.10 0.14
0.2 3.41 0.18
0.4 3.85 0.19
0.6 4.11 0.20
0.8 4.67 0.20
1.0 4.95 0.24

n=15 0.1 2.60 0.14
0.2 3.15 0.18
0.4 3.26 0.18
0.6 3.30 0.18
0.8 3.50 0.18
1.0 3.84 0.18

n=20 0.1 2.51 0.14
0.2 2.61 0.14
0.4 2.73 0.15
0.6 3.10 0.16
0.8 3.23 0.18
1.0 3.51 0.18

n=25 0.1 2.45 0.12
0.2 2.24 0.13
0.4 2.50 0.14
0.6 2.74 0.15
0.8 2.95 0.15
1.0 3.22 0.16

147



0.05 0.10 0.15 0.20

Ratio Osmium Pyridine Units

Figure 4.6.4.1 The effect of redox site loading and
H2S04 concentration on k° for
[Os(bipy)2(PVP)nCI]CI films. Surface coverage 2 x

8 2

10"° molcm “. The electrolyte concentrations are, from

top to bottom, 1.0, 0.6, 0.4 and 0.1 M.



Tabic 4.6.4.1 The effect of concentration of sulphuric acid supporting
electrolytes and redox site loading on heterogeneous electron transfer

parameters for [Os(bipy)2(PVP)nCI]CI modified electrodes.

Loading Cone. k°*104 oL
M cms* %

n*=5 0.1 3.00 0.31
0.2 3.17 0.45
0.4 3.30 0.47
0.6 3.25 0.50
0.8 3.84 0.51
1.0 4.05 0.48

n-10 0.1 19.80 0.32
0.2 19.85 0.38
0.4 19.91 0.41
0.6 20.10 0.42
0.8 20.22 0.46
1.0 20.86 0.46

n-15 0.1 12.9 0.35
0.2 17.1 0.37
0.4 21.9 0.37
0.6 27.6 0.48
0.8 29.3 0.50
1.0 32.5 0.49

n=20 0.1 9.10 0.35
0.2 11.00 0.37
0.4 13.51 0.38
0.6 16.32 0.45
0.8 17.80 0.48
1.0 19.12 0.48

n=25 0.1 6.27 0.42
0.2 5.90 0.37
0.4 5.51 0.38
0.6 5.33 0.39
0.8 5.21 0.37
1.0 5.12 0.38
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The transfer coefficient is larger than in other electrolytes and
approaches the theoretical value of 0.5 for a reversible reaction for n<20 in
1.0 M electrolyte. It shows no variation as n is varied from 5 to 20. For n =
25 the transfer coefficient decreases from 0.42 in 0.1 M electrolyte to 0.38 in

1.0 M electrolyte.

Section 4.7 Temperature Effects on Heterogeneous Electron Transfer Réactions

Section 4.7.1 General

Temperature effects on k° have been examined to evaluate enthalpic
and entropie parameters for the heterogeneous electron transfer reaction. This
has been accomplished within the theoretical framework of section 1.4 and the

methodology described in section 3.4 [40-43].

Section 4.7.2 Hydrochloric acid.

The effect of increased redox site loading in 0.1 M HC1 is to linearly
decrease both and (ASM.°)reai (see Table 4.7.2.1). In
1.0 M HC1 the reverse trend is observed with both entropy and enthalpy terms
increasing linearly with increasing redox site loading. Except for the 15
loading the enthalpy terms are larger, while the absolute value of the entropy
terms are smaller in 1.0 M HC1 than 0.1 M HC1. The temperature dependence of
the formal potential for the Os(II/I1l) oxidation, is similar in both 0.1 and
1.0 M HC1 for all loadings and yields a value of 19+2.4 JMol'*K'~ for
AS_F,,°. This behaviour is illustrated in Figure 4.7.2.1 and is typical of

the response observed in all electrolytes.
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Table 4.7.2.1 Thermodynamic Parameters for the Heterogeneous Electron Transfer

Reaction of the Os(l1l/11l1) Couple in [Os(bipy)2 (PVP)nCI]CI polymers in HC1.

Loading  (zijHA )reaj ~'S(f°)real ~rc® ideal Ndeal
kiMol*1 JMol_1K-1 JMol~rK*1 kimol-1 JMol“1*«1

n=5
0.1M 23 -63.6 18.2 23.8 -60.2
1.0M 21.6 -68.6 18.5 23.6 -62.2
n=10
0.1M 18.2 -82 19.3 19.2 -78.7
1.0M 32.3 -28.6 20.7 34.6 -20.9
n-15
0.1M 16.4 -86.0 17.1 16.9 -84.3
1.0M 36.5 -14.2 18.3 37.8 -9.8
n=20
0.1M 15.7 .88.1 19.6 16.6 -84.9
1.0M 38.2 -8.3 19.3 39.6 -3.5
n=25
0.1M 15.2 -90.1 17.9 15.9 -87.6
1.0M 40.3 -2.9 21.5 41.8 2.3
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Figure 4.7.2.1 Temperature dependence of the formal
potentials of the Os(II/I1l) oxidation within
[Os(bipy)2(PVP)jQCI]CI films, as determined by cyclic
voltammetry. Supporting electrolyte 0.1 M HC1l. Surface

coverage 2.3 x 1078 molcm 1
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Section 4.7.3 Perchloric acid.

In perchloric acid, unlike hydrochloric and sulphuric acid (vide
infra), the effect of redox site loading on the enthalpy and entropy terms is
similar in both 0.1 and 1.0 M electrolyte. As the redox site loading is
increased (AH3F.°)reaj increases in a linear manner. An increase in
redox site loading also increases (ASj0)reaj linearly, changing from
negative entropy terms at low redox site loading to positive terms at the high
loadings. The 1:15 loading shows dual slope behaviour, which to our best
knowledge has not been previously reported. This is considered to be related
to the dual slope behaviour observed previously for homogeneous charge
transport. The reaction entropy term again shows little variation with either
active site loading or electrolyte concentration with a value of 19.2 + 2.1
JMol’"K-"* except for the 1:10 loading where it is reduced to 16.5

JMol'rK"~ for temperatures below 285 K.

Section 4.7.4 Sulphuric acid.

The wvariation of log k° with T"~ in 0.1 M sulphuric acid is
illustrated in Figure 4.7.4.1. In this electrolyte concentration the enthalpy
and entropy of activation for heterogeneous electron transfer become more
positive and less negative respectively with increasing osmium loading. |In
1.0 M electrolyte this behaviour is reversed. The reaction entropy is largely
unaffected by redox site loading maintaining a value of 19.5+0.7

JMolIrK" 1
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Table 4.7.3.1 Thermodynamic Parameters for the Heterogeneous Electron Transfer

Reaction of the Os(Il1/111) Couple in [Os(bipy)2(PVP)nCI]CIl polymers in

hcio4d
Loading (AH7°)real (As+°)real ASc ideai (As+°)
kiMol-1 jHoi”r1 JMol-1K 1 kJMol“1 JMol-:

n=5

0.1M 68.8 96.2 17.1 70.3 101.3

1.0M 52.8 30.4 19.3 54.6 36.6

n-10

0.1M 52.1 24.8 21.3 52.9 27.8

1.0M 40.9 -11.8 20.6 42.4 -6.9

n=15

0.1H T<285K 10.3 -113.3 16.5 11.2 -110.4
T>285K 50.2 20.4 21.0 51.1 23.4

1.0M 36.1 -25.9 17.3 36.8 -23.5

n=20

0.1M 43.1 0.6 19.3 43.9 3.3

1.0M 34.1 -31.7 19.8 35.2 -28.1

n=25

0.1K 38.4 -15.0 19.2 39.0 -12.9

1.0M 32.9 -35.2 18.6 33.7 -32.5
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Table 4.7.4.1 Thermodynamic Parameters for the Heterogeneous Electron
Transfer Reaction of the Os(lI/111) Couple in [Os(bipy)2(PVP)nCI]CI

polymers in H2S04

Loading (4H+°)real <ASt°)real ASrc® (¢i Hi°)ldeal hdeal
kiJMol-1 JHol_1K 1 JMoP'k-1 kIMol-1 JMol- 1K-1

n=5

0.1M 40.2 -8.8 20.1 42.1 -2.5

1. O 22.3 -66.9 17.9 24.9 -58.1

n=10

0.1M 25.1 -54.8 19.2 26.9 -48.6

1.0M 33.6 -27.1 20.2 36.4 -17.8

n-15

0.1H 20.1 -71.3 21.0 22.3 -63.9

1.0M 37.5 -13.0 18.6 40.2 -3.9

n=20

0.1M 17.5 -79.5 20.1 19.7 -72.3

1.0H 39.2 -8.0 20.1 41.9 11.1

n=25

0.1M 16.3 -82.4 18.5 18.6 -74.6

1.0M 41.0 -1.2 19.5 43.5 7.0
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Figure 4.7.41 Temperature dependence of k° for

[Os(bipy)2(PVP)jQCIICI modified electrodes. Electrolyte

0.1 M H2SO04.

Surface coverage 2 x 108 molcm'”.
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Section 4.8 Discussion of Heterogeneous Kinetics.

The results obtained show that for [Os(bipy)2(PVP)nCI]ClI modified
electrodes the heterogeneous kinetics are influenced by both redox site loading
and the nature of the electrolyte solution. For all electrolytes and redox
sites loadings k° is typically an order of magnitude less than values
obtained for electroactive species in solution [44]. Such behaviour has been
previously reported for several other systems. Partial blocking of the
electrode surface by the modifying film, as the explanation of the reduced
ke, has been considered by Saveant and co-workers [48,49]. k° for a
modified electrode is considered to be the product of (1-0) and k° for
heterogeneous electron transfer at the active sites, where 0 is the surface
coverage of active sites. Since the polymer backbone is, for the osmium
containing polymer films described here, nonconducting, heterogeneous electron
transfer can only occur between the electrode material and the osmium centre.
As the redox site concentration is increased the intersite separation decreases
and so the number of sites at which heterogeneous electron transfer can take
place should be increased, thus increasing k°. However, k° only increases
with increasing redox site loading up to n = 10 or n = 15 depending on the
electrolyte concentration. This suggests that the Saveant model cannot fully
explain the results obtained in this work. Uncompensated resistance can also
cause reduced values of k° to be observed [50-52], However, in this
contribution uncompensated resistance was routinely compensated for using
positive feedback circuitry. The residual uncompensated resistance is
estimated to cause at most a 12 - 15% error on k°.

The effect of redox site loading and electrolyte concentration on k°

closely follows that observed previously for DgT as measured by potential
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step. Figure 4.8.1 shows the correlation of log k°® and log D*-p(PS). This
plot suggests that the effect of changing the redox site and electrolyte
concentration, similarly affects both the rate determining processes of the
heterogeneous electron-transfer reaction and the homogeneous charge transport
diffusion process occurring within the film [53]. This interpretation is
supported by the thermodynamic data.

In 0.1 M electrolytes except for the 1:15 loading in 0.1 M HCIO4
both (AH”°)real and (A Sj.0)reaj increase as the redox site
loading is increased, the enthalpy becoming more positive and the entropy
becoming less negative (see Tables 4.7.2.1 - 4.7.4.1). For the 1:15 loading in
0.1 M HCI0O4 a dual slope behaviour is observed. Below 285 K both the
enthalpy and entropy terms are less than those values observed for the other
electrolytes, while above this temperature the enthalpy and entropy terms
become more positive and follow the same trend observed for the other 0.1 M
electrolytes. In 1.0 M HC104 both ( ~ H 7~ j and (A St=)real
show similar increases to those observed in 0.1 M electrolytes. However, in
both 1.0 M HC1 and 1.0 M H2SO4 the trend is reversed with both the enthalpy
and entropy terms decreasing with increasing redox site loading. This
behaviour appears to be related to the homogeneous charge transport behaviour
discussed previously. In 0.1 M electrolytes the homogeneous charge transport
rate (Dg-j-(PS)) was insensitive to redox site loadings showed low activation
energies coupled to negative entropy terms. This suggested an ion transport
limitation for all loadings, which became more apparent at the highest
loadings. The fact that the homogeneous and heterogeneous entropy terms are
both negative suggests that both processes are associated with the availability

of charge compensating counterion within the film. The homogeneous charge
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Fiaure 4.8.1 Correlation of k° and D~.j(PS) for
[Os(bipy)2(PVP)nCI]Cl modified electrodes. The
supporting electrolyte concentrations are 0.1, 0.2, 0.4,
0.6, 0.8 and 1.0 M HC1. 0 n=5 X n =10, 0 n = 15

<n =20 and + n = 25,
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transport results suggested, that in 1.0 M sulphuric and hydrochloric acids the
limitation of ion transport dictated by Donnan exclusion [28,54] was removed
for all loadings except 1:5. This breakdown of Donnan exclusion causes in an
influx of ions into the film resulting in the rapid establishment of
equilibrium and a rapid charge transport rate. This process of ion influx
occurring at high electrolyte concentrations is also observed for the
heterogeneous kinetics. The entropy and enthalpy terms of heterogeneous
electron transfer become less positive with increased redox site loading for
1.0 M HC1 and H2SO4 because the ion influx affects the formation of the
double layer. The fact that in perchloric acid the effect of redox site
loading is similar in both 0.1 and 1.0 M electrolyte indicates that the double
layer formation is similar. This suggests that the films are compact and that
the ion population within the film is similar in 0.1 and 1.0 M perchloric acid,
which is in agreement with the homogeneous charge transport results.

As observed in other systems (AH”"°)real and ( Sf=)real
follow a linear relation [53]. This behaviour appears significant since,
despite the differing trends observed in 1.0 M electrolytes, the values
obtained from all electrolytes lie on a single line as illustrated in Figure
4.8.2. This observation suggests that a single process namely ion movement
dictates the behaviour observed.

The reaction entropy (jS rc®°) is considered to be sensitive to
changes in the solvent polarisation required to allow electron transfer
[55,56]. However, for all electrolytes examined here, a positive reaction
entropy term of similar magnitude for all redox site loadings was obtained.
Such positive entropy terms have been previously reported [57] and attributed

to more extensive solvent ordering in the oxidised state. For the present case
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Figure 4.8.2 Correlation of (z\H”.°)real and

(AS™.°)reaj for the heterogeneous electron transfer
reaction of Os(I1/111) within [Os(bipy)2(PVP)nCI]CI
modified electrodes. « 01 M HC1, X 1.0 M HCL, <> 01 M
HC104, + 10M HC104, 0 01 MH2S04 and

EJ 1.0 M h2so4.
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we suggest that increased polarisation of water molecules adjacent to the
aromatic rings of the osmium complex occurs in the higher oxidation state. The
values obtained for the reaction entropy and the fact that they are relatively
constant is in qualitative agreement with the Born model discussed above. The
Born model gives a value of 27 JMol'*K’” for (ASy _°) where ajly =
ared = N (Section 1.4.2, Equation 18). The fact that the reaction
entropy remains constant when the electrolyte is changed or the redox site
loading increased suggests that the local chemical microenvironment of the
osmium centre remains largely unchanged as the redox site loading is varied.
It also appears, that the increased influx of charge compensating which
accompanies the breakdown of Donnan exclusion does not significantly alter the
solvation of the redox centre. This emphasises the importance of considering
not only the redox properties of the electroactive centre, but also the
physicochemical properties of the polymeric matrix. The observation that k°
and D"j(PS) are sensitive to both redox site and electrolyte concentration
while (ASrc®) is not, suggests that it is largely changes in the polymer
phase which are responsible for the ion availability within the film and hence,
the observed variations of k°.

The transfer coefficient for a model monomeric compound
([OsCbipy”PicCljPFg, where Pic = 4-Picoline) at a bare electrode is
0.5+0.08. This value is similar to those obtained for the modified electrodes
in high concentrations of sulphuric acid again suggesting, as discussed in the
case of homogeneous charge transport, a film in which charge compensating
counterion is freely available. It is important to note that where low
transfer coefficients are observed e.g in perchloric acid the sum of Ct
and Ctc is still close to unity. This suggests that Butler-Volmer kinetics
operate even in high redox site loading/low electrolyte concentration
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combinations. Given that the transfer coefficient can yield information as to
the position of the reaction site with respect to the outer Helmholtz plane,

the similarity of the transfer coefficient in sulphuric acid for the solution
and polymer confined species tends to suggest that the position of the reacting
transition state with respect to the electrode is similar in both cases. In
general the point of electron exchange is considered to be at this outer
Helmholtz plane, therefore the heterogeneous electron exchange occurs over
several angstroms and the double layer is formed at the electrode/film

interface not at the film electrolyte interface.
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Section 4.9 Concluding Remarks.

The stability and ideality of the materials reported here are
important properties for practical applications. The results show that a
complete understanding of charge transport through these materials is possible
only by a systematic variation of both the active site and the electrolyte
concentration. The incorporation of these redox active centres, particularly
at low loadings gives a method of examining internal polymer structure as a
function of the contacting solution, information which is difficult to obtain
by any other means.

The use of electrochemical techniques which operate on different
timescales, allows the nature of the equilibria present to be assessed. The
data obtained suggest that total equilibrium of all mobile species (electrons,
ions and polymer chains) occurs only at longer times and that conventional
short timescale chronoamperometry may lead to the establishment of only redox
or electronic equilibrium. The origin of these kinetic barriers stems mainly
from the physicochemical properties of the polymer phase. In sulphuric acid,
an electrolyte which is expected to protonate the uncoordinated pyridine units
of the polymer backbone, hence inducing film swelling, the difference between
Dqgp(PS) and Dg j(CV) is minimal. This in conjunction with the thermodynamic
data suggests that rapid equilibrium can be established in this electrolyte.
It is not unrealistic to assume that the nature of the equilibrium established
can be time dependent. In the potential step methods the Cottrell equation is
valid for only a percentage of the total film thickness, typically 40-60%,
while in the cyclic voltammetry experiment considerably more of the total film
thickness will undergo a redox reaction. This means that where there are

kinetic barriers to ion movement, for example by Donnan exclusion, equilibrium
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may not be established in the time domain of the potential step measurements.

For the cyclic voltammetry experiment counterion movement will be required both
within the film and across the film/electrolyte interface, but the longer

timescale will allow thermodynamic equilibrium to be established. The

suggestion that charge can be propagated at a rate, which is independent of,

and larger than, that resulting in total equilibrium is of considerable

significance, since it has previously been assumed in the literature that

electron and mass transfer processes cannot be decoupled.

The effect of electrolyte type and concentration is typically to
influence directly the ion availability within the film as dictated by Donnan
exclusion. However, the electrolyte solution also alters the film swelling and
consequentially the ease of ion and polymer chain movement. Electron self
exchange as the rate determining step is not observed for this system. At the
highest redox site loading where electron self exchange would be most favoured,
charge compensating counterion motion is always observed as the rate limiting
step. An increase in the intersite separation causes either ion or polymer
chain motion to control Dqj.

k° increases with increasing redox site loading only for low
loadings, typically up to 1:10. The decrease observed for the 1.5 loading for
all electrolytes suggests, that models in which the partial blocking of the
electrode surface by nonconducting material, is responsible for the decreased
k° observed at modified electrodes are incomplete. The linear relation
between the homogeneous charge transport rate and the rate of heterogeneous
electron transfer suggest that similar processes, such as ion transport play
important roles for both. The importance of ion availability in the formation

of the double layer is clearly shown by the breakdown of Donnan potential which
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causes an influx of charge compensating counterion resulting in an enhanced

ke in high concentrations of electrolyte. The thermodynamic data presented
support this view with redox site loading having a distinctly different effect
on the entropy and enthalpy terms in 0.1 and 1.0 M HC1 and H2SO4. In
perchlorate media heterogeneous electron transfer proceeds similarly in both

0.1 and 1.0 M electrolyte, suggesting, as concluded from the homogeneous charge
transport data, that the films are rather compact. The dual slope behaviour

for k° for the 1:15 loading in 0.1 M perchloric acid is certainly noteworthy

and is attributed to specific interaction of perchlorate anion and the PVP
backbone, most likely resulting in film dehydration.

The fact that the reaction entropy remains constant as both the redox
site and electrolyte concentrations are varied, indicates that the local
microenvironment of the osmium(Il/111) couple remains unaltered. This is a
significant result since it emphasises the influence that the physicochemical
properties of the polymer phase have on the observed charge transport behaviour

of these modified electrodes.
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CHAPTER 5

Electrolyte and Temperature

Effects on Homogeneous and Heterogeneous

Charge Transport Through Films of

rosrbipvWPvnncnci
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Section 5.1 Introduction

Polymer modified electrodes have been used to model electron transfer
in biological systems and in particular to investigate the effects of electron
range hopping [1,2]. The interest in polymers containing the imidazole and
imidazole like units has arisen in part because many proteins contain imidazole
rings in the form of L-Histidine [3]. These groups are thought to be
responsible for the buffering capacity of proteins in the physiological pH
range, and they also appear to be active sites for metal binding. Interest in
the catalytic properties has also been generated by the occurrence of imidazole
units in several hydrolytic enzymes. Indeed, many synthetic polymers based on
the imidazole unit have shown properties, such as high reaction rates based on
co-operative effects, saturation kinetics and selective inhibition generally
associated with enzyme catalysed reactions [4-6].

In this chapter the electron transfer reactions for both homogeneous
charge propagation within the film, and the heterogeneous electron transfer
from the underlying electrode into the film has been examined in a variety of
electrolytes over the concentration range 0.1 to 1.0 M. The loading of
[Os(bipy)2CI]+ to imidazole units within the film has been varied from 1.5
to 1:25. As well as this, the effect of temperature and experimental timescale
has been considered. The gives useful information as to the effect of electron
transfer distance on the charge transport rate and the nature of the rate
limiting step, as well as, allowing fundamental parameters to be evaluated and
the modified electrodes response to be optimised.

Data for charge transport through thin films of poly(4-vinylpyridine)
containing the [Os(bipy)2CI]+ redox centre was presented in chapter 4 and

this clearly showed that factors such as the nature of the supporting
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electrolyte, its concentration, and the redox site loading clearly influenced

the electrochemical properties of the modified electrodes.
Poly(N-vinylimidazole) is an essentially monofunctional polybase with a pKa
of between 3.2 in chloride media and 4.2 in p-Toluene-sulphonate [7], In this
chapter the effect of electrolytes whose pH is above and below this pKa on
both the homogeneous charge transport and heterogeneous electron transfer
processes of electrodes modified with osmium containing poly(N-vinylimidazole)

is investigated.

Section 5.2 Experimental
Materials. [Os(bipy)2(PVI)nCI]Cl polymers, where n = 5, 10, 15,

20 and 25 were prepared as described previously in chapter 2.

Apparatus and procedures. Electrochemical measurements were performed
using an E. G. & G. Model 273 potentiostat/ galvanostat as described in
chapter 3.

Surface coverages were estimated by graphical integration of the
background corrected slow sweep rate cyclic voltammograms (1 mV/s), and were

typically 2 - 4 x 10 Rmolcm'z.

The quantity of osmium immobilised on the
electrode surface was kept constant as the loading was varied. This means that
the layer thickness for the 1:25 loading is approximately 3.5 times greater

than the 1:5 loading. However, the same results within experimental error are
obtained for homogeneous charge transport when layer thickness is kept
constant. Where the layer thickness is varied more extremely Dqgt typically

decreases with increasing film thickness (see chapter 3 for further discussion

of layer thickness effects). The advantage of keeping the quantity of osmium
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on the electrode constant is that a high Faradaic to capacitive current ratio
is maintained where the electrolyte, redox site concentrations and temperature
are low. Layer thickness was estimated from the individual densities of the
dry metallopolymers as measured by flotation in non swelling solvents, namely
petroleum ether and dichloromethane; n = 25, 0.918 g/cm ; n = 20, 0.817
g/cm”; n = 15, 0.811 g/cm”; n = 10, 0.905 g/cm” and n =5 1.032
g/cm . These gave a value for the maximum concentration of osmium centres
within the film as follows n =25, 0.35 M; n = 20, 0.37 M; n = 15, 045 M; n =
10, 0.65 M and n =5, 1.05 M. These values have been used to calculate
from the experimentally determined D

In studies where the electrolyte concentration was varied, all the
experiments were carried out with fresh coatings. This avoids possible
problems from "memory effects” where the rate of charge transport through a
film would be dependent on the electrolytes to which the electrode had
previously been exposed. The values for the diffusion coefficients, and
activation parameters are reproducible to within + 2% on a single coating and

to £ 9% between coatings.

Section 5.3 Results: The Effect of Electrolyte and Active Site Concentration on
the Rate of Homogeneous Charge Transport.
Section 5.3.1 General:
Glassy carbon electrodes modified with [Os(bipy)2(PVI)nCI]CI
polymers are stable to photolysis in both aqueous and non aqueous media unlike
the previously reported ruthenium analogues [8], The slow sweep rate linear
sweep voltammetry behaviour for [Os(bipy)2(PVI)<jCI]Cl in 0.1 M H2SO4

is shown in Figure 5.3.1.1. This cyclic voltammogram is typical of a
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E(mV vs SCB)

Figure 5.3.1.1 Linear sweep voltammogram for
[Osibipy"PVINCIJICI modified electrodes in 0.1 M

H. SO.. Sweep rate 1 mV/s.
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reversible, single electron redox reaction of a surface bound species where
significant interaction between the redox centres is absent [9]. Such a

response is observed for all loadings and electrolytes except perchloric acid

and lithium perchlorate where there is tendency for an equilibrium response to
occur only at sweep rates lower than 1 mV/s. This results in the anodic and
cathodic branches of the cyclic voltammogram failing to converge, in such
situations E° is taken as the midpoint of the anodic and cathodic branches of
the slow sweep rate cyclic voltammogram. A typical example of this behaviour
is given for [OsCbipy*CPVI~CIICI in 0.1 M perchloric acid in Figure

5.3.1.2. For sweep rates of 100 mV/s or greater, linear sweep voltammograms
show apparent semi-infinite diffusion behaviour as discussed in section 1.3.1.
The charge passed during a potential sweep in the potential region of the redox
couple, recorded at 1 mV/s, is between 95 and 105% of that anticipated from the

amount of material placed on the electrode surface.

Section 5.3.2 Hydrochloric Acid

The effect of increased hydrochloric acid concentration and redox site
loading on D*j(PS) is given in Table 5.3.2.1. D”">j(PS) increases moderately
with increasing supporting electrolyte concentration. This increase is
typically quasi-linear with no sharp rises occurring between different HC1
concentrations. As the redox site loading is increased Dgq j (PS) decreases,
e.g in 0.1 M hydrochloric acid D*j(PS) decreases from 1.50 x 10° 1005 x
10'~ cm”s™* as the redox loading is increased from 1:25 to 15

In certain systems D”p(CV) is comparable to D*"PS) egforn= 15

in 1.0 M hydrochloric acid Dqj(PS) is 1.62+0.14 x 10" cmV * while
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E(V vs SCB)

Figure 5.3.1.2 Linear sweep voltammogram for
[Osibipy*CPVINCIJCI modified electrodes in 0.1 M

HC104. Sweep rate 1 mV/s.
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Table 5.3.2.1 The effect of concentration of hydrochloric acid supporting
electrolyte and redox site loading on charge transport parameters of

[Os(bipy)2 (PVI)nCI]CI modified electrodes.

Loading Cone. Dct (PS) Dc t {CV) E°
M *109 *1010 \%
cm?s 't enrs !
n=5 0.1 0.46 2.25 0.190
0.2 0.61 2.25 0.185
0.4 0.69 2.81 0.195
0.6 0.83 3.12 0.155
0.8 1.02 3.85 0.125
1.0 1.15 4.14 0.130
n=10 0.1 0.75 2.30 0.165
0.2 0.87 3.01 0.170
0.4 1.05 5.20 0.180
0.6 1.14 5.73 0.180
0.8 1.14 7.92 0.175
1.0 1.23 9.65 0.175
n=15 0.1 1.03 2.60 0.150
0.2 1.11 3.45 0.140
0.4 1.21 5.78 0.145
0.6 1.38 6.53 0.140
0.8 1.48 9.53 0.145
1.0 1.62 11.02 0.150
n=20 0.1 1.26 2.91 0.150
0.2 1.34 3.49 0.150
0.4 1.46 5.83 0.145
0.6 1.65 6.50 0.145
0.8 1.88 8.78 0.140
1.0 2.04 9.61 0.140
n=25 0.1 1.50 3.17 0.145
0.2 1.62 3.54 0.140
0.4 1.78 6.13 0.140
0.6 1.91 6.48 0.140
0.8 2.11 7.09 0.140
1.0 2.27 7.97 0.140
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DCT(CV) is 1.02+0.08 x 10-9 craV”~. Dqg-j"CV) increases considerably
with increasing HCI concentration where 10<n<25, while for n =5 Dq j(CV) is
relatively less sensitive to electrolyte concentration. It is only in 0.8 M
and 1.0 M hydrochloric acid that D*j(CV) increases as the osmium to imidazole
ratio is increased from 1:25 to 1:15, in all other electrolyte concentrations
and redox site loadings Dq j(CV) decreases.
The formal potential of the Os(Il/I1l) oxidation remains constant for
a given loading as the HCI concentration is increased, with the exception of n

= 5, where E° decreases sharply between 0.4 and 0.6 M.

Section 5.3.3 Sodium Chloride
The effect of NaCl concentration on both D*p(PS) and D*j(CV) is
given in Table 5.3.3.1. The rates of charge transport using sodium chloride as
supporting electrolyte are comparable and indeed higher to those observed in
hydrochloric acid. For all the loadings examined both D”-j*PS) and Dqt (CV)
increase as the concentration of sodium chloride increases, with a significant
increase in the charge propagation rate being observed for all loadings between
0.1 and 0.2 M electrolyte. This behaviour is illustrated in Figure 5.3.3.1.
The effect of osmium loading on D”-j-(PS) is distinctly different in 0.1 M
sodium chloride to that observed at higher concentrations. D”j(PS) decreases
linearly with increased redox site loading from a value of 15 x 10'9 to 0.33
x 10 Qcmgs ! as the osmium loading is increased from 1:25 to 1:5. For
concentrations of sodium chloride of 0.2 M, or greater, an increased osmium
content initially increases DEj(PS) before decreasing at the 1:5 loading.
DCT(CV) is significantly lower than Dqj(PS), e.g for

[Os(bipy)2(PV1)jQCI]CI in 1.0 M sodium chloride D”-p(PS) is 3.58 x 10'9
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Table 5.3.3.1 The effect of concentration of sodium chloride supporting
electrolyte and redox site loading on charge transport parameters of

[Os(bipy)2 (PVI)nCI]Cl modified electrodes.

Loading Cone. Dc t (PS) Dc t (CV) E°

H *109 *1010 Vv
enfs 11 enrs™ !

n=5 0.1 0.33 0.24 0.195
0.2 1.15 0.24 0.190
0.4 1.28 1.49 0.155
0.6 1.63 1.72 0.150
0.8 1.91 2.04 0.150
1.0 2.56 2.31 0.150

n-10 0.1 1.01 3.46 0.175
0.2 2.91 3.76 0.175
0.4 3.01 4.29 0.175
0.6 3.23 5.02 0.175
0.8 3.29 5.50 0.160
1.0 3.58 6.10 0.160

n°15 0.1 1.20 2.76 0.165
0.2 2.31 3.11 0.155
0.4 2.44 3.52 0.160
0.6 2.67 4.09 0.155
0.8 2.91 4.80 0.155
1.0 3.41 5.09 0.155

n=20 0.1 1.34 2.45 0.170
0.2 1.92 2.78 0.170
0.4 2.20 3.39 0.165
0.6 2.39 3.95 0.155
0.8 2.81 4.67 0.160
1.0 3.21 5.00 0.155

n=25 0.1 1.50 1.92 0.165
0.2 1.62 2.41 0.165
0.4 1.85 3.25 0.150
0.6 2.07 3.86 0.150
0.8 2.68 4,51 0.150
1.0 3.21 4,93 0.150
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0.05 0.1 0.15 0.2

Ratio Osmiurrv-Imidazole Units

Figure 53.3.1 The effect of redox site concentration and NaCl
concentration on D”j(PS) for [Os(bipy)2(PVI)nCI]CI
modified electrodes. The electrolyte concentrations are, from

top to bottom, 1.0 M, 08 M, 0.2 M and 01 M
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cm”s"1 while DAj(CY) is 6.1 x 10™® cmV”" (Table 5.3.3.1). As the
sodium chloride concentration is increased D*p(CY) increases approximately
linearly for all loadings. An increase in redox site loading from 1:25 results

in an increased D"j(CV) up to 1:10 loading.

Section 5.3.4 Sulphuric Acid

Charge transport rates in sulphuric acid as measured by potential step
methods are amongst the highest observed for these modified electrodes,
reaching a maximum at the 1:10 loading in 1.0 M sulphuric acid of 2 x 10
cm2s_1 (Table 5.3.4.1). Both Dqgj(PS) and Dqgj(CV) increase as the
concentration of sulphuric acid as supporting electrolyte is increased. The
sensitivity of D*p(PS) to increases in sulphuric acid concentration depends
on the redox site loading. With the exception of n=10 and 15 the effect of an
increased sulphuric acid concentration is to increase Dqj(PS) in a
quasi-linear manner. For the 1:15 and 1:10 loadings however, a different
behaviour is observed. Below 0.6 M sulphuric acid Dgp(PS) is relatively
insensitive to the sulphuric acid concentration, while above this concentration
DCT(PS) increases more significantly e.g D*j(PS) in 0.4 M sulphuric acid is
46 x 10" cmV” while at 1.0 M is 2 x 10"8 cmV”, An
increased redox site loading increases Dqj(PS) for loadings between 1:25 and
1:10 after which it decreases.

The effect of redox site loading and sulphuric acid concentration on
DCT(CY) is given in Table 5.3.4.1 and shown in Figure 5.3.4.1. D£.T(PS) and
DCT(CV) are comparable for low loadings e.g for the 1:25 system with 1.0 M
electrolyte DEj(PS) is 1.15 x 10’9 cmV* while D”*-j(CV) is 1.08 x

1009 cmV ™. For higher loadings the rate of charge transport
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Table 5.3.4.1 The effect of concentration of sulphuric acid supporting
electrolyte and redox site loading on charge transport parameters of

[Os(bipy)2 (PVI)nCI]ClI modified electrodes.

Loading Cone. Dc t (PS) Dct (CV) E°
M *109 *1010 Vv
cirts ! cm s A

n=5 0.1 1.18 3.88 0.175
0.2 1.37 4.00 0.170
0.4 1.46 4.35 0.170
0.6 1.54 4.30 0.145
0.8 2.18 4.43 0.145
1.0 2.25 4.53 0.150

n=10 0.1 2.97 1.83 0.145
0.2 3.70 1.97 0.155
0.4 4.64 2.09 0.175
0.6 8.91 2.40 0.190
0.8 14.1 2.60 0.190
1.0 20.1 2.70 0.205

n=15 0.1 2.01 1.74 0.165
0.2 2.67 2.53 0.160
0.4 3.12 3.11 0.160
0.6 5.47 6.62 0.140
0.8 8.53 8.34 0.135
1.0 11.00 9.98 0.135

n=20 0.1 1.23 2.54 0.165
0.2 1.46 3.37 0.160
0.4 1.72 6.31 0.155
0.6 1.91 8.09 0.155
0.8 2.85 8.85 0.145
1.0 3.10 10.42 0.150

n=25 0.1 0.51 2.70 0.170
0.2 0.60 3.51 0.145
0.4 0.75 6.72 0.145
0.6 0.91 8.25 0.150
0.8 1.08 9.05 0.135
1.0 1.15 10.81 0.140
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Figure 5.3.4.1 The effect of redox site concentration and
H2S0 4 concentration on D*j(CV) for
[Os(bipy)2(PVI)nCI]CI modified electrodes. The
electrolyte concentrations arc, from top to bottom, 1.0 M,

0.8 M, 0.2 M and 0.1 M.
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observed becomes more dependent on the experimental technique employed to
measure it; e.g for the 1.5 system in 0.1 M sulphuric acid Dqj(PS) is 1.18 x
10"9 cm”s"* while Dgj(CY) is 0.38 x 10" cm VI As the

sulphuric acid concentration is increased then D”-piCV) also increases for all
loadings. However, a significant proportion of the increase occurs between 0.2
and 0.6 M except for the 1:10 and 1:5 loadings where D*p(CV) is relatively
less sensitive to increased sulphuric acid concentration. As the redox site
loading is increased from 1:25 the rate of homogeneous charge transport
decreases. This decreases continues with increasing active site loading until

n =5 where D*j(CV) increases moderately.

Section 5.3.5 Potassium Sulphate

The effect of redox site loading and potassium sulphate concentration
over the range 0.1 to 0.6 M is given in Table 5.3.5.1 and shown in Figure
5.3.5.1. This figure shows that for all redox site loadings an increase in
potassium sulphate concentration increases D*j(PS). Where n = 25 and n =5a
quasi-linear increase of D"j-(PS) with potassium sulphate concentration is
observed and the rate of charge transport is relatively less sensitive to
electrolyte concentration. For intermediate loadings, (where n = 20, 15 or
10), Dq j (PS) increases more significantly with much of this increase
occurring between 0.2 and 0.4 M potassium sulphate. D"j(PS) increases as the
osmium loading is increased from 1:25 to 1:10 after which Dq p (PS) decreases
for the 1:5 loading.

The charge transport rates measured by cyclic voltammetry are less
than those recorded using potential step measurements (Table 5.3.5.1). As

observed in the potential step experiments Dqg j(CV) also increases as the
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Tabic 5.3.5.1 The effect of concentration of potassium sulphate supporting
electrolyte and redox site loading on charge transport parameters of

[Os(bipy)2 (PVI)nCI]ClI modified electrodes.

Loading Cone. dct<ps) dct{cv> E°
M *109 *1010 \%
enfs % an £

n=5 0.1 0.25 0.06 0.185
0.2 0.39 0.15 0.185
0.4 0.59 0.17 0.185
0.6 0.81 0.21 0.180

n=10 0.1 4.37 1.71 0.165
0.2 6.42 1.86 0.170
0.4 10.93 2.28 0.170
0.6 14.12 2.80 0.175

n=15 0.1 3.04 2.92 0.185
0.2 4.07 3.35 0.180
0.4 8.46 3.71 0.175
0.6 9.46 4.37 0.170

n=20 0.1 1.87 5.45 0.180
0.2 2.81 5.78 0.175
0.4 5.11 6.47 0.175
0.6 6.20 6.56 0.165

n=25 0.1 0.94 7.92 0.180
0.2 1.45 8.37 0.175
0.4 1.87 9.05 0.170
0.6 2.71 9.10 0.170
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Figure S.35.1 The effect of redox site concentration and
K2S04 concentration on DqT(PS) for

[Os(bipy)2 (PVI)nCI]CI modified electrodes. The
electrolyte concentrations are, from top to bottom, o.6,

0.4, 0.2 and 01 M
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electrolyte concentration is increased. The effect of redox site concentration
on D™-p(CV) is, however, different to that observed using potential step, with
DCT(CV) decreasing with increasing redox site loading over the whole range

examined.

Section 5.3.6 Toluene-4-sulphonic Acid

Table 5.3.6.1 gives the dependence of both Dqj(PS) and DET(CV) on
redox site loading as the concentration of toluene-4-sulphonic acid as
supporting electrolyte is varied over the range 0.1 to 1.0 M. This table shows
that the rates of homogeneous charge transport are amongst the highest obtained
for these films. The effect of increased p-TSA concentration is to increase
Dqj-(PS). A significant increase in D*j(PS) occurs between 0.8 and 1.0 M
p-TSA. The effect of increased redox site loading is to linearly increase the
charge transport rate over the whole loading range examined. This behaviour is
shown in Figure 5.3.6.1. This is the only electrolyte which shows this
behaviour over the whole loading range examined and for all electrolyte
concentrations. It is to be noted that the overall increase in D™-p(PS) with
redox site loading (a maximum factor of 1.7 from 1:25 to 1.5 loadings) is not
as significant as that observed in other electrolytes.

DCT(CV) shows a near linear variation with p-TSA concentration
(Table 5.3.6.1). The maximum variation, which occurs for the 1:25 loading is a
factor of 19 between 0.1 and 1.0 M electrolyte. An increase in the active
site loading, results in a considerably enhanced charge propagation rate. This
variation is linear over the whole loading range and is illustrated in Figure

5.3.6.2. The maximum charge transport rate is 1.3 X 10—0 cm’s’ attained
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Table 5.3.6.1 The effect of concentration of toluene sulphonic acid supporting
electrolyte and redox site loading on charge transport parameters of

[Os(bipy)2 (PVI)nCI]CI modified electrodes.

Loading Cone. Dct(PS) dct<cv) , FE°

M *109 noio Vv
cufs 1 cmzs'1

n=5 0.1 1.85 10.50 0.220
0.2 2.12 11.12 0.200
0.4 3.05 11.54 0.175
0.6 4.00 11.98 0.170
0.8 4.22 12.52 0.175
1.0 7.15 13.08 0.170

n=10 0.1 1.45 5.89 0.220
0.2 1.75 6.14 0.225
0.4 2.60 7.11 0.215
0.6 3.40 7.29 0.195
0.8 3.56 7.59 0.185
1.0 6.75 7.89 0.185

n=15 0.1 1.20 4.48 0.190
0.2 1.52 4.66 0.185
0.4 2.31 4.81 0.190
0.6 3.05 5.17 0.195
0.8 3.25 5.34 0.195
1.0 6.55 5.62 0.195

n=20 0.1 1.16 3.45 0.195
0.2 1.47 3.71 0.190
0.4 2.23 4.00 0.190
0.6 2.97 4.39 0.180
0.8 3.18 4.76 0.175
1.0 6.47 5.03 0.170

n=25 0.1 1.09 2.36 0.190
0.2 1.35 2.57 0.195
0.4 2.11 3.20 0.200
0.6 2.81 3.77 0.185
0.8 3.00 4.14 0.170
1.0 6.28 4.43 0.170
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Figure 5.3.6.1 The effect of redox site concentration and
toluene-4-sulphonic acid concentration on D™-j-(PS) for
[Os(bipy)2 (PVI)nCI]ClI modified electrodes. The
electrolyte concentrations are, from top to bottom, 1.0,

0.8, 0.2 and 0.1 M
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Figure 5.3.6.2 The effect of redox site concentration and
toluene-4-sulphonic acid concentration on D*j(CV) for
[Os(bipy)2(PVI)nCI]ClI modified electrodes. The
electrolyte concentrations are, from top to bottom, 1.0,

0.8, 0.2 and 0.1 M.
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at the 1.5 loading in 1.0 M p-TSA. DE£T(CV) increases by a factor of
between 3 and 4.5 depending on the electrolyte concentration as the redox

loading is increased from 1:25 to 1.5

Section 5.3.7 Perchloric Acid

The effect of redox site loading in perchloric acid is given
in Table 5.3.7.1 and is illustrated in Figure 5.3.7.1. An increase in
HCI104 concentration increases D(-.j(PS). For loadings in the range 1:25
to 1:10 this increase in significant, while for the 1.5 loading it is less
so. For films where 25>n>10 D£.p(PS) increases most significantly
between 0.6 and 1.0 M electrolyte. The effect of increased active site
loading is to enhance the charge transport rate over the range 1:25 to
1:10 before suppressing it at the 1:5 loading.

The response of D"-pCCV) to changes in the perchloric acid
and osmium concentration within the film is given in Table 5.3.7.1 and
illustrated in Figure 5.3.7.2. D"-pCCV) decreases as the concentration
of perchlorate is increased. As well as this, D£.-p(CV) is sluggish
compared to other electrolytes, the maximum charge transport rate being 9

11

x 10 cm s' . The decrease in with increasing perchlorate
concentration is most apparent for low redox site loadings i.e 1:25 - 1:15
while for the 1:10 and 1:5 loadings the effect is less pronounced. As the
redox site concentration is increased from 1:25 to 1:15, D*-p(CV) is

insensitive to the fixed site concentration before decreasing sharply at

the 1:10 loading.
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Table 5.3.7.1 The effect of concentration of perchloric acid supporting
electrolyte and redox site loading on charge transport parameters of

[Os(bipy)2 (PVI)nCI]CI modified electrodes.

Loading Cone. dct{ps) dct(cv) E°
H *109 *1010 Vv
cufs i ctns-1

n=5 0.1 0.48 0.44 0.160
0.2 0.48 0.44 0.155
0.4 0.48 0.43 0.125
0.6 0.50 0.42 0.115
0.8 0.60 0.41 0.115
1.0 0.68 0.34 0.115

n-10 0.1 2.86 2.06 0.155
0.2 2.86 1.45 0.155
0.4 3.10 1.43 0.125
0.6 3.93 1.40 0.125
0.8 5.30 1.40 0.130
1.0 6.01 1.35 0.130

n=15 0.1 0.89 8.76 0.140
0.2 1.12 5.89 0.130
0.4 1.31 4.84 0.140
0.6 1.43 3.73 0.125
0.8 1.79 3.09 0.115
1.0 3.64 2.73 0.115

n=20 0.1 0.75 8.89 0.150
0.2 0.93 6.43 0.140
0.4 1.01 5.09 0.135
0.6 1.11 4.45 0.130
0.8 1.32 3.25 0.120
1.0 2.58 3.03 0.115

n=25 0.1 0.57 9.01 0.160
0.2 0.65 6.94 0.150
0.4 0.66 5.37 0.130
0.6 0.74 4.89 0.120
0.8 0.80 3.42 0.100
1.0 1.82 3.32 0.100
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Figure 5.3.7.1 The effect of redox site concentration and
HCIO4 concentration on D”-jAPS) for
[Os(bipy)2(PVI)nCI]CI modified electrodes. The
electrolyte concentrations are, from top to bottom, 1.0,

0.8, 0.2 and 0.1 M.

194



0.05 0.1 0.15 0.2

Ratio Osmium:Imidazo le Units

Figure 5.3,7.2 The effect of redox site concentration and
HCIO4 concentration on Dqj(CV) for
[Os(bipy)2(PVI)nCJ]ClI modified electrodes. The
electrolyte concentrations are, from top to bottom, 1.0,

0.8, 0.2 and 01 M
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Section 5.3.8 Lithium Perchlorate

Dqy (PS) increases as the lithium perchlorate concentration is
raised, most noticably between 0.8 and 1.0 M where 25>n>10 (Table 5.3.8.1). As
the redox site loading is increased from 1:25 D”-p(PS) initially increases
before decreasing for the 1:10 and 1:5 loadings.

The rate of charge transport measured using cyclic voltammetry is
approximately an order of magnitude less than that observed using potential
step (Table 5.3.8.1). As observed for perchloric acid an increase in the
lithium perchlorate concentration decreases DgT(CV). As the redox site
loading is increased D*p(Cy) initially increases linearly before decreasing

at the 1:5 loading.

Section 5.4 Activation Parameters For Homogeneous Charge Transport

As discussed previously for osmium containing poly(4-vinylpyridine)
films variable temperature chronoamperometry and cyclic voltammetry can be used
to measure the activation parameters for the homogeneous charge transport
process. The measured activation energies and entropies can be useful in the
diagnosis of the rate determining step in the charge transport process
[10,11]. Like the poly(4-vinylpyridine) films discussed in chapter 4, the
poly(N-vinylimidazole) metallopolymers discussed here are compatible with a
wide range of temperatures. Therefore, thermodynamic parameters have been
evaluated from both potential step and cyclic voltammetry data for the above

electrolytes at the various loadings over the temperature range 276-310 K.
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Table 5.3.8.1 The effect of concentration of lithium perchlorate supporting
electrolyte and redox site loading on charge transport parameters of

[Os(bipy)2 (PVI)nCI]CI modified electrodes.

Loading Cone. dct(ps) dct(cv) E°
M noo9 *1010 \%
n=5 0.1 0.35 0.34 0.180
0.2 0.37 0.32 0.155
0.4 0.48 0.29 0.145
0.6 0.65 0.25 0.135
0.8 0.82 0.24 0.125
1.0 1.09 0.20 0.130
n-10 0.1 1.33 3.50 0.165
0.2 1.68 2.73 0.165
0.4 1.67 2.15 0.170
0.6 1.78 2.03 0.145
0.8 1.93 1.81 0.145
1.0 2.87 1.67 0.145
n-15 0.1 1.62 2.26 0.135
0.2 1.66 1.72 0.130
0.4 1.72 1.54 0.130
0.6 1.79 1.33 0.125
0.8 2.06 1.11 0.125
1.0 3.66 0.95 0.125
n=20 0.1 1.21 1.55 0.140
0.2 1.24 1.14 0.135
0.4 1.40 1.02 0.130
0.6 1.45 0.90 0.130
0.8 1.64 0.77 0.130
1.0 3.01 0.67 0.130
n=25 0.1 0.81 0.87 0.155
0.2 0.82 0.55 0.145
0.4 1.07 0.51 0.130
0.6 1.13 0.46 0.110
0.8 1.21 0.43 0.115
1.0 2.32 0.39 0.115
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Section 5.4.1 Hydrochloric Acid

The activation energy for charge transport through
[Os(bipy)2(PVI)nCI]CI films in contact with 0.1 and 1.0 M hydrochloric acid
has been measured and the data given in Table 5.4.1.1. The activation energies
are between 20 and 45 kJ/Mol and increase as the osmium loading of the film
increases. The entropy terms at all loadings are negative. The magnitude and
behaviour of the activation energy is similar in both 0.1 and 1.0 M
hydrochloric acid as supporting electrolyte. The increase in Ea(CV) relates
to the decrease in D*p(PS) discussed previously (section 5.3.2.1).

The effect of redox site loading on Ea(CV) is illustrated in Figure
5.4.1.1, and is distinctly different to that observed previously via potential
step. The response is similar in both 0.1 and 1.0 M electrolyte. For redox
site loadings between 1:25 and 1:15 the activation energy is large (>100
kJ/Mol) and decreases marginally in both 0.1 and 1.0 M hydrochloric acid as n
is varied from 25 to 15. The entropy terms coupled to these activation
energies are positive. At the 1:10 and 1:5 loadings the activation energy is
considerably decreased to a value of 15-40 kJ/Mol. This reduced activation

energy is coupled to a negative entropy term.

Section 5.4.2 Sodium Chloride

E &PS) shows little variation with redox site loading in 0.1 M
sodium chloride, maintaining a value of 12.5+1 kJ/Mol (Table 5.4.2.1). In 0.1
M sodium chloride Ea(PS) shows more variation with redox site loading.
Ea(PS) decreases linearly from 24 kJ/Mol where n = 25 to 15.1 kJ/Mol where n
= 15. For 25>n>5 Ea(PS) is similar to that observed in 0.1 M sodium chloride,

with a value of 14.5+0.6 kJ/Mol. The entropy terms are all negative at both
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Table 5,4.1,1 Activation parameters for charge transport through

[Os(bipy)2 (PVI)nCI]Cl films as obtained by potential step methods in

hydrochloric acid.

Loading

n=5

n-10

n=15

n=25

Cone.

o
N
<

H
o
I

,_\
o
< £ £ £

B

kJ/Mol

45.1
43.1
42.9
37.6
38.8
33.7
30.5
26.9
21.9

19.0

4 H

kJ/Hol

42.

40.

40.

35.

36.

31.

28.

24.

19.

16.

5

5
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AS+

IMol_1K 1

-16.2
-15.3
-31.1
-44.8
-48.9
-62.3
-79.9
-87.9
-111.0

-117.3

A G*

kJ/Mol

47.4
45.2
49.7
48.5
50.9
49.7
54.3
50.6

52.6



Table 5.4.1.2 Activation parameters for charge transport through
[Os(bipy)2 (PVI)nCI]CI films as obtained by cyclic voltammetry in

hydrochloric acid.

Loading Cone. Ea \H+ A G*
kJ/Hol kJ/Mol JMol_1K-1 kJ/Mol

n=5 0.1 M 14.7 17.9 -96.9 46.8
1.0 M 24.0 21.6 -83.8 46.5

n-10 0.1 H 31.2 28.7 -80.2 52.6
1.0 M 40.8 38.3 -36.1 49.1

n=15 0.1 M 99.0 96.5 140.5 54.6
1.0 M 124.7 122.2 227.3 54.5

n=20 0.1 M 110.1 107.6 176.2 55.1
1.0 M 131.7 129.2 256.8 52.6

n=25 0.1 M 114.6 112.1 182.8 57.6
1.0 M 134.6 132.1 261.9 54.1

200



120

O
§j 80
cf AO

Ratio Osmium: ImidazoleUnits

Figure 5.4.1.1 The effect of redox site loading on the
activation energy in ¢« 01 M HClL and = 1.0 M HC1 as

measured by linear sweep voltammetry.



Tabic 5.4.2.1 Activation parameters for charge transport through

[Os(bipy)2 (PVI)nCI]CI films as obtained by potential step methods in sodium

chloride.

Loading Cone. Ea A h* A s* A g+
kJ/Mol kJ/Hol JHol"K -1 kJ/Mol

n=5 0.1 M 12.1 9.6 -129,7 48.3
1.0 M 13.6 11.1 -107.7 43.2
n=10 0.1 M 13.8 11.3 -126.3 49.0
1.0 M 14.7 12.2 -112.7 45.8
n=15 0.1 M 13.3 10.8 -133.2 50.5
1.0 M 15.1 12.6 -118.5 47.9
n=20 0,1 M 11.5 9.0 -143.1 51.7
1.0 H 20.2 17.7 -106.7 49.5
n=25 0.1 M 11.9 9.4 -144.6 52.5
1.0 M 24.0 21.5 -97.6 50.6
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Table 5.4.2.2 Activation parameters for charge transport through

[Os(bipy)2 (PVI)nCI]CI films as obtained by cyclic voltammetry in sodium

chloride.

Loading Cone. Ea AHf As* A G*
kJ/Mol kJ/Mol JMol*K-1 kJ/Mol

n=5 0.1 M 35.8 31.1 -63.1 49.9
1.0 M 61.2 58.6 29.2 49.0
n-10 0.1 M 42.2 39.8 -39.5 51.6
1.0 M 61.3 58.8 28.9 50.2
n«15 0.1 M 114.6 112.1 191.4 55.1
1.0 M 61.6 59.1 21.7 52.6
n=20 0.1 M 116.2 113.7 193.2 56.1
1.0 M 128.9 126.4 242.5 54.1
n=25 0.1 M 116.4 114.0 188.6 57.8
1.0 M 134.3 131.8 256.9 55.2
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electrolyte concentrations although the entropy is more negative in 0.1 M
electrolyte.

Ea(CV) values are more sensitive to redox site loading than
those obtained using potential step methods (Table 5.4.2.2). With 0.1 M sodium
chloride as supporting electrolyte Ea(CV) is large for 25>n>15 (115.7+1.1
kJ/Mol) and is associated with positive entropy terms. For n = 10and n =5 a
reduced activation energy is obtained (33.5+2.5 kJ/Mol) together with negative
entropy terms. In 1.0 M sodium chloride the activation energy is large for the
1:25 and 1:20 loadings (131.5+2.5 kJ/Mol) before decreasing to 61.3+0.2 kJ/Mol
where 15>n>5. The entropy terms are positive for all redox site loadings in

1.0 M sodium chloride.

Section 5.4.3 Sulphuric Acid

Ea(PS) remains constant for all redox site loadings with a
value of 39.6+3.6 kJ/Mol which is coupled to a negative entropy term. In 1.0 M
sulphuric acid the activation energy decreases linearly from 71 kJ/Mol for the
1:25 loading to 32 kJ/Mol for the 1.5 loading. Where 25>n>10 the entropy terms
are positive, while for n = 5 a negative entropy is observed.

Ea(CV) remains constant at a value of 51.1+4 kJ/Mol for all
redox site loadings in 0.1 M sulphuric acid. These activation energies are
coupled to negative entropy terms which show little dependence on active site
loading. In 0.6 M H2S0O4 two distinct behaviours are observed depending on
the redox site loading. For 25<n<15 Ea(CV) is large (98.2+10.9 kJ/Mol) and is
coupled to a positive entropy term. The 1:10 and 1:5 loadings have lower

activation energies (47.9+1 kJ/Mol) and are coupled to negative entropy terms.
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Table 5.4.3.1 Activation parameters for charge transport through
[Os(bipy)2(PVI)nCI]ICI films as obtained by potential step methods in

sulphuric acid.

Loading Cone. ga A H* Js* AG*
kJ/Mol kJ/Mol JMol- 1K-1 kJ/Mol

n=5 0.1 M 38.9 36.4 -29.2 45.1
1.0 M 32.1 29.6 -46.6 43.5

n-10 0.1 M 37.6 35.1 -37.1 46.2
1.0 M 59.9 51.A 53.3 41.5

n=15 0.1 M 35.2 32.7 -55.5 49.2
1.0 M 63.8 61.3 54.6 45.0

o=Lo 0.1 ™M 43.3 40.8 -37.1 51.8
1.0 M 64.8 62.3 42.7 49.6

n=25 0.1 M 43.3 40.8 -48.2 55.1
1.0 M 70.9 68.4 51.2 53.1

205



Table 5.4.3,2 Activation parameters for charge transport through

[Os(bipy)2 (PVI)nCI]CI films as obtained by cyclic voltammetry in sulphuric

acid.

Loading Cone. Ea AH* As* AG*
kJ/Mol kJ/Mol JMol-1" 1 kJ/Mol

n=5 0.1 M 43.4 40.9 -23.5 47.9
1.0 M 48.9 46.4 -3.67 47.5
n-10 0.1 M 51.0 48.5 -15.7 53.2
1.0 M 46.8 44.3 -26.4 52.2
n=15 0.1 M 52.3 49.8 -18.4 55.3
1.0 H 92.8 90.3 132.0 50.9
n=20 0.1 ™M 53.6 51.1 -15.8 55.8
1.0 M 92.8 92.5 127.6 54.5
n=25 0.1 ™M 55.1 52.6 -13.8 56.7
1.0 M 109.1 106.6 178.8 53.5
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Section 5.4.4 Potassium Sulphate

In contrast to the other electrolyte systems examined, the
activation energy in high electrolyte concentration (0.6 M) is less than that
observed in 0.1 M electrolyte (Table 5.4.4.1). In 0.6 M potassium sulphate the
activation energy is low and constant with a value of 17.7+2.4 kJ/Mol. In 0.1
M electrolyte the activation energy steadily increases as the redox site
loading is increased. For the 1:25 loading Ea is 23.6 kJ/Mol, which
increases to a maximum of 35.9 kJ/Mol at the 1:5 loading. In both electrolyte
concentrations the entropies are negative. The free energy terms also show
some dependence on redox site loading. At low loadings the Gibbs free energy
term is approximately 50 kJ/Mol which reduces to 45 kJ/Mol for the 1:15 to 1:5
loadings.

The values obtained for Ea(CV) in both 0.1 and 0.6 M potassium
sulphate are the same. As n is varied from 25 to 10 Ea(CV) decreases
systematically from 17.5 kJ/Mol to 5.8 kJ/Mol and remains at this value for the
1:5 loading (Table 5.4.4.2). These activation energies are coupled to
negative entropy terms. The free energy term shows no systematic variation

with redox site loading, maintaining a value of 54.1+4 kJ/Mol.

Section 5.4.5 Toluene-4-sulphonic Acid

Ea(PS) decreases steadily from 37.1 kJ/Mol to 8.7 kJ/Mol in 0.1
M p-TSA and from 32.5 kJ/Mol to 14.0 kJ/Mol as the redox site loading is
increased from 1:25 to 1:5. This behaviour is illustrated in Figure 5.4.5.1.
In both concentrations of supporting electrolyte the entropy terms remain

negative for all loadings examined.
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Table 5.4.4.1 Activation parameters for charge transport through

[Os(bipy)2 (PVI)nCI]CI films as obtained by potential step methods in

potassium sulphate.

Loading

n=20

Cone.

0.1 M

0.6 M

0.1 ™

0.6 M

0.1 ™

0.6 M

0.1 ™M

0.6 M

0.1 ™M

0.6 M

Ea

kJ/Mol

35.9

20.1

32.3

17.8

28.7

16.3

25.9

16.5

23.6

17.7

A H*

kJ/Hol

33.4

17.

29.

15.

26.

13.

23.

14.

21.

15.
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A s*

JMol-1«-1

-52.2

-95.4

-52.0

-90.9

-73.8

-106.0

-92.1

-113.6

-109.2

-120.2

A G
kJ/Mol
48.9
46.0
45.3
42.4
48.2
45.4
50.8
47.9
53.6

51.0



Table 5.4A.2 Activation parameters for charge transport through

[Os(bipy)2 (PVI1)nCI]CI films as obtained by cyclic voltammetry in potassium

sulphate.

Loading Gone. Ea A Hf AS™ A G
kJ/Mol kJ/Mol JMol-1M 1 kJ/Mol

n=5 0.1 M 5.5 3.0 -185.2 58.2
0.6 M 5.1 2.6 -176.1 55.1
n=10 0.1 ™M 5.8 3.3 -167.9 53.3
0.6 M 5.8 3.3 -163.8 52.1
n-15 0.1 M 11.1 8.6 -152.4 54.0
0.6 M 9.6 7.1 -154.0 53.0
n=20 0.1 ™M 13.7 11.2 -143.2 53.9
0.6 M 14.1 11.6 -140.3 53.4
n=25 0.1 ™M 17.5 15.0 -131.1 54.0
0.6 M 17.8 15.3 -128.9 53.7
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Table 5.4.5.1 Activation parameters for charge transport through

[Os(bipy)2 (PVI)nCI]CI films as obtained by potential step methods in

toluene sulphonic acid.

Loading

n=>5

n-10

Cone.

0.1 ™M

1.0 M

0.1 m

1.0 H

0.1 ™M

1.0 M

0.1 M

1.0 M

0.1 ™M

1.0 M

Ea

kJ/Mol

14.0

8.7

27.1

22.1

32.9

28.4

35.1

30.2

37.1

32.5

A

kJ/Mol

11

H*

.5

6.2

24

19.

30.

25.

32.

27.

34.

30.

.6
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Z*S*

JMopVvl

-97.9

-126.7

-65.8

-95.7

-67.5

-68.6

-65.2

-67.3

-62.6

-63.4

AG*

kJ/Mol

40.6

44.0

44.2

48.1

50.5

46.3

52.0

47.8

53.3

48.9
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Figure 5.4.5.1 The effect of redox site loading on the
activation energy in #0.1 and m 1.0 M toluene-4-sulphonic

acid as measured by potential step.
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Table S.4.5.2 Activation parameters for charge transport through

[Os(bipy)2 (PVI)nCI]Cl films as obtained by cyclic voltammctry in toluene

sulphonic acid.

Loading

Cone.

Ea

kJ/Hol

18.3

40.1

25.4

37.8

28.4

32.9

28.7

37.0

29.2

37.7

AH*

kJ/Mol

15

37.

22.

35.

25.

30.

26.

34.

26.

33.

.8
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AS*

JMol"1™ 1

-99.5

-24.7

-91.8

-47.8

-90.8

-73.8

-96.7

-65.7

-101.9

-68.1

AG*

kJd/Mol

45.4

44.9

50.3

49.5

52.9

52.4

55.0

54.1

57.1

53.5



The effect of redox site loading on Ea(CV) is less than that
observed for Ea(PS) (see Table 5.4.5.2). In 0.1 M p-TSA the activation
energy shows a linear decrease from 29 kJ/Mol to 18 kJ/Mol as the redox site
loading is increased from 1:25 to 1:5. In 1.0 M electrolyte the activation
energy is largely unaffected by changes in the active site concentration
maintaining a value of 37.1+3 kJ/Mol. The activation entropies are negative for

all loadings.

Section 5.4.6 Perchloric Acid

The effect of redox site loading on Ea(PS) is similar in 0.1 and 1.0
M perchloric acid and Figure 5.4.6.1 illustrates the observed behaviour. For
25>n>15 the activation energy is large (69.4+2.8 kJ/Mol) and associated with
positive entropy terms. This value drops to 25.7+2.5 kJ/Mol for loadings of
1:10 and 1:5 with negative entropy terms.

In 0.1 M perchloric acid Ea(CV) for the 1:25 to 1:15 loadings are
large, 103.3+2 kJ/Mol, before decreasing to 26+2.6 kJ/Mol for the 1:5 loading.
Where 25>n>15 the entropy terms are positive, while for n = 10 and n = 5 the
entropy terms are negative. The transition loading of 1:10 shows dual slope
behaviour observed previously for [Os(bipy)2(PVP)nCI]CI films in contact
with perchlorate salts. Two activation energies are obtained, for temperatures
above 285 K the activation energy is 84.5 kJ/Mol with a positive entropy term.
For temperatures below 285 K a negative entropy term is observed with an
activation energy of 34.2 kJ/Mol. In 1.0 M perchloric acid a high activation
energy (145.6+18 kJ/Mol) is obtained where 25>n>15. For n = 10 the activation

energy is reduced to 69 kJ/Mol. These activation energies are coupled to
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Table 5.4.6.1 Activation parameters for charge transport through
[Os(bipy)2(PVI)nCI]Cl films as obtained by potential step methods in

perchloric acid.

Loading Cone. Ea A h* AS* AG™*
kJ/Hol kJ/Mol JMol- 1K 1 kJ/Mol

n=>5 0.1 M 22.9 20.4 -90.4 47.3
1.0 H 25.9 23.4 -77.4 46.5

n=10 0.1 M 25.8 23.3 -77.3 46.3
1.0 H 28.2 25.7 -63.1 44.5

n-15 0.1 M 67.7 65.2 46.8 51.2
1.0 H 72.2 69.7 73.6 47.8

n=20 0.1 H 66.4 63.9 36.2 53.1
1.0 M 69.8 67.3 57.9 50.0

n=25 0.1 H 68.9 66.4 38.6 54.9
1.0 H 71.3 68.8 56.3 52.0
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Figure 5.4.6.1 The effect of redox site loading on the
activation energy ins 001 M and m 1.0 M HC104 as

measured by potential step.
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Tabic 5.4.6.2 Activation parameters for charge transport through

[Os(bipy)2 (PVI)nCI]CIl films as obtained by cyclic voltammctry in perchloric

acid.
Loading Cone. Ea A H* As+ Ao
kJ/Mol kJ/Mol JMolnIC1 kJ/1
n°s 0.1 M 28.7 26.2 -90.8 53.2
1.0 M 23.4 20.9 -110.7 53.9
n°10 0.1 M T<285K 34.2 31.7 -71.5 53.0
T>285K 84.5 82.0 97.8 54.3
1.0 M 69.3 66.8 43.3 53.9
n=15 0.1 M 105.3 102.8 172.9 51.3
1.0 H 127.6 125.1 238.0 54.2
n=20 0.1 M 103.5 101.0 162.2 52.6
1.0 M 150.6 148.1 290.5 61.5
n=*25 0.1 M 101.2 98.7 150.8 53.8
1.0 H 158.5 156.0 322.5 59.9
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positive entropy terms. When n = 5 Ea(CV) is reduced to 23.4 kJ/Mol which is

associated with a negative entropy.

Section 5.4.7 Lithium Perchlorate

The activation energy as measured by potential step is insensitive to
redox site loading in both 0.1 and 1.0 M lithium perchlorate. In 0.1 M lithium
perchlorate the activation energy is 18.8+3.7kJ/Mol while in 1.0M electrolyte
the activation energy is 28.2+3.2 kJ/Mol. In both concentrations of supporting
electrolyte the activation energies are coupled to negative entropy terms for
all loadings.

As observed using potential step Ea(CV) shows a similar dependence
on redox site loading in both 0.1 and 1.0 M lithium perchlorate. At low redox
site loading (25>n>15), the activation energy is high (127.1+4.8 kJ/Mol) and is
coupled to a positive entropy term. For the 1:5 loading both concentrations of
lithium perchlorate give an activation energy of 15.9 kJ/Mol with negative
entropy terms. The 1:10 loading represents a transition loading with an
activation energy of 64 kJ/Mol in 1.0 M lithium perchlorate and a positive
entropy. The activation energy in 0.1 M electrolyte is 40 kJ/Mol with a
negative entropy term indicating that an ordering process limits the rate of

charge propagation.
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Table 5.4.7.1 Activation parameters for charge transport through

[Os(bipy)2 (PVI)nCI]CI films as obtained by potential step methods in

lithium perchlorate.

<

£ £ £ £

Loading Cone.
n=5 0.1
1.0
n-10 0.1
1.0
n-15 0.1
1.0
n=20 0.1
1.0
n=25 0.1
1.0

<

Ea
kJ/Mol

20.8

27.6

18.9

28.8

15.1

31.4

17.7

27.9

21.5

25.4

AH* AS*
kJ/Mol JMol-1/ 1
18.3 -100.0
25.1 -67.8
16.4 -106.8
26.3 -67.2
12.6 -124.7
28.9 -63.2
15.2 -123.2
25.4 -81.4
19.0 -117.5
22.9 -95.6
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AG*
kJ/Mol
48.1
45.3
48.2
46.3
49.8
47.7
51.9
49.6
54.0

51.4



Table 5.4,7.2 Activation parameters for charge transport through

[Os(bipy)2 (PVI)QCI]CI films as obtained by cyclic voltammetry in lithium

perchlorate.

Loading

Cone.

0.1 ™M

1.0 M

0.1 ™M

1.0 M

0.1 H

1.0 M

0.1 H

1.0 M

0.1 M

1.0 M

Ea

kJ/Mol

15.9

15.9

40.5

64.2

120.6

124.7

126.7

127.9

130.9

131.9

kJ/Mol

13.4

13.4

38.0

61.7

118.1

122.2

124.2

125.4

128.4

129.4
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A S+

JMol“1M 1

-135.9

-121.2

-51.6

34.0

212.9

219.5

225.5

222.6

231.1

227.7

A Gt

kJ/Mol

53.

49

53.

51.

54.

56.

57.

59.

59.

61.

9

.5
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Scction 5.5 Electrolyte and Redox Site Loading Effects on Heterogeneous
Electron Transfer Reactions
A linear correlation of the homogeneous charge transport rate

Dc t(PS) and the standard rate constant k° has been observed for several
polymer modified electrodes [11-13]. This behaviour was also observed for the
poly(4-vinylpyridine) films discussed in chapter 4. In this section the effect
of the redox site loading as well as, the electrolyte type and concentration on
the rate of electron transfer from the underlying electrode surface to the

immobilised metallopolymer is discussed.

Section 5.5.1 Hydrochloric Acid

k® increases approximately linearly with increasing HC1
concentration for all osmium loadings (Table 5.5.1.1). The effect of an
increased active site loading is to decrease k°, e.g in 0.1 M HC1 k°
decreases from 2.90 x 10°* cms"* to 0.97 x 10"~ cms"* as the redox site
loading is increased from 1:25 to 15.

The transfer coefficient oc , is dependent on the redox site loading.
In 0.1 M HC1 QCincreases from 0.21 to 0.35 as the redox site loading is
increased from 1:25 to 1:5. The transfer coefficient also increases with

increasing HC1 concentration for all redox site loadings.

Section 5.5.2. Sodium Chloride

The rate of heterogeneous electron transfer from the electrode into
the [Os(bipy)2 (PVI1)nCI]Cl coatings is more rapid in sodium chloride than in
hydrochloric acid (Table 5.5.2.1). k° increases with increasing osmium

loading up to the 1:10 loading, after which k° decreases.
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Table 5.5.1.1 The effect of concentration of hydrochloric acid supporting
electrolyte and redox site loading on heterogeneous electron transfer

parameters of [Os(bipy)2 (PVI)nCI]ClI modified electrodes.

Loading Cone. k°*104 a
M cms“*

n=5 0.1 0.97 0.35
0.2 1 11 0.45
0.4 1 56 0.50
0.6 2 17 0.45
0.8 2 96 0.45
1.0 3 81 0.45

n-10 0.1 1 68 0.32
0.2 1 94 0.34
0.4 2 31 0.33
0.6 2 69 0.35
0.8 2 96 0.40
1.0 3 81 0.38

n=15 0.1 2 40 0.30
0.2 2 87 0.30
0.4 3 10 0.31
0.6 3 35 0.31
0.8 3 57 0.31
1.0 3 93 0.31

n=20
0.1 2 72 0.29
0.2 3 09 0.32
0.4 3 28 0.35
0.6 3 61 0.38
0.8 3 81 0.36
1.0 4 12 0.36

n=25 0.1 2 90 0.21
0.2 3 25 0.35
0.4 3 45 0.32
0.6 3 90 0.32
0.8 4 18 0.33
1.0 4 38 0.33
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Table 5.5.2.1 The effect of concentration of sodium chloride
supporting electrolyte and redox site loading on heterogeneous
electron transfer parameters of [Os(bipy)2(PVI)nCI]CI modified

electrodes.

Loading Cone. k°*104 a
M cms-~

n=5 0.1 1.08 0.25
0.2 1.10 0.25
0.4 1.35 0.33
0.6 1.77 0.33
0.8 1.84 0.33
1.0 2.12 0.35

n=10 0.1 3.10 0.28
0.2 3.80 0.32
0.4 4.62 0.35
0.6 4.93 0.41
0.8 5.34 0.40
1.0 5.72 0.40

n-15 0.1 2.58 0.30
0.2 3.10 0.30
0.4 3.85 0.30
0.6 4.56 0.35
0.8 4.85 0.40
1.0 4.97 0.40

n=20 0.1 2.23 0.31
0.2 2.51 0.32
0.4 3.04 0.34
0.6 3.65 0.35
0.8 4.01 0.40
1.0 4.25 0.40

n=25 0.1 1.75 0.31
0.2 1.92 0.32
0.4 2.35 0.35
0.6 2.75 0.37
0.8 3.10 0.36
1.0 3.55 0.37
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The effect of increasing NaCl concentration is to monotonically increase k°
for all loadings.

The transfer coefficient is insensitive to redox site loading, it does
however, increase with increasing electrolyte concentration from a value of

0.29+0.04 in 0.1 M NacCl to 0.39+0.04 in 1.0 M NacCl.

Section 5.5.3 Sulphuric Acid

k°® increases as the electrolyte concentration is increased. For
25>n>15 much of the overall increase occurs between 0.6 and 0.8 M sulphuric
acid. The 1:10 loading is more sensitive to the sulphuric acid concentration
increasing from 4.50 x 104 cms'* to 7.15 x 10'4 cms'* on going from
0.1 to 1.0 M H2SO4. The 1:5 loading is less sensitive to changes in
electrolyte concentration (Table 5.5.3.1), An increased redox site loading
increases k° until the 1:10 loading after which k° decreases. These
trends closely follow those discussed earlier for DqT(PS).

Ct is insensitive to both active site and electrolyte concentrations,
maintaining a value of 0.47+0.06. This is close to the theoretical value of

0.5 expected for a single electron, reversible reaction.

Section 5.5.4 Potassium Sulphate

k° shows the same dependence on electrolyte concentration and redox
site loading as that observed previously for Dgj(PS). Kk° increases almost
monotonically as the electrolyte concentration is raised for all loadings
except 1:10 where a significant increase occurs between 0.2 and 0.4 M potassium
sulphate (Table 5.5.4.1). An increased [Os(bipy)2CI]+ loading enhances

k° over the range 1:25 to 1:10 after which point k° decreases.



Table 5.5,3.) The effect of concentration of sulphuric acid supporting
electrolyte and redox site loading on heterogeneous electron transfer

parameters of [Os(bipy)2(PVI1)nCI]ClI modified electrodes.

Loading Cone. k°*104 a
H cms-1

n=5 0.1 3.65 0.45
0.2 3.48 0.41
0.4 3.81 0.42
0.6 3.85 0.47
0.8 3.90 0.51
1.0 3.95 0.51

n-10 0.1 4.50 0.44
0.2 5.11 0.47
0.4 5.48 0.44
0.6 6.21 0.50
0.8 6.43 0.48
1.0 7.15 0.49

n=15 0.1 3.24 0.45
0.2 3.39 0.45
0.4 3.43 0.46
0.6 3.53 0.46
0.8 4.30 0.48
1.00 4.42 0.48

n-20 0.1 3.01 0.44
0.2 3.18 0.44
0.4 3.26 0.48
0.6 3.39 0.45
0.8 3.87 0.46
1.0 3.98 0.48

n=25 0.1 2.78 0.45
0.2 2.87 0.45
0.4 3.09 0.46
0.6 3.19 0.46
0.8 3.56 0.50
1.0 3.78 0.50
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Table 5.5.4.1 The effect of concentration of potassium sulphate
supporting electrolyte and redox site loading on heterogeneous

electron transfer parameters of [Os(bipy)2(PVI)nCI]CI modified

electrodes.

Loading Cone. k°*104 a
M cms- *

n=5 0.1 1.32 0.25
0.2 1.41 0.34
0.4 1.53 0.34
0.6 2.43 0.49

n-10 0.1 3.71 0.27
0.2 3.84 0.30
0.4 5.15 0.34
0.6 5.75 0.37

n«=15 0.1 1.89 0.26
0.2 2.19 0.32
0.4 2.67 0.37
0.6 3.28 0.44

n=20 0.1 1.43 0.30
0.2 1.67 0.34
0.4 1.82 0.35
0.6 2.25 0.40

n=25 0.1 1.26 0.30
0.2 1.43 0.31
0.4 1.62 0.32
0.6 2.10 0.34
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The transfer coefficient is insensitive to redox site loading in
0.1 M K2S0O4, maintaining a value of 0.28+0.03. As the electrolyte
concentration is increased increases, the nature of this increase is however,
dependent on the redox site loading. For the 1:5 loading (X reaches a value

of 0.49 in 1,0 M potassium sulphate.

Section 5,55 Toluene-4-sulphonic Acid

Figure 5.5.5.1 shows the effect of p-TSA concentration and redox
site loading on k°. k° increases with increasing redox site loading in
low electrolyte concentrations while in 1.0 M p-TSA k° is insensitive to the
films osmium content (Table 5.5.5.1). The rate of heterogeneous electron
transfer increases with increasing electrolyte with much of the increase
occurring between 0.6 and 0.8 M p-TSA for all redox site loading.

The transfer coefficient is insensitive to both redox site, and
electrolyte concentration maintaining a value of 0.44+0.04 for all active site

/ electrolyte combinations.

Section 5.5.6 Perchloric Acid

Table 5.5.6.1 gives the dependence of the heterogeneous electron
transfer parameters on both the concentration of HCIO4 and redox site
loading. In 0.1 M electrolyte k° increases linearly with increasing redox
site loading. For higher concentrations of electrolyte k° increases for
25>n>15 before decreasing for higher loadings. Kk° increases with increased
perchloric acid concentration for all loadings, this increase is however,
larger for the 1:15 loading.

The transfer coefficient also shows a disjoint behaviour around the
1:15 loading. For loadings higher than 1:15 OL approaches the theoretical
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Tabic 5.5.5.1 The effect of concentration of toluene sulphonic acid supporting
electrolyte and redox site loading on heterogeneous electron transfer

parameters of [Os(bipy)2(PVI)nCI]CI modified electrodes.

Loading Cone. k°*104 ot
M cms- *
n=5 0.1 4.21 0.44
0.2 4.72 0.45
0.4 5.65 0.45
0.6 6.00 0.45
0.8 7.60 0.45
1.0 8.23 0.44
n-10 0.1 3.98 0.44
0.2 4.51 0.44
0.4 5.23 0.45
0.6 5.71 0.45
0.8 7.45 0.45
1.0 7.89 0.45
n-15 0.1 3.72 0.44
0.2 4.27 0.44
0.4 4.78 0.45
0.6 5.54 0.44
0.8 7.39 0.45
1.0 7.62 0.44
n=20 0.1 3.18 0.45
0.2 3.90 0.44
0.4 4.54 0.45
0.6 5.49 0.48
0.8 7.36 0.48
1.0 7.56 0.48
n=25 0.1 2.60 0.40
0.2 3.37 0.40
0.4 4.32 0.41
0.6 5.45 0.40
0.8 7.20 0.41
1.0 7.50 0.41
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Figure 5.5.5.1 The effect of redox site concentration and
toluene-4-sulphonic acid concentration on k° for
[Os(bipy)2(PVI)nCI]CI modified electrodes. The
electrolyte concentrations are, from top to bottom, 1.0,

0.8, 0.2 and 0.1 m.
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Table 5.5.6.1 The effect of concentration of perchloric acid supporting
electrolyte and redox site loading on heterogeneous electron transfer

parameters of [Os(bipy)2 (PVI)nCI]Ci modified electrodes.

Loading Cone. k°*104 X
M cms- *
n=>5 0.1 1.72 0.47
0.2 1.80 0.45
0.4 1.86 0.45
0.6 1.90 0.46
0.8 2.19 0.46
1.0 2.22 0.48
n=10 0.1 1.25 0.45
0.2 1.96 0.45
0.4 2.00 0.45
0.6 2.21 0.46
0.8 2.55 0.48
1.0 2.71 0.47
n=15 0.1 0.84 0.35
0.2 2.16 0.36
0.4 2.30 0.38
0.6 2.44 0.37
0.8 2.87 0.37
1.0 3.12 0.38
n=20 0.1 0.66 0.36
0.2 1.43 0.35
0.4 1.50 0.37
0.6 1.55 0.36
0.8 1.90 0.37
1.0 2.20 0.38
n=25 0.1 0.53 0.35
0.2 0.69 0.35
0.4 0.82 0.34
0.6 0.92 0.35
0.8 1.05 0.35
1.0 1.11 0.38
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value of 0.5 expected for reversible single electron reactions, while for lower

loadings it is suppressed to approximately 0.35.

Section 5.5.7 Lithium Perchlorate

In all concentrations of LiCIO” k° increases with increasing redox
site loading for 25>n>15 before decreasing at the 1:10 and 1:5 loadings
respectively for low and high electrolyte concentrations. k° shows a nearly
linear increase as the electrolyte concentration is increased (Table
5.5.7.1). Where n = 15 and n = 10 k° increases significantly between 0.2
and 04 M LiC104, for other loadings Kk° increases in a near linear manner
with increasing electrolyte concentration.

The transfer coefficient only approaches the theoretical value of

0.5 for the 1:5 loading in 0.8 and 1.0 M electrolyte. For lower loadings and

electrolyte concentrations (X has a value of approximately 0.35.

230



Table 5.5.7.1 The effect of concentration of lithium perchlorate supporting
electrolyte and redox site loading on heterogeneous electron transfer

parameters of [Os(bipy)2(PVI)nCI]ClI modified electrodes.

Loading Cone. k°e*104 a
M cms”*

n=5 0.1 1.10 0.35
0.2 1.23 0.38
0.4 1.34 0.39
0.6 1.55 0.42
0.8 1.61 0.45
1.0 1.81 0.45

n-10 0.1 2.04 0.35
0.2 2.53 0.36
0.4 3.04 0.37
0.6 3.19 0.36
0.8 3.43 0.35
1.0 3.69 0.36

n=15 0.1 2.19 0.35
0.2 2.70 0.35
0.4 3.19 0.35
0.6 3.34 0.35
0.8 3.48 0.35
1.0 3.60 0.35

n=20 0.1 1.43 0.35
0.2 1.55 0.35
0.4 1.71 0.36
0.6 1.90 0.36
0.8 2.01 0.36
1.0 2.21 0.38

n=25 0.1 0.83 0.35
0.2 0.90 0.35
0.4 1.04 0.35
0.6 1.05 0.35
0.8 1.41 0.35
1.0 1.51 0.35
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Section 5.6 Discussion of Homogeneous and Heterogeneous Charge Transport

The rates of homogeneous charge transport through
[Os(bipy)2(PVI)nCI]CI films and from the electrode into such coatings is
clearly dependent on the electrolyte type, its concentration and the redox site
loading. In general for the above systems the rate of charge transport is
also dependent on the timescale of the method used to evaluate it. A similar
result was obtained for poly(4-vinylpyridine) films containing the
[Os(bipy)2CI]+ redox centre examined in this work. Both potential step
and sweep experiments did, however, give the same result for several systems
notably in sulphuric acid. As discussed previously the difference between
D CX(PS) and DQ-p(CV) can arise because CV measurements are made at a longer
timescale where equilibrium of all mobile species is more likely to be
established.

In the short timescale potential step experiments species resident
within the film are used to maintain electroneutrality within the film. This
leads to the establishment of a kinetic equilibrium involving only highly
mobile species within the film. This situation occurs because of the
instantaneous demands of electroneutrality on oxidation of the redox centre
[14]. Where the supporting electrolyte concentration is high there may be a
large excess of charge compensating counterion within the film, in such
circumstances the potential step measurements may involve an equilibrium of
ions within the film as well as electrons. In low concentrations of
electrolyte, processes such as Donnan exclusion may operate leading to an ion
shortage within the film, and a kinetic situation involving only redox

equilibrium [15] is established.

232



In contrast, at longer times " a thermodynamic equilibrium will be
established, in which all mobile species will reach equilibrium. This process,
in contrast to the short timescale measurements will involve charge
compensating counterion motion within the film, across the film/electrolyte
boundary and in solution. The nature of the equilibrium observed using these
electrochemical methods will be dependent on the magnitude of the potential
gradient, charge compensating counterion availability, the extent of film
swelling and the work terms associated with the swelling involved in the forced
inclusion of charge compensating counterion as dictated by electroneutrality.

This means that where thermodynamic equilibrium is established very
rapidly, the rate of homogeneous charge transport as measured by potential step
and sweep methods will be similar. Such a situation appears for sulphuric
acid, eg in 1.0 M H2S04 DCT(PS) for [Os(bipy)2(PVI)25CI]ICI is 1.15 x
109 cmV* while DEj(CV) is 1.08 x 10'9 cm~s’* It s
conceivable that a situation could arise in which a thermodynamic equilibrium
could not be established even wunder cyclic voltammetry conditions, in these
circumstances D j(PS) and D”j(CV) could again agree, such a response does
not however, appear to be observed for these films.

It is possible to maintain electroneutrality within the film during
the oxidation cycle by ingress of a negatively charged counterion or egress of
a positively charged co-ion. It is possibje, therefore, that depending on the
pH of the supporting electrolyte H+ transport out of the film could play a
role in the charge transport process. For the films discussed here such a

process appears unlikely since D”j(PS) is similar at both pH 1 and pH 7

233



Furthermore, the rate of charge transport is independent of the cation type, eg
the same Dq j(PS) and D”AyCCV) values are observed in TeapCl, NaCl, LiCl and
KC1. These observations strongly suggest that only anion transport is
significant in determining the rate of charge transport for these films. It

is possible that the species contributing to the equilibrium established are
different at different timescales. It has been suggested that for

polythionine films protonic species dominate the short timescale response,
while at longer times all mobile species reach equilibrium populations [16].

An alternative explanation of the differences observed between
DCT(PS) and D"j(CV) is that differential film swelling occurs through the
film thickness. This involves a model in which that portion of the film
adjacent to the electrode is smooth, homogeneous and less swollen than that
portion in direct contact with the supporting electrolyte. The exterior region
would therefore, have a lower fixed site concentration leading to an
underestimation of the charge transport rate. Such a process is considered
unlikely, since the difference between D”~j(PS) and D”yCCV) can be as large
as a factor of 450. This would require differential swelling between the inner
and outer regions of the film of over 2000 %. Such a large difference in
concentration seems unlikely. Furthermore, it is in electrolytes which are
expected to protonate the free nitrogens of the polymer backbone and induce
film swelling, where D"j(PS) and D(~.j(CV) are similar.

The rate of homogeneous charge transport through these materials
immobilised on electrode surfaces is clearly related to the nature and
concentration of charge compensating counterion in solution. Unlike other
systems, is not directly related to the anion size or molar volume [17],

This point is emphasised by the values obtained in p-TSA. The molar
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volume per unit charge of this anion is considerably larger, than for example
sulphate, the rate of charge transport is however, considerably faster. This
suggests that other properties of the electrolyte solution such as swelling
ability exert more influence over Dqgj-than does anion size or volume.

In general, for both Dq j(PS) and Dqg4.(CV) the rate of charge
transport is insensitive to electrolyte concentration in all electrolytes
examined at high redox site loadings. Furthermore, the activation energies
associated with this process is generally quite low 15-40 kJ/Mol and is coupled
to a negative entropy term. These observations strongly suggest that ion
transport and availability directly influences charge transport for these
systems. For the other limiting case of low redox site loading / high
electrolyte concentration both D~j(PS) and D”-pCCV) are sensitive to the
electrolyte concentration show high activation energies and positive entropy
terms. These positive entropy terms are associated with a disordering process
limiting the rate of charge transport [18]. For these cases, it appears
therefore, that segmental polymer chain motion limits Dqg j. That such a rate
limiting step should be observed is reasonable since the intersite separation
will be of the order of 65 A [19], thus requiring movement of the polymer
chains to which the redox centres are bound for electron self exchange.

In practice the observation of these limiting cases depends on factors
such as the operation of Donnan exclusion, film swelling and the ease of anion
transport within the film. In HC1 for example, DCT(PS) is insensitive to

redox site loading, (some decrease is observed but this may be a consequence of
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overestimating the fixed site concentration for high loadings), Ea(PS) is low
and coupled to a negative entropy for all loadings. These observations suggest
that ion transport represents the rate determining step. In cyclic voltammetry
experiments two limiting cases, as discussed above are observed. For low
loadings Dq j(CV) is sensitive to electrolyte concentration and has large
activation energies coupled to positive entropies which suggests segmental
polymer chain motion as the rate determining event. In contrast, as the active
site loading is increased to 1:10 and 1:5 D”j(CV) is less sensitive to HC1
concentration and has a reduced activation energy and negative entropy terms.
These observations suggest an ion transport limitation as expected. NaCl shows
a similar behaviour with the exception that DEy(CV) is limited by polymer
chain movement for all loadings in 1.0 M NacCl.

In H2SO4 as supporting electrolyte DqT(PS) and D~j(CV) are
more similar than in other electrolytes. As well as this, the nature of the
rate determining steps as measured by potential step and sweep methods are the
same (vide infra). In 0.1 M electrolyte both D™-p(PS) and Dqj(CV) are
insensitive to redox site loading. The activation energies are of similar
magnitude (35-55 kJ/Mol) and are coupled to negative entropy terms suggesting
an ion transport limitation. In 1.0 M sulphuric acid both D~”*PS) and
DCT(CV) are more sensitive to electrolyte concentration. Where 25>n>10
Dqgj(PS) shows large activation energies and positive entropies indicating
that charge transport is limited by segmental polymer chain motion. For higher
redox site loadings Ea(PS) is reduced and coupled to a negative entropy
term. This suggests that ion movement is the rate determining step. In the
case of the cyclic voltammetry experiments a similar behaviour is observed

except that the change in the rate determining event occurs at the 1:15
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loading.

Both K2S0O4 and p-TSA exhibit low activation energies coupled to
negative entropy terms for all loadings and electrolyte concentrations. This
strongly suggests an ion transport limitations for all loadings in both 0.1 and
1.0 M electrolytes. The response of both D”-p(PS) and Dqgj(CV) to changes in
electrolyte and redox site loading is distinctly different in both
electrolytes. In K2S0O4 DQ-p(PS) initially increases with increasing redox
site loading before decreasing at the 1:5 loading. In p-TSA D”j(PS)
increases over the whole redox loading range examined. The cyclic voltammetry
experiments also shows a different behaviour in the two electrolytes. In
K2S0O4 DcjCCV) decreases systematically with increasing redox site
loading, this process being reflected in an increased activation energy. In
contrast, in p-TSA, D™j(CV) increases linearly with increasing osmium content
within the film and the activation energy remains invariant. These
observations clearly show that the observed charge transport rate and
dependency on electrolyte and active site concentration is a product not only
of the rate determining event, but also, of factors such as film swelling and
anion mobility.

The charge transport behaviour of these modified electrodes is unusual
in that DE-p(CV) decreases with increasing perchlorate concentration. As
discussed previously (chapter 4) the perchlorate salts of these materials are
insoluble in aqueous media. The dependence of Ea(PS) on redox site loading
is similar in both 0.1 and 1.0 M perchloric acid. For 25>n>15 the activation
energy is large and is coupled to positive entropy terms. When the active site
loading is increased to 1:10 and 1:5 the activation energy is reduced and is

coupled to a negative entropy term. These observations suggest that charge
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transport is limited by polymer chain and ion movement at low and high redox
site loadings respectively. In 1.0 M perchloric acid the response as observed
using cyclic voltammetry is similar except that the transition from polymer
chain to ion movement occurs at the 1:10 loading. In 0.1 M HCI104
is again limited by polymer chain movement for 25>n>15 and by ion transport for
the 1:5 loading. The intermediate loading of 1:10 shows dual slope behaviour
observed previously for the poly(4-vinylpyridine) films (chapter 4). For
temperatures greater than 285 K Ea(CV) is large and coupled to a positive
entropy term, below this temperature Ea(CV) is reduced and associated with a
negative entropy. These observations suggest that polymer chain movement
limits Dgj(CY) for temperatures above 285 K while below this temperature ion
transport is the rate determining step. In lithium perchlorate the short
timescale potential step measurements all show small activation energies and
negative entropy terms suggesting an ion transport limitation. The activation
energy response observed via cyclic voltammetry is similar in both 0.1 and 1.0
M LiCIO~. For 25>n>15 a large activation, positive entropy behaviour is
observed indicating polymer chain movement limits Dgj(CV). At the highest
loading examined (1:5) Ea(CV) is reduced and associated with negative entropy
terms suggesting an ion transport limitation. The 1:10 loading shows polymer
chain and ion movement at high and low electrolyte concentrations respectively.
The rate of heterogeneous electron transfer measured as k° is
similarly affected by changes in the electrolyte and redox site concentration
as D(->j(PS). This behaviour is significant since it implies that processes
such as ion movement similarly affect both homogeneous and heterogeneous charge
transfer [12,13,20], This suggests that the deposited film controls the

concentration of electrolyte at the film / electrode interface and that this
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process influences the formation of the clcctrical double layer and hence k°
and OL. Significantly the dependence of Dqj(PS) and k° on the fixed site
concentration is not reflected in the transfer coefficient [21]. CX is
typically more sensitive to electrolyte concentration than the fixed site
concentration again suggesting that ion availability within the film as
dictated largely by the films Donnan potential directly influences the

heterogeneous kinetics.
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Section 5.7 Concluding Remarks.

The redox behaviour of [Os(bipy)2(PVI)nCI]ClI immobilised on glassy
carbon electrodes is nearly ideally reversible for all loadings and
electrolytes except for those based on perchlorate. The rate of charge
transport through these films is dependent on the supporting electrolyte
solution, the redox site loading and the experimental timescale.
Significantly, both D”t (PS) and DqT(CV) are less sensitive to changes in
the pH of the supporting electrolyte, neither is there a direct relationship
between and the anion molar volume. The optimum rate of homogeneous
charge transport is not attained for the highest redox site loading except in
the case of toluene sulphonic acid.

The rate of heterogeneous electron transfer is also dependent on the
ion population within the film, which in certain cases appears to be dictated
by Donnan exclusion. The formation of the double layer and symmetry of the
energy barrier to electron transfer also appears to be controlled more by the

nature of the supporting electrolyte than the redox site loading.
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CHAPTER 6

Charge Transport Properties of

PolviN-vinylimidazole') Polymers

Containing rOs(N)~12+//*+ Moieties
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Section 6.1 Introduction

The investigation of metallopolymers as electrode modifiers is one of
the more active areas in contemporary electrochemistry [1-3]. Through these
investigations it is becomingly increasingly apparent that the physicochemical
properties of the polymer phase exert considerable influence on the
electrochemical properties of the modified electrodes [4-6]. In previous
chapters the effect of changes in the nature and concentration of the
supporting electrolyte, the redox site loading and the nature of the polymer
backbone were explored. These studies clearly showed that is influenced
by these parameters and by the experimental timescale. In this chapter the
effect of altering the nature of the coordinated site from mono to bis
coordination is examined for the case of [Os(bipy)2(PV1)jQ](Cl)2 films.
The presence of [Os(N)g]™+//™+ centres within the polymer matrix is expected
to increase the structural rigidity of the matrix. It is anticipated that the
measurement of charge transport parameters for this material will give useful
information about the local microenvironment of the redox centre and hence
about the polymer matrix. In temperature dependent measurements, the immobile
redox centre acts as an internal sensor giving information about segmental
polymer chain motion and about the movement of anionic species through the
matrix. This is valuable information which is difficult to obtain by other
methods.

The influence of the supporting electrolyte on the heterogeneous

kinetics is also considered.
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Section 6.2 Experimental

Materials [Os(bipy)2(PVDjQ](Cl)2 was prepared as described
previously in chapter 2. The density of the metallopolymer was estimated in
dichloromethane/petroleum ether mixture as 1.07 g/cm , this gives a maximum

concentration of 0.71 M for osmium centres within the film. The separation of

the redox centres is taken as 25 A.

Apparatus and procedures Electrochemical measurements were performed
using an E. G. & G. Model 273 potentiostat/ galvanostat and the experimental
methods outlined in chapter 3.

The values for the diffusion coefficients, heterogeneous electron
transfer rates and activation parameters are reproducible to within + 2% on a
single coating and to + 10% between coatings. Transfer coefficients are

accurate to +0.05.

Section 6.3 Results: The Effect of Electrolyte Concentration on the Rate of

Homogeneous and Heterogeneous Charge Transfer Reactions of

[OsCbipvWPVPigKCP2 Films.

Scction 6.3.1 General laver properties. When deposited from methanolic
solutions onto glassy carbon electrodes, the metallopolymer shows the expected
single electron redox behaviour in all electrolytes examined (see Figure
6.3.1.1). The Os(I/11l) redox couple is observed at about 420 mV vs SCE,
depending on the electrolyte, and is photochemically and thermally stable. The

formal peak potential observed in CH~CN/O.I M TEAP of 450 mV vs SCE is
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Figure 6.3.1.1 Cyclic voltammogram of

[Os(bipy)2(PVI)jQJ(CI)2 on a glassy carbon electrode.
Scan rate 5 mV/s. 0.1 M HC1 as supporting electrolyte.

0 2
Surface coverage 1.7 x 10 molcm™ .
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similar to that observed for the analogous mononuclear model compound
[Os(bipy)2(Meim)2]™+ (EQ = 475 mV Meim = N-methylimidazole) and is
indicative of the presence of an [Os(Ng)]2+ moiety [7], The
electrochemical data, together with electronic spectra and the synthetic
conditions are consistent with a molecular formula
[Os(bipy)2(PVI1)jQ]J(CIl)2, where of the ten PVI wunits present per osmium
atom, two are coordinatively bound to the metal centre.

Potential step chronoamperometry and sampled current voltammetry have
been used, as described in sections 1.3.2 and 1.3.3 to evaluate homogeneous
charge transport rates (D£-j-(PS)). Cyclic voltammetry performed under
semi-infinite diffusion conditions has also been used, as described in section
1.3.1, to calculate a homogeneous charge transport rate labelled DQy(CV).

Sampled current voltammetry has also been utilised to examine the rate
of heterogeneous electron transfer from the glassy carbon electrode into the
modifying film. A typical sampled current voltammogram is illustrated in
Figure 6.3.1.2. These sigmoid shaped waves are similar to those observed at
unmodified electrodes for solution phase reactants. The cathodic currents
increase with decreasing sampling time T and at the same time the half wave
potentials of the voltammograms for the oxidation process shift in a positive
direction with decreasing sampling time. This behaviour is accepted as being
indicative of Butler-Volmer kinetics [8] and the conventional analysis for
sampled current voltammograms as described in section 1.3.3 can, therefore, be

used.
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Figure 6.3.1.2 Typical sampled current voltammograms for the

Os(11/111) oxidation within [Os(bipy)2(PVI1)|g](Cl)2
films. Electrolyte 0.1 M HC1l. Sampling times are, from top

to bottom, 1, 2, 4 and 10 ms. Surface coverage 2 x 10

molcm
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Section 6.3.2 Chloride Based Electrolytes

In hydrochloric acid both Dqj(PS) and D(-.-p(CV) increase linearly as
the electrolyte concentration is increased (see Table 6.3.2.1). D”j(CV) is,
however, more sensitive to HC1l concentration. The rate of homogeneous charge
transport in NaCl is similar to that observed in HC1. Both Dg-j-(PS) and
DCT(CV) show a more rapid increase as the NaCl concentration is increased
above 0.6 M. The rate of heterogeneous electron transfer is approximately 1.5
x 104 cms'c and is similar for all electrolyte concentrations in both HC1
and NacCl.

The transfer coefficient increases in HC1 from 0.2 in 0.1 M HC1 to
0.32 in 1.0 M HC1. In NaCl it remains approximately constant at a value of

0.19 + 0.02.

Section 6.3.3 Sulphate Based Electrolytes

Dqgj(PS) increases linearly from 4.17 x 10'® cmV™* to 8.25 x
10’ ® cmV~”™ as the sulphuric acid concentration is increased from 0.1 to
1.0 M as shown in Figure 6.3.3.1 (Table 6.3.3.1). Dqj(CY) also increases
linearly with increasing electrolyte concentration. The overall change is,
however, significantly larger than that observed using potential step methods,
with D£-j-(CV) increasing by a factor of 5 over the 0.1 to 1.0 M concentration
range. The effect of an increase of the pH of the supporting electrolyte to 7
on the rate of charge propagation has been examined using potassium sulphate as
supporting electrolyte. D”j(PS) is of comparable magnitude to that observed
in sulphuric acid. However, DQ-p(CV) is reduced by a factor of approximately
10 compared to the H2SO4 values. Both Dqj(PS) and DA~j(CV) values

increase as the potassium sulphate concentration is increased. As observed for
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Table 6.3.2.1: The effect of concentration of chloride based supporting
electrolytes on charge transport parameters of [Os(bipy)2 (PVI1)jq](Cl)2

modified electrodes.

Electro- Cone. DCT(PS) k° DCT(CV) E°
lyte M *1010 *104 *10n \%
enfs ~ 1 Tms x enrg !

HC1 0.1 5.22 1.67 0.20 4.35 0.415
0.2 5.62 1.60 0.20 7.45 0.395
0.4 5.76 1.70 0.27 8.05 0.385
0.6 6.15 1.57 0.34 10.50 0.390
0.8 6.61 1.62 0.32 10.50 0.390
1.0 7.06 1.94 0.32 13.80 0.385

NaCl 0.1 5.58 1.17 0.20 3.16 0.395
0.2 5.96 1.29 0.19 3.69 0.400
0.4 6.10 1.27 0.21 3.91 0.390
0.6 6.57 1.42 0.18 4.86 0.390
0.8 8.49 1.57 0.18 7.31 0.390
1.0 11.10 1.52 0.19 8.88 0.395
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Figure 6.3.3.1 The effect of sulphuric acid concentration on

DAT(PS) for thin films of [Osibipy*PVIJjQXCIN.



Table 6.3.3.1 The

electrolytes

on

effect of concentration of sulphate based supporting

charge

transport

[Os(bipy)2 (PVI1)jQ](Cl)2 modified electrodes.

Electro-

lyte

h2so04

k2so04

Cone,

M

0.1
0.2
0.4
0.6
0.8

1.0

0.2
0.4

0.6

Dc t (PS)

*1010

en?s'l

4.17
5.03
5.48
6.39
7.52
8.25

3.34
6.17
6.90
8.74

* (T

cms”

1.71
1.85
1.64
1.57
1.68

1.58

0.64
0.88
1.24
1.62
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0.45
0.45
0.45
0.45
0.45
0.45

0.40
0.40
0.41
0.39

parameters

dct(cv)

*1011
en?s']A

5.90
9.30
19.03
20.06
25.16
29.05

0.29
0.44
0.81
1.16

of

0.400
0.380
0.390
0.390
0.385
0.380

0.420
0.430
0.420
0.415



sulphuric acid, the increase observed in DEfy(CV) is relatively larger than
that observed for DQ-p(PS).

The rate of heterogeneous electron transfer remains approximately
constant (1.67 + 0.18 x 10'4 cms"”) as the sulphuric acid concentration is
increased. In contrast Kk° increases as the potassium sulphate concentration
is increased. The transfer coefficient is insensitive to either sulphuric acid

(0.45) or potassium sulphate (0.40 + 0.01) concentration.

Section 6.3.4 Toluene-4-Sulphonic Acid Elcctrolvte
Dqg4-(PS) increases from 165 x 10°*® cmV~”™ to 235 x 10"*®

cm s upon changing the electrolyte concentration from 0.1 to 1.0 M
electrolyte (Table 6.3.4.1). Dqgqj(CV) increases from 0.61 x 10"*®
ernes'* to 2.22 x 10"*® ernes’* on going from 0.1 to 0.2 M pTSA, after
which point DQ-p(CV) is rather insensitive to further increase in the
electrolyte concentration. The rate of heterogeneous electron transfer is not
greatly affected by electrolyte concentration. The transfer coefficient does

increase from 0.35 to 0.41 from 0.1 to 1.0 M pTSA.

Section 6.3.5 Perchlorate Based Electrolytes

In contrast with the other electrolyte systems examined an increased
perchlorate concentration decreases both Dqgj(PS) and D~""CV). The
Dct(PS) values are significantly larger than those observed for the other
electrolytes (Table 6.3.5.1). However, D"t (PS) decreases from 4.05 x 10
cm”ns'™*  to 1.05 x 10'9 cmV* when the perchloric acid concentration
is increased from 0.1 to 1.0 M. The difference between DgT(PS) and DqT(CV)

is larger than that observed for the other electrolytes examined, approximately
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Table 6.3.4.1 The effect of concentration

supporting

electrolyte

on

charge

[Os(bipy)2(PVI1)jQ](CI)2 modified electrodes.

Electro-

lyte

pTSA

Cone,

0.8

1.0

dct<ps)

cm2s 1

16.5
16.8
17.5
18.9
21.0

23.5

*10

2.21
2.21
2.31
2.10
2.35

2.40

254

of p-Toluene

transport

parameters

dctv)

*10n

cmzs_%

6.17

22.23
23.06
24.11
25.89

26.07

sulphonic acid as

of

Ee°

0.410

0.455

0.440

0.430

0.425

0.420



Table 6.3.5.1 The

supporting

[Os(bipy)z (PV)jQ](Ch:

Electro-

lyte

HC10/

LiC104

Cone,

0.1

0.4
0.6
0.8

1.0

0.1
0.2

0.4

0.8

1.0

effect of concentration of perchlorate based

electrolytes on

Dct (PS)
+1010

en?s'1

40.5
39.8
33.0
30.9
26.4

10.5

38.4
38.2
39.3
20.2
19.8

19.7

charge

*10

cms

2.

1

1

.48
45
.34
.29
12

.57

.51
.45

.40

01

.97

.93

transport

modified electrodes.
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.20

.18

.14

.13

.14

.11

.18

.20

.18

.15

.15

.14

Dct(gv)
*1011

cm2s 1

2.51

E°

.415

.415

.415

.410

.400

.395

.435

.415

.415

.415

.420
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Figure 6.351 The effect of lithium perchlorate
concentration on D™p(PS) for thin films of

[Os(bipy)2(PV1)10](Cl)2.
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a factor of 100. D g4-CCV) also decreases from 4.74 x 10"~ cmV™* to

10119

2.10 x cm sl over the 0.1 to 1.0 M concentration range with much
of this decrease occurring between 0.2 and 0.6 M perchloric acid.

Charge transport rates in |lithium perchlorate are of similar
magnitude to those observed in perchloric acid. The effect of lithium
perchlorate concentration on D7j(PS) is illustrated in Figure 6.3.5.1. This
figure shows that D”j(PS) is insensitive to LiCIO”™ concentration over the
0.1 to 0.4 M range, but decreases for the 0.6 M concentration after which point
DCT(PS) is again insensitive to lithium perchlorate concentration. DqgT(CV)
decreases from 891 x 10' to 3.53 x 10'1™ cm”s“* when the lithium
perchlorate concentration is increased from 0.1 to 1.0 M (Table 6.3.5.1).

The rate of heterogeneous charge transfer decreases as the perchloric
acid concentration is increased, reducing from 2.48 x 10"4 cms'* to 1.57 x
10'4 cms’| In lithium perchlorate k° shows a similar decrease from 2.51
x 10"4 cms"™ to 193 x 104 cms" on going from 01 to 10 M

electrolyte. In both electrolytes the transfer coefficient decreases from a

value of approximately 0.20 to 0.11 on going from 0.1 to 1.0 M electrolyte.

Section 6.4 Determination of Activation Parameters

The evaluation of thermodynamic parameters can be useful in the
identification of the rate determining step of the charge transport process
[9-11] and can provide useful information as to temperature effects on polymer
morphology. Activation energies have been evaluated in both 0.1 and 1.0 M
electrolytes by varying the temperature of the contacting electrolyte over the
range 278-303 K in accordance with the methods described in section 3.4 and the

results presented in tables 6.4.1 and 6.4.2.
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Table 6.4.1

Activation

parameters

for

charge

transport

[Os(bipy)2 (PVI1)ioKCI)2 films as obtained by potential step methods.

Electrolyte

HC1

NaCl

h2so4

k2so4

pTSA

hcio4

LiC104

Ea (PS)
kd/Mol
M 23.8
M 6.6
M 19.3
M 3.9
M 15.8
M 14.6
H 13.7
M 12.8
M 26.4
M 9.3
M 9.8
H 3.6
M 15.4
M 36.3

kJ/Mol

21.3

4.1

16.8

1.4

13.3

12.1

11.2

10.3

23.9

6.8

7.3

1.1

12.9

33.8
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AH(PS)*

AS(PS)*

JMol~MK-1

-98.2

-153.4

-112.7

-158.7

-126.9

-125.2

-135.8

-139.2

-79.9

-134.3

-128.1

-160.2

-109.8

-45.2

through

AGTPS)1

kJ/Mol

50.

49.

50.

48.

51.

49.

51.

49.

47.

46.

45.

48.

45.

47.



Table 6.4.2 : Activation parameters for charge transport through

[Os(bipy)2 (PV1)jq](C1)2 films as obtained by cyclic voltammetry.

Electrolyte Ea (CV) AH(CV)* AS(CV)f Ag(cv)+
kJ/Mol kJ/Mol JMol-1K-1 kJ/Mol

HC1 0.1 M 104.6 102.1 152.3 56.7
1.0 M 65.4 62.9 30.4 53.9

NaCl 0.1 M 88.4 85.9 95.3 57.5
1.0 M 65.4 62.9 26.7 54.9

h2so4 0.1 M 15.8 13.3 -143.1 56.0
1.0 M 110.1 107.7 186.5 52.0

k2so4 0.1 M 35.6 33.1 -101.7 63.4
0.6 M 91.5 89.0 97.4 60.0

pTSA 0.1 M 26.1 23.6 -108.2 55.9
1.0 M 65.7 63.2 36.6 52.3

hcio4 0.1 H 98.2 95.7 131.5 56.5
1.0 M 102.3 99.8 138.5 58.5

LiCc104 0.1 M 107.5 105.0 167.6 55.0
1.0 M 47.9 45.4 -36.7 57.2
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Section 6.4.1 Chloride Based Electrolytes.

In 01 M HCl1 Ea(PS) is 23.6 kJ/Mol, a value which decreases to 6.6
kJ/Mol in 10 M electrolyte. Both of these activation energies are coupled to
negative entropy terms. This is in contrast to the cyclic voltammetry values
which show positive entropy terms in both 0.1 and 1.0 M HC1. As observed for
Ea(PS), Ea(CV) is reduced in the higher concentration of electrolyte.

In sodium chloride a similar behaviour is observed. Both Ea(PS) and
Ea(CV) are reduced in 1.0 M NaCl compared to 0.1 M NaCl. The cyclic
voltammetry measurements show positive entropy terms, while variable

temperature chronoamperometry show negative entropy terms.

Section 6.4.2 Sulphate Based Electrolytes.

Ea(PS) is insensitive to the electrolyte concentration in both
sulphuric acid and potassium sulphate. In both 0.1 and 1.0 M sulphuric acid,
Ea(PS) is 152 + 0.6 kJ/Mol, while for the same concentrations of potassium
sulphate Ea(PS) is 13.3 + 0.5 kJ/Mol. These activation energies are coupled
to negative entropy terms. The cyclic voltammetry values are larger and show
differences between the 0.1 and 1.0 M values. In 0.1 M sulphuric acid the
activation energy is low (15.8 kJ/Mol) and coupled to a negative entropy term.
This increases to 110.1 kJ/Mol and the entropy term becomes positive in 1.0 M
sulphuric acid. A similar response is observed in potassium sulphate with
Ea(CV) increasing from 356 to 91.5 kJ/Mol on increasing the K2SO4
concentration from 0.1 to 1.0 M. The entropy term changes from negative to

positive over this concentration range.
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Section 6.4.3 Tolucne-4-Sulphonic Acid
In pTSA Ea(PS) decreases from 26.4 to 9.3 kJ/Mol on going from 0.1

to 1.0 M electrolyte. Both activation energies are coupled to negative entropy

terms. When examined using variable temperature cyclic voltammetry the
activation energy shows an increase from 26.1 to 65.7 kJ/Mol on going fromO0.1
to 1.0 M pTSA. This is connected to a change of the sign of the entropy term

from negative to positive.

Section 6.4.4 Perchlorate Based Electrolytes.

In perchloric acid Ea(PS) is lower than observed for other
electrolytes. In 0.1 M perchloric acid Ea(PS) is 9.8 kJ/Mol, which decreases
to 3.6 kJ/Mol in 1.0 M electrolyte. The entropy terms are both negative.
Ea(CV) values are larger than those observed using potential step methods.
Ea(CV) values in both 0.1 and 1.0 M HCIO4 are similar at 100.2 + 2 kJ/Mol
and are coupled to positive entropy terms.

The effect of lithium perchlorate on Ea(PS) is different to that
observed for other electrolytes examined, with Ea(PS) increasing as the
electrolyte concentrationis increased. In 0.1 M LiClO~ Ea(PS) is 15.4
kJ/Mol which increases to 36.3 kJ/Mol in 1.0 M LiCIO”. These activation
energies are coupled to negative entropy terms. Ea(CV) decreases as the
lithium perchlorate concentration is increased. The entropy is positive in 0.1

M LiClIO” and becomes negative in 1.0 M electrolyte.
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Section 6.5 Discussion of Homogeneous and Heterogeneous Charge Transfer

The results presented show that the rate of homogeneous charge
transport through these osmium containing poly(N-vinylimidazole) films is
dependent on the nature of the charge compensating counterion in the
electrolyte solution and its concentration. The results also suggest that the
rate of homogeneous charge transport through these metallopolymer films is
dependent on the timescale of the experiment. D(T(CY) is always less than
Dct(PS), the difference between the two rates is, however, significantly
affected by the nature and concentration of the electrolyte.

For all electrolytes, except those based on perchlorate anion,
DCT(PS) shows only small increases as the electrolyte concentration is
increased. This insensitivity to electrolyte concentration, suggests that the
rate controlling step of the charge propagation process, as determined by short
timescale potential step measurements, remains unaltered over the 0.1 to 1.0 M
concentration range. The thermodynamic data support this interpretation.
Ea(PS) decreases with increasing electrolyte concentration and remains
coupled to negative entropy terms. Negative entropy terms have been previously
reported for vrelated osmium and ruthenium systems [12-13], as well as, for
other redox polymers [14] and have been associated with ordering processes
namely ion or electron movement. The negative entropy terms reported here
suggest that for the Os(IlI/Il1l) oxidation an ordering process occurs in the
polymer matrix in a localised region around the redox centre. The rate of
electron self exchange has been measured using steady state methods [15] for
related osmium [16] and ruthenium polymers [17] and is typically substantially
higher (10"~-10‘° c¢cm V') than the charge transport rates measured

here. Therefore, the relatively low values of Dqj(PS), in conjunction with
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the low activation energy, negative entropy terms and the sensitivity of
DE£j(PS) to the nature of the electrolyte anion, strongly suggest that charge
compensating counterion motion within the film limits D q j (PS).

In contrast, D”™j(CV) while being significantly less than Dqgj (PS),
by at least an order of magnitude, is more sensitive to electrolyte
concentration. The activation energies are larger and are frequently associated
with positive entropy, suggesting that disordering processes limit D2j(CV).
These observations suggest that the nature of the equilibrium established and
the rate determining step are different to those observed previously for
potential step measurements. In chloride based electrolytes Ea(CV) is large
and coupled to a positive entropy term in both 0.1 and 1.0 M electrolyte. In
0.1 M sulphate and pTSA electrolytes Ea(CV) is of similar magnitude to the
relevant Ea(PS) values and are associated with negative entropy terms. In 1.0
M electrolyte the activation energy increases sharply and the entropy term
becomes positive. This suggests that for high concentrations of non perchlorate
electrolytes where large activation energies and positive entropy terms are
observed, polymer chain motion limits D~j(CV) [12,13].

These observations suggest, therefore, that in the non-perchlorate
electrolytes a kinetic equilibrium, i.e an equilibrium on this short timescale,
is established within the film, such that ion movement within the film limits
Dc t (PS). In contrast, for high electrolyte concentrations, the cyclic
voltammetry situation involves a thermodynamic equilibrium in which all mobile
species including electrons, ions and polymer chains contribute to the observed

charge transport rate.
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The anion molar volumes of the electrolytes examined are different.
Both chloride and sulphate anions have similar molar volumes [18] and charge
transport rates. Toluene-4-sulphonic acid, however, has a larger molar volume
and yet in pTSA both Dqg4-(PS) and D£j(CV) are larger than those observed for
the chloride and sulphate based electrolytes. This observation suggests that
it is not the anion size which dictates the permeation of the required charge
compensating counterion. Donnan exclusion is expected to be observed for non
porous films, this acts to exclude co-ions from the film where the electrolyte
concentration is below the fixed site concentration. This can indirectly lower
the total quantity of charge compensating counterion resident within the film.
This can cause an ion shortage within the film and hence a suppressed
[19]. For the films discussed here however, the fact that D™-p(PS) varies
monotonically with electrolyte concentration, and that little variation in the
formal potential is observed, discounts such a process occurring for the
non-perchlorate electrolytes.

Unlike the poly(4-vinylpyridine) films reported previously [20] and
discussed in chapter 4, pH has little effect on the charge propagation rate.
The pKa of poly(N-vinylimidazole) lies between 3.00 for chloride solutions to
4.18 for p-toluene-sulphonate solutions [21]. It is has previously been
observed that where the electrolyte pH was below the pKa of the polymer
backbone, that protonation of the uncoordinated nitrogens resulted in film
swelling and a more porous coating. This resulted in a greater ion
availability and hence a more rapid charge transport rate. The fact that such
an effect is not observed for the present case suggests an open film structure

[22],
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The behaviour in perchlorate based electrolytes is significantly
different to that observed for the other electrolytes. Both D”j(PS) and
DCT(CV) decrease as the perchlorate concentration is increased. The
difference between D7j(PS) and D~2jiCV) is also considerably larger,
approximately a factor of 100. This suggests that the nature of the
equilibrium established is distinctly different for the two techniques. The
thermodynamic data support this interpretation. Ea(PS) is low (4-36 kJ/Mol)
for both perchloric acid and lithium perchlorate electrolytes. This coupled to
negative entropy terms suggests that ion transport limits D <.-p(PS). In
perchloric acid Ea(CV) is considerably larger (100 kJ/Mol) and coupled to
positive entropy terms. This suggests that a disordering process, namely
disruptive segmental polymer chain motion, limits D2j(CV). In 0.1 M lithium
perchlorate Ea(CV) is of similar magnitude (107.5 kJ/Mol) and is also coupled
to a positive entropy term. In 1.0 M electrolyte Ea(CV) is reduced to 47.9
kJ/Mol and is coupled to a negative entropy term. This suggests that in
LiCl1O4 the rate determining step is polymer chain movement in low electrolyte
concentration and ion transport in 1.0 M solutions.

In perchlorate solutions the film appears to act as a semipermeable
membrane. Figure 6.3.5.1 shows that D~j(PS) is insensitive to changes in the
lithium perchlorate over the concentration range 0.1 to 0.4 M after which
DCT(PS) decreases sharply to a constant value for perchlorate concentrations
between 0.6 and 1.0 M. The concentration at which D”-j-(PS) decreases is
approximately the concentration of osmium sites within the film. This suggests
that Donnan exclusion may be the cause of this behaviour. However, in normal
circumstances a breakdown of Donnan exclusion results in an enhanced D”-p

The fact that D(-j(PS) decreases at this concentration and that D~T(PS) and
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DCT(CV) decrease as the perchlorate concentration is increased suggests that
there is a specific interaction of the perchlorate anion and the film. It has
previously been reported that poly(4-vinylpyridine) films become dehydrated and
compact when exposed to perchlorate containing solutions [23], and the
formation of crosslinks has also been proposed in perchlorate media [24], The
results presented suggest therefore, that as the perchlorate concentration is
increased and exceeds the fixed site concentration Donnan exclusion breaks
down. This would normally increase D ”j, but such an influx of perchlorate
ion makes the film more compact, thus hindering ion transport and hence
suppressing D”j. The negative entropy observed in 1.0 M LiCIO”™ using
cyclic voltammetry supports this interpretation of impeded ion transport, since
it reflects an ion shortage even at long timescales and high electrolyte

concentrations.

For osmium and ruthenium containing polymers in which [M(Nj)CI] (M
Os, Ru) moieties were immobilised, charge transport rates were considerably
more sensitive to changes in the concentration of the supporting electrolyte
[28, 20], Thermodynamic parameters suggested that the films became swollen and
adopted an extended configuration only in low pH electrolytes of high
concentration. The [Os(bipy)2(PVI)jQ](Cl)2 films described here appear
to be significantly porous for all non perchlorate based electrolytes, and
rather insensitive to the supporting electrolyte concentration. This is
somewhat surprising given the the bis coordination might be expected to result
in a less soluble film. We suggest that it is the structural rigidity of the
metallopolymer which is responsible for the porous nature of the films. For
films where the redox centre is coordinated to a single monomer unit [20] it

appears that there is sufficient flexibility for the polymer chains to adopt
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their lowest energy state. In contrast, for the bis-coordinated materials
discussed in this chapter, the intra chain coordination of the metal centre,
means that sites must maintain their relative geometry thus leading to a more
porous film.

A feature of the poly(N-vinylimidazole) polymers which has attracted
attention is their high internal buffering capacity [21]. This internal
buffering may also be present in these metallopolymers. Such a buffering
capacity would prevent changes in the concentration of the contacting
electrolyte being directly transferred to within the film. This would explain
the insensitivity of Dqgj to changes in the electrolyte concentration.

It has previously been noted that similar trends are observed for both
homogeneous and heterogeneous electron transport rates as the electrolyte
concentration is changed. We have reported on this behaviour recently for
osmium containing poly(4-vinylpyridine) films [13] and this was discussed in
chapter 4. The immobilised films acted as semipermeable membranes and as the
electrolyte concentration was increased the anion population within the film
increased thus altering the dynamics of double layer formation. This resulted
in Dqj(PS) and k° both increasing as the electrolyte concentration was
increased. For the poly(N-vinylimidazole) metallopolymers reported here,
Dqgj(PS) and k° appear related. k° shows a similar dependence on the
nature of the -electrolyte anion as does DCT(PS); with the largest DCT and
k° values being observed for the perchlorate based electrolytes. In all non
perchlorate electrolytes k°, as observed for D”-p(PS), does not vary
significantly with increasing electrolyte concentration. In perchlorate media
however, a linear wvariation of log k° and log D”"j(PS) is observed as

illustrated in Figure 6.5.1. This type of dependence has been reported for
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log D7jiPS)

Figure 6.5.1 Correlation of D(-.T(PS) and k° for
[Os(bipy)2 (PVI)jo](Cl)2 modified electrodes. ¢ HCIO4

and x LiC10s+ as supporting electrolyte.
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other osmium containing polymers [13]. This suggests that processes such as
charge compensating counterion motion similarly affect the homogeneous and
heterogeneous charge transfer processes. It is significant that it is only in
perchlorate media, where evidence of Donnan exclusion was observed, that this
behaviour occurs. For the other electrolytes, k° is rather insensitive to
electrolyte concentration. This suggests that the double layer formation is
similar for all electrolyte concentrations. This is in agreement with the
homogeneous charge transport data presented earlier, since it suggests that the
population of charge compensating counterion within the film is similar at all
electrolyte concentrations, which in turn suggests a porous film structure.

The transfer coefficient data also show a dependence on the nature and
concentration of charge compensating counterion. In sodium chloride a is
insensitive to electrolyte concentration and remains constant at o.2+o.01
suggesting a asymmetric barrier to electron exchange. In hydrochloric acid (X
increases with increasing electrolyte concentration. The transfer coefficient
is larger in sulphate and pTSA electrolytes approaching the theoretical value
of 0.5 in high concentrations of electrolyte. In perchlorate media the
transfer coefficient is Jlow and decreases with increasing electrolyte
concentration. As discussed previously for D*.j(PS) and kQ this is

considered to be related to the availability of anion within the film.
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CHAPTER 7

Electrocatalvsis

bv rOsfbipvWPVP~qCIICI

Modified Electrodes.
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Section 7.1 Introduction

This chapter describes how properties of modified electrodes may be
exploited to act as efficient electrocatalysts. Mediated charge transfer forms
the basis of many applications including electrochemical synthesis [1-3],
oxygen reduction [4-8], analytical applications [9], semiconductor
electrochemistry [10-13] and photogalvanic and display devices [14-16]. For
those applications involving charge mediation by the modifying layer between
the underlying electrode material and a target species in solution, the theory
of mediated charge transfer has been extensively studied by many authors and
allows mechanistic elucidation and kinetic parameters to be evaluated [17-24].
With the theoretical models discussed below, both qualitative and quantitative
information about these processes can be obtained. For the field of analysis

it defines a means of optimising electrode response.

Section 1.2 Theoretical and Experimental Implementation of Mediation Processes

at Modified Electrodes

The fundamental redox reactions which may occur between a solution

species Y and a mediating layer containing the redox couple A/B are shown in

Figure 7.2.1.
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Electrode

b =bn

w = Kys
D,
B + Y ‘A
Jo
mA ¢ Z aq
Layer Electrolyte

Figure 7.21 General model for a modified clcctrode showing

the notation.

Four processes arc shown, clcctrode surface

reaction (k’jr), partition of substrate into the film (K),

mediated reaction in the film (k), and surface mediated

reaction (k™).
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The mediating process can be described by reactions 1 and 2;

A +e > B (1)

B+Y >A+Z )

In this example the mediating process involves the reduction of the surface
bound redox species A, but for a mediating process based on the oxidation of
the surface bound species the same theories can be used. Other, more complex
mediating processes, involving reversible mediating reactions, self exchange
reactions, additional chemical steps and charge exchange have been considered
by Andrieux and Saveant and co-workers [25-30].

Depending on factors such as film morphology, film thickness, the
diffusion rate of the electroactive species through the film, electron transfer

rate etc. four types of limiting cases may arise [26];

1) electron and substrate diffusion (D£ and Dy) are so fast that

the rate controlling step is the rate, k, of the catalytic reaction.

2) the catalytic reaction is so fast that the rate is controlled by

the two diffusion processes, i.e diffusion of electrons and substrate.

3) when diffusion of electrons is faster than diffusion of substrate a

pure kinetic situation may arise by mutual compensation of the latter

process and the catalytic reaction.
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4) in the opposite case a pure kinetic situation may again arise
resulting in the mutual compensation of electron diffusion and

catalytic reaction.

The fundamental processes involved in the mediating process are
identified as charge introduction at the modifying layer/electrode interface,
charge introduction at the layer/solution interface and reaction of the target
analyte with the modifying layer. Coupled to these reactions one may observe
substrate diffusion into the film as dictated by the partition coefficient, K.

If the substrate is capable of penetrating the film then the diffusion rate of
substrate Y within the layer Dy will, in all but a few cases, be considerably
less than the solution value Dg.

The analysis presented below is that developed by Albery, Hillman and
co-workers [17], [31-33]. A similar model describing the mediating process has
been developed by Andrieux, Saveant and co-workers [25-30], The two differ in
that the Albery and Hillman model utilises the notion of "reaction layers" to
describe two different reaction zones within the film, a) a region where
permeating Y is converted to product Z and b) a region of consumption of an
electron or B. In this analysis a rate constant k”. for the modified
electrode is utilised, in contrast to Saveant’s model where no reaction layers
are identified but the mediating process is described via characteristic
currents. Alternative models have also been developed [34-35].

To analyse the mediating process for electrocatalytic modified
electrodes one has to solve, equations 3 and 4 given certain boundary

conditions.
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charge transport De “kby =0 (€©)

within film Sx2
Substrate diffusion Dy b2y - kby =o 4
in film

These equations describe the concentration profiles of both the fixed redox
couple and the substrate within the film. In these equations b and y are the
concentration in the coating of B and Y respectively. The boundary conditions

used are;

1) assuming Marcusian A/B self exchange behaviour, it is assumed that
charge introduction at the electrode/layer interface will be more
rapid than charge propagation [36]. Thus charge transfer to the

electrode/layer interface is not expected to be rate limiting.

2) at x = 0 the concentration of B is bQ, and is controlled by the

electrode potential.

3) the modifying layer acts in a catalytic manner, such that any
substrate which permeates the layer and reaches the underlaying
electrode will not react there, therefore (¢jy/8x)Q=0. This boundary
condition is in agreement with the perception of a modified electrode
where the substrate is not reacting directly with the underlaying

electrode surface, but where the electrochemical process is controlled
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by the mediating layer. It is to be noted that Saveant and co-workers
have included in their treatment the reaction of the substrate

directly at the electrode surface [25].

4) the partitioning of the substrate Y between the solution and the

modifying layer is given by;

vl = Rys ()

5) the electron flux at the layer/solution interface is related to the

kinetics by equation ;

-DE(5b/5x)L = kNILY's (6)

where b” is the concentration of B at the interface (X = L).

Using these boundary conditions and equations 1and 2, the electron flux at the

electrode, jQ which is proportional to the current, i, is obtained;

jo = i/FA = -DE(0b/0x)0 W)

At this stage an electrochcmical rate constant, k’M£, can be introduced [17],
which relates the concentration of Y at the layer/solution interface to the

electron flux, as in equation s;

j0 = k MEys (8)
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The rate constant k’jJ*£ can be evaluated from the intercept of Koutecky-Levich
plots using RDE. The observed current ip, is thus related to the sum of the
fluxes of direct (jY) and mediated (jB) charge transfer and the

concentration gradients at the electrode/film interface by :

(ip/nFA) =jQ=]jB +Jy =

"DE(s b/Sx)Q+ Dy(5y/Sx)Q= k’MEys (9)

As discussed earlier an essential concept to be included in this
analysis is that of the "reaction layer". The first reaction layer, XL,
defines the distance which Y can travel within the film prior to reacting with

B and is given by equation 10:

XL = (Dy/kbLy1/2 (10)

The second reaction layer, XQ defines the average distance an electron can

diffuse before reacting with Y :

XQ= (DE/kyo)1r2 (11)

With the concepts of the electrochemical rate constant and of the reaction
layer introduced one can now go back to reactions 3 and 4. Depending on the
relative importance of electron and substrate diffusion different
approximations for k’jJE can be obtained. If DEb@®Dykys, i.e. fast

electron transport or slow permeation or ineffective partitioning of the

substrate, then :

279



1 = vYsSL + . (12)

k ME  DEbo k"bo+kbo KX Ltanh(L/XL)

electron surface layer
transport reaction reaction

within layer

If permeation is very fast and/or electron transport within the film is

relatively slower then DEbo« Dy Kys and :

1 = L k"tanh(L/XQ+kKxo (13)
kME KDy kKxobo {k"+kKxotanh(L/x0)}

transport surface layer

of Y across reaction reaction

layer

From these two equations it can be deduced that the slower
contributions to the mediating reaction, which can be kinetic or diffusional in
nature, will determine the magnitude of k’j**. In the limiting case as
represented by equation 12 the last term on the right hand side represents the
competition between the surface reaction (k") and the layer reaction (k). The
flux however may alternatively be limited to a value of Dj:b0O/L by electron
transport through the film. The position of the reaction layer is reflected in

the equation obtained for k’j*g in these limiting cases, and will depend on

280



the ratio between the reaction layer and the layer thickness L. For cases
where X ~» L the whole layer participates in the reaction, this is called the
layer (L) case. In the reverse case the reaction occurs in a thin layer at the
layer/electrolyte interface, the surface (S) case.

The position of the reaction layer in the second limiting case, as
presented in equation 13 can be obtained by similar methods. If the layer
thickness L » X Qthen the kinetic term reduces to kKX Qbo and the reaction
takes place in a layer adjacent to the electrode. This is called the
layer/electrode (LE) case. In the reverse situation, when L » X Q the
reaction takes place at the layer/electrolyte interface, the layer/surface (LS)
case. For intermediate ratios of L and X Qthe reaction takes place
throughout the whole layer.

Another situation arises when neither equation s or 9 are valid. This
would be the case if the electron and substrate diffusion contributions are of

the same magnitude, but can be described as in equation 14;

°Ebo = V (14)

KV s XL

Under such conditions, and if XQor X~ is less than L, then the reaction

will take place somewhere in the middle of the layer and is controlled by the
diffusion rates of both electrons and substrate. This is called the
layer/reaction zone (LRZ) case. For this situation the solution for k’j~ is

given by :
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i m 1 (15)

k ME DYK+DEbo/ys

From the above equations it can be seen that the LE, LS and S cases
(i.e those derived above) can controlled either by the transport or by the
kinetic term. So depending on the relative importance of these two terms,
these cases can be subdivided in to subclasses. These subclasses are either
controlled by transport processes, in which case they are given the label te
or ty, depending on whether electron or substrate transport are rate
limiting, or by kinetic factors, in which case the labels are k or k”. So LEk
denotes a mediated reaction that takes place at a layer close to the underlying
electrode surface and is controlled kinetically, whereas in the LEty case the
reaction takes place in the same part of the layer but is controlled by
substrate transport. These labels, together with the corresponding rate
constant for the various limiting cases have been listed in Table 7.2.1. A
diagram depicting the different positions and notations for the reaction layer
has been given in Figure 7.2.2.

The equations given above have been used by Albery and co-workers to
construct a kinetic zone diagram. An example of such a diagram is given in
Figure 7.2.3. "Surface" and "electrode" cases give a third dimension to the
diagram but those cases are not of interest in the search for three dimensional
sensor devices and therefore only the layer cases are included.

Some parameters, including bQ ys and L, given in the above
analysis and in Table 7.2.1 can be easily changed, while others such as D*,

Dy and k are not so readily variable. Results presented in this thesis have
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Expression for charge transfer rale

Case notation KME iF
Sk k-b0 -
SE DK?(%JL . -
LSk iy i.UYa
LStB D e lOJLyt { *E
Lk KkbOL 0
LRZtMy DAbJLy, + *toy/L JE+ 1
LEk X0
LEly kDy/L ».
Ek'B irfee -
Ely rDv/L

Table 7.2.1 Notation and expressions describing behaviour of

different cases for Faradaic reactions at polymer modified

electrodes.
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Figure 7.2.2 The location of the reaction in the ten
possible eases together with the notation used to
distinguish them. The clectrodc is on the left in each case
and the location of the reaction is shown by the shaded

region.
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log (Xj/L)

[log (is/ik)1/2]
log (X0/L)
llog (ie/ik)
Figure 7.2.3 The effect on of increasing the surface
concentration of mediator bQ The order of with

respect to bQis shown by the circled numbers.
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sought to show that all of these parameters can be sensitive to changes in the
nature of the electrolyte and its concentration as well as temperature.

The Saveant approach [29] leads to the same conclusions as the Albery
model but it does not define reaction layers. Instead the mediating processes
are described by the characteristic currents iA, ig, iE and i*. These
currents give the contribution to the observed currents by respectively,
substrate diffusion from the solution to the electrode surface, substrate
diffusion in the film, electron diffusion in the film and finally by the rate
of the cross-exchange reaction between the redox centre and the substrate. The
equations derived for these characteristic currents and the processes they

describe are given in equations 16-19 [37]:

The substrate diffusion from the solution to the film.

iA = FAC°AD/d (16)

Substrate diffusion in the film.

is = FAC°ADSL (17)

Electron transfer between different redox sites in the film, the electron self

exchange process.

iE = FAC°pDE/L (18)
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The cross exchange reaction between the redox centre and the substrate in the

film.

iK = FAC°AKKCOL (19)

In these equations F : Faraday constant, C°A :bulk concentration
of the redox substrate, C°p : concentration of the redox site within the
film, A : the electrode area, D :diffusion coefficient of the substrate in
solution, Dp the charge transport parameter describing electron "diffusion"
through the film, Dg substrate diffusion within the film, K : partition
coefficient of the substrate between the film and solution, k : second order
rate constant describing the mediated reaction between the film and substrate,
d : diffusion layer thickness and L the film thickness.

This model has been used successfully to describe the electrochemical
properties of modified electrodes [38-40], particularly with respect to
important analytical applications.

The conditions for optimum efficiency of catalytic modified
electrodes, that is a high value for k’j~p/k’p, theratio between the
electrochemical rate constant for the modified and bare electrode, have been
considered by Alberyand Hillman [32] and by Saveant and co-workers [26]. In
these studies factors such as the thickness of the modifying layer L and limits
for the kinetic parameters discussed above have been considered. Where the
electrode response has been optimised with respect to electron transport and
morphology it is usually found that electron diffusion is faster than substrate
diffusion and that the concentration of the surface bound redox couple is

larger than that of the substrate.
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Because of the "preconditions" discussed above the number of limiting
cases to be considered for optimisation of the modified electrode are limited,
with the layer cases showing most promise. The optimum efficiency cases are
LSk and LEK. LSk corresponds to rapid electron transfer compared to substrate
diffusion through the film, the reaction occurring near the layer/electrolyte
interface the exact position depending on the mediated reaction rate constant
k. In the LEk the mediated reaction occurs close to the underlying electrode
material. For the layer cases the magnitude of k’j*g will initially increase
with the layer thickness ( all sites mediate electron transfer under kinetic
control) then pass through a maximum before decreasing due to transport
limitations of the substrate. These ideal cases correspond to a sufficient
amount of mediation sites for substrate consumption combined with efficient
substrate or charge diffusion and correspond to the ideal three dimensional

modified electrode. For the LSk case the catalytic advantage becomes

KW KE=KX1/! (20)

This can be very large since the reaction layer thickness can be much
greater than 1, the distance over which electron transfer can take place. It
can be clearly seen that for reactions which exhibit slow homogeneous kinetics
that a layer reaction is required where Y permeates the film rapidly. This
requires an open porous structure for the film which will ensure easy
permeation of B, but electron transport must also be rapid to avoid limitations

posed by charge transfer.
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Finally we wish to consider the two optimum surface and electrode
cases Sk” and Ek’p. In these two limiting cases mediation does not occur
throughout the layer and the reaction occurs at the layer/solution and the
electrode/layer interface respectively. These limiting cases find only limited
application in analysis as the electrochemical reaction is only taking place in
a monolayer and cannot therefore be described as three dimensional. In the
surface case a practical application can be envisaged only of B is a specific
catalyst for the oxidation or reduction of the substrate Y. The electrode case
becomes interesting when a favourable partition can be obtained. In that case,
even as the reaction is taking place at the underlaying electrode surface, a
catalytic effect will be obtained because of the high value of the partition
coefficient, K. This particular approach has been used in a number of
occasions where preconcentration has been used as a way to construct new
Sensors.

The experimental determination of the parameters involved in the
theoretical described above relies on recognition of the appropriate limiting
processes. It is the use of the rotating disk and rotating ring-disk
electrodes which provides the means of analysing the kinetics of catalysis at
the modified electrode surface. These techniques allow control of the
substrate diffusion in solution and thus permit the elucidation of the kinetics
and mechanism of the catalytic reaction. By controlling the electrode
potential the surface concentration of solution species can be reduced to zero
and the current response becomes limited by mass transport and is given by the

Levich equation [41].
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iLev = 1.554nAFD2/v 176y Oh/2 (21)

Rotating disk measurements are ideal for the investigation of mediated
reactions at electrode surfaces since the rate of mass transport of the
substrate is calculable. This has lead to the widespread exploitation of the
technique [42-45]. The modified electrode does not usually obey the simple
Levich equation since mass transport may not represent the rate limiting

process. In this case the limiting current is given by :

(22)

or

U/iLim = 1/(nFAKMEy) +

1/(1.554nFAD2,3 D’1/6y a)1/2)

A plot of i1 vscOi1~2 gives a straight line, where the slope is the

reciprocal of the Levich slope, the intercept yielding the value of k’j7jr.

Albery and Hillman [17] have published a useful flowchart for the diagnosis of
reaction type based on this mode of analysis (see Figure 7.2.4). In this flow
chart the functional dependence of k’ME on bQ ys and L allows

classification of the process.
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Figure 7.2.4 Diagnosis of mechanism for modified electrodes.
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Section 7.3 Experimental. [Os(bipy)2 (PVP):10CI]Cl was prepared as described
in chapter 2. Films of varying thickness were prepared by droplet evaporation
or spin coating as described in chapter 3. Rotating disk voltammograms were

recorded as detailed in chapter 3

Section 7.4 Results: Mediated Reduction of rFefP~O)"* by

rOsfbipvWPVPAQCIICL in 0.1 M H.SO”

[Fe(Hz20 )£]3+ does not undergo a redox reaction at a glassy
carbon electrode in the potential region for the Os(IIl/11) (E°=250mV)
reduction despite a formal potential of 460 mV. Given this formal potential of
the Fe2+//*+ reaction, it is expected that electrodes modified with
[Os(bipy)2 (PVP)jQCI]ICI could mediate the [Fe(H20)g]3+/2+ reduction

according to equation 24:

Fe(I11) + Os(1) —* Fe(ll) + Os(ill) (24)

with a 210mV driving force.

Typical rotating disk voltammograms for the mediated reduction of a
0.2 mM [Fe(H20)g]"+ by [Os(bipy)2 (PVP)jQCI]CI modified electrodes are
shown in Figure 7.4.1. It is evident from these plots that a mediated
reduction of [Fe(Hz0 )g]3+ appears in the potential region of the
Os(I11/11) reduction and that iL is dependent on the rotation rate co.
Koutecky-Levich plots can be used to analyse this data. Typical plots showing
the dependence on layer thickness of this mediated reduction in 0.2 mM

[Fe(Hz2 0 )g]3+ are shown in Figure 7.4.2. These plots are linear for the
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0.7S 0.50 0.25 0.00 -0.25
E (V vsSCE)

Figure 7.41 Reduction of a 0.2 mM solution of
[Fe(H20)6]3+ in 0.1 M H2S04 by

[Os(bipy)2 (PVP)jQCI]CI. The rotation rates are, from
bottom to top, 500, 1000, 1500, 2000, 2500 and 3000 rpm.

Surface coverage 5 X 10-9molcm-9.
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U-1/2<HZ-1 2,

Figure 7.4.2 Typical Koutecky-Levich plots for the reduction
of 0.2 mM [Fe(H20)6]3+ in 0.1 M H2S04 at an

[Os(bipy)2 (PVP)jQCI]CI modified electrode. Surface
coverages in mol cm are, from top to bottom, 7.0 x

10'10, 1.8 x 10'9, 2.7 x 10'9, 5.0 x 10'9, 11 x

10 and bare platinum.
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surface coverages examined and all give a slope of 9.4+0.8 x 10" cms'~A",
Since the limiting current is dependent on the rotation rate and the
Koutecky-Levich plots are linear the St-, LSt. and LEk cases can be
eliminated (see Figure 7.2.4). The LRZtety case is expected to have a

slope which is smaller than that given by the Levich constant,

Lev=1.55D2/31;'1/6 (25)

at a clean unmodified electrode. This has been evaluated as 1.01x10

cms"~/2, Albery has examined this reaction and reports Lev as 1.04x10‘3
cms-~/2 [46]. The electroreduction of [Fe(Hz20)g]3+ at an electrode

modified with polyhydroxyphenazine has been considered [47]. Using data
reported in this paper a value of 1.14xI10'3 cms‘*” for the Levich constant

is obtained. Therefore, the slope of the [Os(bipy)2 (PVP)jQCI]CI modified
electrode is the same as that obtained at a bare electrode within experimental
error. Given that the slopes of the Koutecky-Levich plots at bare and modified
electrodes are the same the kinetic zone LRZtety can be eliminated. Thus
having excluded the above cases, the modified electrode must lie within the
Sk”, LSk, Lk or LEty kinetic zones. These cases can be distinguished by
examining the dependence of k’j”p on L. The modified electrode rate constant
k’ME can be evaluated from the intercept of the Koutecky-Levich plot as
discussed earlier. The dependence of k’jy” on L is given in Table 7.4.1 for

0.8 and 0.2 mM [Fe(H20)g]3+. This shows that the modified electrode rate
constant is first order with respect to the layer thickness. A similar

behaviour is observed for the other concentrations examined.

295



Table 7.4.1 The dependence of k’J*E on the layer thickness L where the

[Fe(Hz 0 )g]3+ concentration is 0.2 mM. Electrolyte 0.1 M H2SOa.

L (nm)a k MEx|°
150 6.30
70 2.84
38 1.54
25 0.93

The dependence of k’jyjE on layer thickness L where the

[Fe(H20)g]3+ concentration is 0.8 mM. Electrolyte 0.1 M

h 2s04.

L (nm)a k’'MEx103 (cms-1)
230 2.52
70 0.78
45 0.48
15 0.16

a Layer thickness L calculated from surface coverage using a

fixed site concentration of 0.7 M.
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Since the dependence of k’j*p on L is first order the kinetic zone
can be assigned via the flow chart to be Lk. In order to confirm this
diagnosis the dependence of k’j*p on bQ the concentration of mediator
within the film, was investigated, k’j*g is anticipated to have a first order
dependence on bQgiven that the kinetic zone is Lk.

In order to analyse the dependence on bQit is necessary to evaluate
the concentration of Os(ll) within the film as a function of electrode
potential. Films of [Os(bipy)2(PVP)jQCI]CI show classical surface bound
behaviour in 01 M H2SOs at the sweep rates employed in the rotating disk
voltammetry (chapter 3). This strongly suggests that the Nernst equation is
valid. Controlled potential coulometry has also been used to further consider
this behaviour. This procedure was implemented by incrementing the electrode
potential negatively from 1.0 V, where the film is fully oxidised, to -0.4 V
where the film s fully reduced. The potential increment was 50 mV and each
potential was held for 5 minutes during which time the cathodic current was
integrated, after this time the rate of charge accumulation was negligible.
Extraneous background charging was corrected for by stepping the potential in a
region where no redox reaction occurred and linearly extrapolating. The
observed response is indeed Nernstian as  shown for an
[Os(bipy)2 (PVP)jQCIIClI modified electrode in 01 M H2S0Os4 in Figure
7.4.3. The slope of this line is 58+2mV per decade in close agreement with the
theoretical slope of 59.6 mV/decade. This data can be used to calculate the

fraction f of the film which is oxidised via the relation

In[f/(1-f)]=(F/RT)(E-E°) (26)
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Figure 7.4.3 Nernst plot for an [Os(bipy)2 (PVP)j()CI]CI

modified electrode in 0.1 M H2S0O4. Surface coverage 5 X

ox9 molcm'2.
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In (1-)

Figure 7.4.4 The effect of increasing the Os(lll)
concentration within the film on the modified electrode rate
constant k’j ~ for the reaction of 0.2 mM

[Fe(Hz20)g]3+ in 0.1 M H2SO4. Surface coverage 5 x

10'9 molcm"2.
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and hence bQ can be evaluated. By analysing the rising portion of the
rotating disk voltammogram k™j: can be evaluated at various fractions of
Os(11l) reduction. Figure 7.4.4 shows the dependence of k’j*£ obtained from
Koutecky-Levich plots on (1-f). The plot is linear with a slope of 0.98+0.05.
This agrees with the slope of 1 anticipated for an Lk case.

Having established that the mechanism is Lk, i.e the catalytic
reaction occurs throughout the layer, the rate of reaction being limited by the

catalytic reaction, k, between B and Y, k can be evaluated from equation 27

k ME=kKLbo 27)

where K is the partition coefficient. The constant kK has been evaluated as
5.6x102 M '1s'1.

The kinetic zone diagram for this system is given in Figure 7.4.5. As
discussed earlier for surface coverages between 1 x 10 and 7 x 10_1f)
molcm the kinetic zone is of the Lk type. For these surface coverages the
reaction is controlled by the polymer layer. For thick filmsr>1 x 10
molcm"” the limiting current becomes independent of film thickness. This
corresponds to total catalysis in that diffusion of [Fei*O)"]3* from

solution to the electrode surface controls the process.

Section 7.5 Mediated Reduction of rFei”O "13* by
rOsfbipvWPVPAQCNnCI in 1.0 M HCIO”
The rate of charge transport through [Os(bipy)2(PVP)jQCI]CI films
in contact with perchlorate containing solutions showed unusual behaviour, with

much larger variations in D”-p as measured by potential step and sweep methods
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Figure 7.4,5 Kinetic zone showing the kinetic control of the
mediating process for the reaction of Fe(lll1) and Os(ll)

immobilised within [Os(bipy)2 (PVP)jgC1]C1 as a function

of surface coverage.
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than was observed in other electrolytes (see Chapters 3 and 4). More
significantly perhaps, the rate of charge transport as measured by linear sweep
voltammetry decreased as the perchlorate concentration was increased. This was
discussed in terms of a non-swollen, significantly dehydrated film which
effectively excluded charge compensating counterions and restricted counterion
and polymer chain motion within the film. These observations suggest that the
presence of perchlorate salts might result in inhibited permeation of

[Fe(H2 0 )g]3+ resulting in a change of the kinetic zone assignment from

the Lk case observed in sulphuric acid. A decrease in permeation would act to
decrease thus producing a kinetic zone of the surface type. To

investigate these assumptions the mediation properties of

[Os(bipy)2 (PVP)|QCI]CI films in 1.0 M HCIO+ were investigated using

[Fe(Hz2 0 )g]3+ as substrate.

The examination of Koutecky-Levich plots, which corresponds to
infinite rotation rate where negligible polarisation of the substrate occurs in
the electrolyte phase, have again been used to identify the kinetic zone to
which the system belongs. The limiting current like that observed in sulphuric
acid is dependent on the rotation rate. The Koutecky-Levich plots are linear
and have the same slope as that observed at a bare electrode. An example of
this behaviour is shown in Figure 7.5.1. The dependence of k’jJ~£ on L was
first order in sulphuric acid, this dependence in perchloric acid is
illustrated in Figure 7.5.2. This figure shows that k™ g is independent of
L. This independence suggests (Figure 7.2.4) that the kinetic zone is Sk” or
LSk, both surface cases. To distinguish between these two situations requires,
as before, an examination of the dependence of k’jyjp on bQ For the LSk

case a reaction order of 1/2 is expected while for the Sk” case the reaction
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Hz
Figure 7.5.1 Typical Koutecky-Levich plots for the reduction
of 0.2 mM [Fe(Hz20)g]3+ in 1.0 M HCIO4 at an
[Os(bipy)2 (PVP)ioCI]ClI modified electrode. Surface
coverages in molcm are, from top to bottom, 7.0 x
1010, 1.8 x 10'9, 2.7 x 10'9, 5.0 x 10'9, 1.1 x

10 and bare platinum.
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Figure 7.5.2 Plot showing the order of for the

reaction of a 0.2 mM [Fe(H20)6]3+ solution in 1.0 M

HCIO4 with [Os(bipy)2 (PVP)jQCI]CI with respect to the

surface coverage T.
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Figure 7.5.3 Nernst plot for an [Os(bipy)2 (PVP)iocl]CI
modified electrode in 1.0 M HCIO4. Surface coverage 5 x

_0 .0
0 molcm .
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order should be unity. Controlled potential coulometry was used to examine the
fraction converted as a function of the electrode potential and the results
presented in Figure 7.5.3. The non-linearity of this plot suggests that the
thermodynamics of the Os(Il1/1l) reduction are more complex than those
associated with a simple one electron transfer reaction. As a fully oxidised
film undergoes reduction, the curve is approximately linear with a super
Nernstian slope of 65-75 mV/decade. As the formal potential is approached the
slope decreases and approaches a Nernstian value. After f = 0.5 the slope
again increases and reaches a value of 80-100 mV/decade which is maintained
until the oxidation is complete. The use of the term "slope" is used only as a
convenience to identify those regions which are approximately linear. This
data has been used to calculate the fraction converted and hence bQ

By examining the rising portion of the rotating disk voltammograms in
conjunction with this data the dependence of k-~ on bQ can be evaluated.
This behaviour is illustrated in Figure 7.5.4. The log-log plot is a
reasonable straight line although some scatter exist in the data, the slope of
the best fit line is 1.05+0.2. It appears therefore that the reaction order
with respect to bQis unity. Thus the kinetic zone is of the Sk” type.

From Figure 7.5.4, where f = 0, corresponding to a fully reduced film,
the modified electrode rate constant is 2.90+0.2 x 10-4 cmz2s’~ For the
Sk” case k’j~£ is equal to k”bQ where k” is the second order rate
constant for the reaction between the surface bound mediator and
[Fe(Hz 0 )g]3+ in solution. Using a concentration of 0.7 M for the osmium
concentration within the film this gives k” as 3.1 x 10 4
molrdm~cms'l. The value of the homogeneous rate constant is similar to

that obtained by Albery and Hillman (4 x 1004 mol*dm”~ms'l) for the
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Figure 7.5.4 The effect of increasing the Os(lIl)
concentration within the film on the modified electrode rate
constant k’ME for the reaction of 0.2 mM

[Fe(H20)g]3+ in 1.0 M HCIO4. Surface coverage 5 x

109 molem'2.
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reaction of [Fe(Hz2o0)g]3+ with a thionine modified electrode where a

driving force of -250 mV exists.

Section 7.6 Discussion of Mediation Processes for rOsfbipvWPVP)iqCIICI
films.

In sulphuric acid [Os(bipy)2(PVP)jo CI]CI films can catalyse the
electroreduction of [Fe(Hz 0 )g]3+ efficiently giving rise to currents
which are limited by substrate diffusion in solution for thick films.
Catalysis occurs close to the formal potential which is approximately 200mV
more negative than the Fe(lll1/I1) formal potential. The fact that the
immobilised films can act as three dimensional catalysts is significant. The
results discussed previously in the charge transport section showed that in
sulphuric acid charge transport was rapid (D"j=2.95 x 10°¢ cm2§1 when
measured using potential step methods, and D(-.p=2.51 x 10 cm V1 when
measured using linear sweep voltammetry) and that ion movement represents the
rate limiting step. The protonated structure of the metallopolymer in this
electrolyte appears sufficiently porous to permit considerable iron permeation
despite the electrostatic repulsion which would be expected between protonated
pyridine units and [Fe(Hz o0 )g]3+.

The fact that the kinetic zone, where perchloric acid is the
supporting electrolyte is different to that observed in sulphuric acid and the
observation that the reaction is a surface, one correlates with the charge
transport data presented previously in chapter 4. The rate of charge transport
through these osmium containing films is of similar magnitude in both sulphuric
and perchloric acid electrolytes when measured using potential step
measurements. |If this represents the true rate of charge transport through the
film then it seems unlikely that electron transport through the film would be
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sufficiently different between the two electrolyte systems to alter the kinetic
zone from Lk to Sk”, If charge transport through the outer portion is more
accurately measured by linear sweep voltammetry then the reduced value
would tend to push the system toward an LEk case. This leads to the conclusion
that decreased [FeCH”OJg] permeation leads to the surface case. This

is consistent with the suggestion that the rate of charge transport as measured
by linear sweep voltammetry decreases with increasing perchlorate concentration
because of increasing film dehydration with consequent inhibited ion
permeation. The fact that the kinetic zone is of the Sk” case means that the
mediated reaction occurs between [FeiHjOJg]  still in solution and the

film within a region of molecular dimensions.
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Chapter s Conclusions



Section 8.1 Conclusions

When deposited on electrode surfaces all of the metallopolymers
described in this thesis show reversible, single electron redox reactions for
surface bound species, where significant interaction between sites is absent.
Ideal redox behaviour is observed in a wide variety of electrolytes, with the
possible exception of those based on perchlorate ion. As well as this, the
modified electrodes are stable toward thermal and photochemical ligand
substitution reactions. Furthermore, the modified surface has a long lifetime
even when exposed to 1.0 M acidic solutions. These are essential prerequisites
for the examination of homogeneous and heterogeneous charge transfer reactions
of materials of this type. This is because chemical reactions or loss of
modifying material from the electrode, makes it impossible for parameters, such
as the reaction entropy, where there is a small variation in the experimental
observable to be accurately evaluated. The significant synthetic flexibility of
these materials is evident since a wide variety of polymers based on the
[Os(bipy)2]2+//3+ unit can be synthesised each with a different redox
potential and charge transport property. The ability to control the redox
potential is particularly useful in the design of modified electrodes for
sensor application based on electrocatalysis.

In  general both Dqg4-(PS), Dqj(CV) and k° are sensitive to the
concentration of the supporting electrolyte, increasing with increasing
concentration for all loading and electrolytes examined, with the exception of
those based on perchlorate anion. The same rate of charge transport as measured
by potential step and sweep measurements is only observed under certain
circumstances, notably in sulphuric acid at high concentrations. Furthermore,

the activation energies for the two techniques are frequently different. The
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potential step measurements typically show low activation energies and negative
entropy terms, suggesting that an ordering process, namely ion transport limits
DCT(PS). In contrast, the cyclic voltammetry experiments, particularly in
high electrolyte/low redox site concentration combinations, show a lower rate
of charge transport, higher activation energies and positive entropy terms.
These observations suggest that a disordering process, segmental polymer chain
motion limits DE£j(CV). The above arguments suggest that those species which
attain equilibrium within the film during the charge transport process is time
dependent. The results obtained from all of the polymer/active site
loading/electrolyte combinations examined, suggest that at short times only
those species of high mobility i.e. electrons and high mobility ions attain
equilibrium due to kinetic barriers to mass transport processes. In the case of

the longer timescale cyclic voltammetry experiments thermodynamic equilibrium
is established. This involves an equilibrium of all mobile species including
electrons, ions and polymer chains.

The rate determining step of the charge transport process is dependent
on the experimental timescale, electrolyte type and concentration as well as,
the redox site loading. However, for the present case the rate of charge
transport at low electrolyte concentrations appears to be limited by ion
movement within the films. Where the redox site loading is low, it appears that
segmental polymer chain movement is required to bridge the intersite separation
and allow electron transfer to occur. The rate determining step of electron
self exchange is not observed. This appears to be related to the requirements
for observing electron self exchange as the rate determining step. This will be
favoured by a high concentration of oriented sites. However, a high metal

content within the film results in poor swelling which is required for fast ion
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transport. Thus at high redox site loadings the films become too compact for
efficient ion transport and so an ion movement limitation is observed. Removal
of the ion transport limitation by decreasing the active site loading
invariably results in a more swollen film in which the intersite separation is
larger and so polymer chain movement becomes the rate determining step. A
possible solution to these problems is to have internal buffering of the
system. In the materials discussed here, there are nitrogen moieties which can
undergo protonation in acidic media. During the oxidation of the osmium centre,
electroneutrality could be maintained by deprotonation of these nitrogens and
expulsion of protons. The similarity of charge transport rates in both high and
low pH electrolytes, notably in the poly(N-vinylimidazole) polymers suggests
that such a process does not occur. The possibility of maintaining an excess of
charge compensating counterion within the film to support the redox reaction
requires further investigation.

The optimisation of electrode response for applications typically
involves maximising the rate of charge transport through the film to the
film/electrolyte interface. This ensures that the redox reaction occurring
within the film does not constrain the electrode performance. In applications
involving catalysis it means that the whole layer can be utilised, while in
electrochromic applications it ensures a short response time. Traditional
thinking on modified electrodes has sought to optimise charge transport rates
by confining the highest possible concentrations of redox active material
within the film. In the present case, the highest redox site loading explored
was 1:5 osmium to monomer units. This situation means that the redox centres
are at a concentration of approximately 1.2 M and that adjacent sites

approximately touch. However, this situation typically failed to deliver the
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optimum charge transport rate (the only  exception being
[Os(bipy)2 (PVI)sCI]Cl in toluene-4-sulphonic acid). Despite this, it is to

be remembered that these systems do frequently give the highest cyclic
voltammetry peak currents and chronoamperometric responses, since even though
the charge transport rate is not at a maximum the active site concentration is
high thus giving a larger response. The films containing the maximum active
site loading do not however, give the optimum response per unit cost.

The modified electrodes considered here frequently show Donnan
exclusion behaviour. This acts to exclude charge compensating co-ions from the
film where its concentration is below the fixed site concentration. This
observation is important for applications of these materials, since where the
total electrolyte concentration is low, the analyte may be excluded from the
film resulting in a surface reaction and hence a small analytical response. At
higher concentrations of electrolyte Donnan exclusion may break down, causing
influx of the analyte thus utilising a greater proportion of the film, and
hence resulting in an enhanced response. The Donnan exclusion behaviour is
particularly interesting in perchlorate based media. The
[Os(bipy)2 (PV1)|Q](Cl2 films show a reverse Donnan behaviour in lithium
perchlorate (Figure 6.3.5.1). For lithium perchlorate concentrations between
0.1 and 04 M DAMT(PS) is large (4 x 109 cmV™*) which decreases to 2 x
1009 cmz2s'* in 0.6 to 1.0 M electrolyte. This behaviour is thought to
arise due to a breakdown of Donnan exclusion resulting in an ion influx.
Perchlorate interacts with the film to give a dehydrated layer thus impeding

ion transport and hence a reduced D"j(PS) is observed.
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The rate of charge transport through the poly(4-vinylpyridine) and
poly(N-vinylimidazole) metallopolymers have several features in common. For all
electrolytes except those based on perchlorate Dg4-(PS) and D£,T(CV) increase
with increasing electrolyte concentration, similarly a maximum metal loading
does not necessarily result in the optimum charge transport rate. In general
the rate of charge transport through the poly(4-vinylpyridine) films is similar
to those observed in the poly(N-vinylimidazole) polymers with the most rapid
rate of charge transport being observed for intermediate loadings in high
concentrations of sulphuric and p-toluene sulphonic acid.

It is interesting to note that the where the osmium centre is
coordinated in a bis manner to the polymer backbone that a more porous material
results. This is considered to arise because of the structural rigidity which
this coordination mode imposes on the polymer. Unlike the mono-coordinated
materials, this appears unable to adopt its lowest energy state, presumably an
extended configuration to minimise electrostatic repulsion between the
positively charged redox centres.

The rotating disk data presented in this work show that the choice of
electrolyte for a given analytical application is important. Where it is
desirable to avoid a reaction of the analyte at the underlying electrode
surface an electrolyte, such as perchloric acid, which causes film compaction
and results in a surface reaction may be desirable. In contrast, where the
objective is to utilise as much as possible of the film a swelling electrolyte
such as sulphuric acid should be used.

In final conclusion then, it is to be hoped that this work goes some
way toward an understanding of charge transport from the underlying electrode

into these films and within the layer. The results presented clearly show that
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the charge transport behaviour of these materials cannot be clearly elucidated

in a single electrolyte at a single redox loading.
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Abbreviations

AES Auger electron spectroscopy
bipy 2,2'-bipyridine

CPE carbon paste electrode

GC Glassy carbon

Melm methyl imidazole

NPV Normal pulse voltammetry
pic 4-methyl pyridine

phen phenanthroline

PLL poly(L-Lysine)

Pol polymer

p-TSA p-toluene sulphonic acid

PVI poly(M-vinylimidazole)

PVP poly(4-vinylpyridine)

PVF poly(vinyl ferrocene)

RDE rotating disk electrode

SEM scanning electron microscopy
TEAP tetraethyl ammonium perchlorate
XPS X-ray photoelectron spectroscopy
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Roman Symbols

Symbol

aj

G (x)

Cj(x=0)

Cj(x,t)

Ci(0,1)

Ci(y)

Ci(y=0)

Dei(CV)

Meaning

area

absorbance

activity of ion i
concentration

capacitance

concentration of species

j at distance x
concentration of species

j at the electrode surface
concentration of species

j at distance x at time t
concentration of species | at
the electrode surface attime t
concentration of species | at
a distance y below an RDE
concentration of species j at
an RDE

Rate of homogeneous charge
transport measured by cyclic

voltammetry
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Dimension

none

cm

mol

mol

mol

mol

mol

mol

mol

cm

cm-3

cm_}

cm

cm J

cm

cm



rate of homogeneous charge
transport measured by potential
step

Potential of an electrode
versus a reference

emf of a reaction

pulse height in differential
pulse voltammetry

standard potential of an
electrode

standard emf of a half reaction
difference in standard potential
for two couples

formal potential of an electrode
activation energy of a reaction
peak potential

Epa-Epc in cv

anodic peak potential

cathodic peak potential

half wave potential measured in
voltammetry

Faraday constant

Gibbs free energy

Gibbs free energy change in a

chemical process

cn? s_l

\

VvV, mv
VvV, nv

kJ/Mol

< <
2 2 2

<

<
2

kJ

kJ



standard Gibbs free energy
change in a chemical process
Standard Gibbs free energy of
activation

enthalpy

standard enthalpy change in a
chemical reaction

standard enthalpy of activation
Planck's constant

current

anodic component current
cathodic component current
limiting current

peak current

anodic peak current

cathodic peak current

current density

exchange current density

rate constant for a homogeneous
reaction

standard (intrinsic)
heterogeneous rate constant
heterogeneous rate constant for
oxidation

heterogeneous rate constant for

reduction

kJ

kJ/Mol

kJ

kJ
kJ/Mol

J-sec

> >» » » » >» »
5 55 5 5 5

UA

A/cm2, uA/cm?2

Alcm2, uA/cm?2

depends on order

cm/sec

cm/sec

cm/sec



Red

layer thickness of modifying
film

number of electrons per
molecule oxidised or reduced
oxidised form of the standard
system Ox + ne « Red

charge passed in electrolysis
reduced form of the standard
system Ox + ne = Red

gas constant

solution resistance
uncompensated resistance
entropy change in a chemical
process

standard entropy change in a
chemical process

standard entropy of activation
absolute temperature

time

linear potential scan rate
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cm

none

J Mol-1 K-1
ohms

ohms

kJ/IK

kJ/K

kJ Mol*1 K1
K

Sec

mV/sec



Greek Symbols

a

co

transfer coefficient
surface coverage of species |
diffusion

sampling time in sampled current

voltammetry

angular frequency of rotation

2 x Ti

rotation
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layer thickness

rate

none

mol cm

cm

Sec

sec-1



Appendix A Acquisition and Analysis of

Electrochemical Data Using Computer Based Systems



Introduction

In the course of this work the use of computer based methods for,

1) data capture and instrumental control,

2) data analysis and formatting,

3) data presentation and management,

was explored.

Al Integrated Data Capture and Analysis

In this section an integrated approach in which the instrument is
controlled by the host computer, and the data captured, analysed and presented
without operator manipulation is illustrated for sampled current voltammetry.
The use of a computer controlled potentiostat allows more complex wave forms,
such as sampled current and square wave voltammetry to be implemented. This
was achieved using a BBC microcomputer interfaced via an IEEE-488 interface to
an E.G.& G. Model 273 potentiostat. For sampled current voltammetry a program
has been written in BASIC to allow for data acquisition and analysis. This
program features full front panel emulation allowing the operator to enter, via
the computer the required experimental conditions such as potential limits,
incremental potential step size and timescale. This information is then used
to construct the required waveform which is then transferred via the IEEE-488

interface to the potentiostat. The waveform is then applied to the



electrochemical cell and the resulting data captured. This data is then
transferred to the computer for analysis in the manner discussed in section
1.3.3. The resulting current-potential response is displayed on screen for
operator evaluation. Further data processing such as smoothing and correction
for capacitive currents is then possible. The rate of homogeneous charge
transport and heterogeneous electron transfer are evaluated and presented on
screen. A hardcopy output to an Epson Hi-80 plotter of the current-potential
response and the calculated rate constants is also available. The computer
program for this data control, capture, analysis and presentation is given in

program listing 1.



10

Sampled Current Voltammetrv

pg=""

201KEVO GOTO 3710
30tKEY1 RUN

40
50
0
70
BO
90
100
110
120

DIM TIM()
DI MH 1$(300)

YF=1

cLs

REM NORMAL PULSE WAVEFORM PROGRAMMER
DIM OUTPUTS(300,0)

DIM BCt(l10)

DIM BC(10)

DIM BACK$ (300)

130LET PLACE = 0
140LET NERO - O

150
160
170
150

250
260
270
2B0

300
310
320
330
340
350
360

3B0
390
400
410
420

n
[N

LET ROGER
LET NAP = 0

TIME = 0

DIM PULSEMAGi (2001,0$(200)

DIMA$(26)

MODE 128:CLS

PRINT

PRINT"FDRMAL POTENTIAL IN MILLIVOLTS AS DETERMINED FROM CYCLIC *
INPUT"VOLTAMMETRY AT SLOW SWEEP RATES ";ER

PRINT

IF ER-0 THEN ER=400

INPUT*ENTER INTIAL POTENTIAL OF NORMAL PULSE PROGRAM  INIT

IF INIT=0 THEN INIT- 400

PRINT

INPUT “FINAL POTENTIAL mV";FINAL

IF FINAL=0 THEN FINALA1000

PULSEST

RES$=""

PRINT

INPUT"ENTER FULL SCALE CURRENT IN MILLIAMPS *;POTFS

IF POTFS-0 THEN SOUND 1,-15,1000,10:CLS:GOTO 340
PDTFS=POTFStIE-3

PRINT

INPUFTEMPERATURE IN DEGREES CENTIGRADE ";TEMP:TEMP=TEMP+273.1
IF TEMP =273.1 THEN TEMP=298.1

PRINT

GOSUB 550

IF ABS(VAL(OUTPUT$(1,0))))1000 THEN SOUND 1,-15,1000,10:PRINT *"CURRENT OVERLOAD,

430PRINT

440
450
460

PRINT
PLACE=0
ROGER-1

470PRINT

480
490

INPUT "NUMBER OF PULSES";iPULSES
IF PULSES=0 THEN PULSEST

500PRINT

INCREASE CURRENT SETTING":END



510 INPUT “UTPUT TO DATA FILE Y/N";RES$

520 IF RESIGN™ DR RESi="" THEN 550
530 PRINT

540 INPUT "ENTER FILENAME “3FILEt

550 LET [INCREM = (FINAL - INIT)/PULSES

560 LET BASE$=STR$(INIT)
570 FDR N=1 TO PULSES

S5BOLET PULSEMAG = INIT + NtINCREtt

590LET Z=4tINIT

600LET LO0J = 5TR$(-4t(INIT-PULSEMAG))
610LET PULSEMAG*(N) = "ADD "+L00$

620 LET fI$(N)="LC 0 500 0 0 0"

630LET SETE$="BI AS "+BASE$

640 LET R$="LC 1999 1 0"

650 NEXT N

660 DATA "SIE 1","FP 0","LP 1999","MM 2","MR 2","TMB 100"
670 DATA "DCV 0","SCV 27%"PCV 2","CLR"
6B0 DATA "PCV 0<% "CLR","NC","CELL 1", "TC"
690DATA ™WCD","DC 0 1<5"DC !5 17°%"DC 25 1","DC 45 1","DC 105
700LET COM = 26

710REM SETTING UP THE INTERFACE

720 TIEEE

730 cmdX-OPENIN("COMMAND™)

740 data7.=0PENIN("DATA™)

750 PR INT#cmdX,"BBC DEVICE NO",7

760 PRINTfcmdX,"CLEAR™”

770 PRINTfcmdX,"REMOTE ENABLE"

7B0 PRINTIcmdX,"END OF STRING",CHR$(13)+CHR$(16)
790 potX=O0PENIN("12")

BOO PRIMTIcmdJ,"LISTEN",potX,"EXECUTE"
BIOPRINTIdataX,"DD 13 + 10"

B20 FOR M = 1 TD PULSES

B30 PRINT

B40 PRINT "PULSE ";M" NOW BEING APPLIED"
B50 PRINT

860 GDSUB 1620

870 RESTORE

BBO NEXT M

B90 PRINT

900 SOUND 1,-15,1500,15

910REM FINDS BACKGROUND CURRENT PER PULSE
920 IF PULSES = 1 THEN GOTO 1190

930 DIM 1(5)
940 EI=-400
950 EF=0

960 FIRST-ABSTt(INIT-EI)/INCREMI5 )
970 LAST=ABS(INIT-EF)/INCREMt5

980 FOR X= FIRST TO LAST STEP 5
990 BC(11=BC(1)+VAL(OUTPUTS(1+X,0))
1000 BC(2)=BC(2)+VAL(OUTPUTS$i2+X,0))

1



1010 BC(3)=BC(3MVAL(DUTPUT* (3+X,0))
1020 BC(4)-BC(4)+VAL(OUTPUT*(4+X,0))

1030 NEXT X

1040 BC*(1)=STR*((BC(1))/((LFIST-FTRSTI/5))
1050 BC$12)=STR$(I1BCI2))/ 1 (LAST-FIRST)/5))
1060 BC$(3) =STR$ ((BC(3))/((LAST-FIRSTWS5))
1070 BC$(4)=STR*((BC(4))/((LAST-FIRST)/5))
1080 D-1

1090 TERM=PULSESt5

1100 FDR Y= 1 TO 4

1110 FOR X=0 TO TERM  STEP 5

1120 FACTOR=X/5tINCREM/(EF-EI)

1130 CDRRECTAVAL (BC$ (Y) XFACTOR

1140 BACK*(D+X)=LEFT$(STRF(VAL(DUTPUT$(D+X,0))-CORRECT),4)
1150 NEXT X

1160 0=D+1

1170 NEXT Y

11B0 PRINT

1190 IF PULSES)1 THEN Pt="T"

1200 IF P$=" THEN GOTO 1230

1210 IF P$<>"P" THEN GOTO 1440

1220 vbU 2

1230PRINT

1240PRINT ™ SAMPLING TIME milli seconds
1250PRINT "VDLTS";™ 0 "j<< 1 "it2 "ita "1

1260FDR Y = 0 TO PLACE-1
1270 IF NERO ) 0 THEN 1350

12B0 LET MOT$ = STR$(INCREMtROGER + INIT)

1290 LET ROGER = ROGER + 1

1300 NERO = NERO + 1

1310 DUTAVAL(OUTPUT*(Y,0))/1024tPOTFS

1320 DUT*=LEFT*(STR*(OUT),4)+RIGHT*(STR*(0UT),3)

1330 LET DUMP* = MOT$ + ™ " + OUT*

1340 GOTO 1380

1350 IF NERO = 1 THEN LET NAP = 9 ELSE NAP = NAP + 6

1360 DUMP*-LEFT*(STR*(VAL(OUTPUT*(Y.0))/1024tP0OTFS),4)+RIGHT*(STR*IVAL(OUTPUT* (Y,0))/1024tPOTFS),3)
1370 LET NERO = NERO + 1

1380 PRINT TAB(NAP);DUMP*;

13901F NERO < 5 THEN 1430

1400LET NERO =
1410 LET NAP =
1420PRINT
1430NEXT Y
1440 VDU 3
1450 IF RES*-"Y" THEN 1460 ELSE 1610
1460 REM SENDS DATA TO DISK

1470 «DISK

14B0 »CLOSE

1490 H-OPENOUT FILE*

1500 PRINT»H,STR*(PLACE)

0
0



1510 PRINTIH,STRS(INCREM)

1520 PRINTJH.STRSIINIT)

1530 PRINTIM,STRS(FINAL)

1540 PRINTKH.STRt(PULSES)

1550 FOR C = O TO PLACE-!

1560 PRINT IH,OUTPUTS(C,0)

1570 NEXT C

1530PRINT«H , "STOP"

1590 CLOSEIH

1600 tIEEE

1610 GOTO 2210

1620 FOR N=1 TO COM

1630 IF N=11 THEN A* (11)=PULSEHAG*I HI:SOTO 1690
1640 IF N=12 THEN A* (12)=Q$(M):GOTO 1690
1650 IF N=13 THEN AS(13)=RS :GOTO 1690

1660 IF N=17 THEN AS (17)=SETE*:G0TO 1690
1670 IF »=21 THEN AS(21)=SETES:GOTO 1690
16B0 READ AS INI

1690 NEXT N

1700 TIME=0

1710REM MAIN LOOP OF STATIC INTERFACE
1720PRINT ScadX, "UNLISTEN"

1730FOR N = 1 TO COM

1740REM GOES TO DEVICE DRIVER ROUTINE

1750 GOSUB 2040

1760 IF (ASC(serool IS) AND 21=2 THEN PRINT "ERROR"
1770 IF NO=0 THEN 1850

1780 FOR 1 -0 TONO

1790 GOTO 1810

1800PRINT OUTPUTS(PLACE,1);"

1810  NEXT 1

1820 PLACE — PLACE ¢ 1

1830 GOTO 1850

1840  PRINT

1850  NEXT N

1860 GOTO 2200

1870 REM SEND COMMAND TO 273

1880REM DO SERIAL POLL

1890G0SUB 2100

1900REM WAIT FOR PREVIOUS COMMAND TO PE DONE
19101F (ASC(serdo 11S) AND 1) THEN 1920 ELSE 1890
1920PRINT»c«idX, "LISTEN", poU, "EXECUTE"
1930PRINT IdataX,AS(N)

1940PRINT»c»dX, "UNLISTEN=*

1950RETURN

1960REM GET RESPONSES

1970LET NO = 0

1980REM DO A SERIAL POLL

199060SUB 2100

20001F (ASC(serool IS) AND 12B) = 128 THEN 2010 ELSE 2020



2010G05UB 2140

20201F (ASCiseroolU! AMD H = 1 THEV 2030 ELSE 1990

2030RETURN

2040REM DEVICE DRIVER

2050 REM OUTPUT COMMAND TO DEVICE

2060G0SUB 1870

2070REM GET RESPONSES

2080 GOSUB 1960

2090 RETURN

2100REM SERIAL POII

2110PRINTIcmdX, “SERIAL POLL”%o00tX.!

2120INPUTSc«id7..serpollS

2130RETURN

2140REM RECEIVING OUTPUT FROM 273

2150PRINT*cmdX, “TALK*,poLX

21 i»0INPUTII da taX ,OUTPUT* (PLACE, NO)

2170PRINTKcmdX, "UNTALK"

2180N0 = NO + 1

2190RETURN

2200 RETURN

2210 PRINTicmdX,“60 TO LOCAL"™, potX,"EXECUTE"

2220CLOSE#cmdX

2230CLOSE#dataX

2240CLOSESc*dX

2250 |IF PULSES)! THEN GOTO 2270

2260 RETURN

2270 DIH Ft(5)

2280 PRINT

2290 INPUT"ENTER B FOR BACKGROUND CORRECTED VALUES ELSE RETURN BCORRECT™*

2300 REM THIS PROGRAM OBTAINS THE STORED OUTPUT DATA FROM THE NORMAL PULSE EXPT
2310MODE 12B

2320 NOOFSP=5

2330 vDU 28,0,5,60,0

2340 REM NORMAL PULSE WAVEFORM PROGRAMMER

2350 NERO=0

2360 ROGERS

2370 NAP=0
23BOTIME=0
2390 LET A
24001D1SK
2410MOVE 0.0

2420 LET R = 0

2430 LET DUFF*=<0"

2440 LET Y*="0"

2450FOR U 1 TO NOOFSP
2460MDVE 0,0

2470 DUFF*="07~

24B0 Y$="0"~

2490 FOR A = 0 TO 10
2500 LET D=10*AINODFSP

n
o



=mDUFFi + + Vi

2510 IF D> PLACE-1 THEN 2660 ELSE R =RM

2520 FOR X - 0 TO 9

2530 LET Y = Z + XtNOGFSP + 10«AtMDOF5P

2540 IF Y>PLACE-THEN 2640

2550 IF X = OTHEN LET HItIR! = "AM 0" +

2560 IF BCORRECT$="B" THEN B=VAL(BACKi(Y)!{GOTO 25B0
2570 8rVAL(OUTPUTI(Y,0i1

2580 LET DUFF*=STR*(INCREM+INCREMtX+1NCREM*10*A)

2590LET Yi=STRi(ABS(BtYF))

2600LET VOLT=INCREM+INCREMtX+INCREM*10tA

2610DRAW ( IWIT+VOLT)/1.2,ABS(BLYF)
2620LFIBEL$="LA"+STR$(POTFS/YF<1001+"ifl"

2630
2640
2650
2660
2670
2680

LET HIS(R)-HI$(R) + \" + DUFF$ +
NEXT X
NEXT A
NEXT Z
PRINT

INPUT "ENTER SCALE FACTOR ON CURRENT AXIS OR RETURN TO CONTINUE

2690PRINT

2700
2710
2720
2730
2740
2750

IF YF=0 THEN YF=1
IF YF>1 THEN CLS:GOTO 2300

INPUT"ENTER P FDR HARDCOPY TO PLOTTER,
IF PLT$="" THEN MODE12B:GOTD 3010
vbu 2

2760PRINT "MA 300,300"

2770
2780
2790

PRINT "OR"™
PRINT"AM 0,0,0,0,1000"
PRINT "HA 0,0"

2800PRINT "AX 3, M0OO, 7,1,-400,1000,50.0"

2B10 PRINT"MA 0,0"

2820 FOR C = 1 TO R-I

2830 PRINT HIilC)

2640 NEXT C

2B50 PRINT "HO"

2860PRINT "MA -1500,0"

2870 PRINT "OR"

2BBO PRINT "HA 400,-200"

2B90 PRINT "CS3™

2900 PRINT "MA BOO,-175"

2910 PRINT "SI 35,25"

2920 PRINT "LA POTENTIAL mVolts "
2930 PRINT"AM 0,600,600,600,700"
2940 PRINT"MA 610,650"

2950 PRINT LABEL*

2960 PRINT “HO“*

2970PRINT "MA -300,-300"

2980 PRINT "OR"
2990 VDU 3
3000 MODE 128

+ Y$

RETURN TO END \PLT$

";YF



3010 TIrt(41=31.6227766
3020 TIN(31=22.3606797B

3030 TIH(2)=15.8113383

3040 TIM(1) =10

3050 FOR 3=4 TO 1 STEP -I

3060 XY=XY+(VAL (OUTPUT* (PLACE*1,01)/j024 IPOTFS)tT| HU)
3070 TX=TX +T1M(11

3080 TY=TY+(VAL(OUTPUT*(PLACE-1,01)/{0241POTFS)
3090 SX=SX+((TIH(11)*2)

3100 SY=SY+(VAL (OUTPUT*(PLACE-1.0M/10241PUTFS)*2
3110 NEXTI

3120 AX=TX/4

3130 AY=TY/4

3140 B=(KY-{41AmY1]/(SM4HAP2n)

3150 R=tXY-(41AXtAY))/It (SX-(4t 1A1T2) )LUBY-t4t (AY*2)H )*0.5)
3160 C=AY~BtAX

3170 PRINT REGRESSION LINE IS Y=<5C "t=<B"X*
31BOPRINT

3190 PRINT

3200 PRINT "COORELATION 1S ;R

321 0PR INT

3220 D=B/20949.2

3230 PRINT*D"1/2.C “5ABSIDI

3240 02MABS(D)/0.7E-3tA2

3250D02*=TA D (0.7M) <#STR*(D2)

3260 DIFF*="EA n/2.C "+STR«(ABS(D)1

3270 VDU2

3280 PRINT*DI 0,367

3290 PRINT 7FIA 2000,100%*

3300 PRINT DIFF*

3310 PRINTB2*

3320 PRINT-HA 2100,100"

3330 VDU3

3340 QQ=2100

3350 PRINT

3360 PRINT

3370 FDR J= 4 TO | STEP-I

3390 PRINT

3390 QQ=QQ+100

3400 PRINT

3410 X=0:Y=0:XY=0:TX=0:TY=0:SX=0:SY=0:N=0

3420 DL=25

3430 START= (INTI FER-IN1 T-DL-i./INGREHi )15

3440  HL=300

3450 NO=(INT((ER-INIT+HL)/INCRETI 1*5

3460 X=(((START/51INCREM1-4001/1000)

3470 FOR 1= START-J TO ND STEP 5

3480 MTOP=ABS(VAL(OUTPUT*(1,0)1/10241P0OTFS)

3490 MBTM=ABS(VAL(OUTPUT*(PLACE-J,0))/10241POTFS)
3500 H=«TOP/«BTM
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3510 2= r11610.709/TEMP) t(X-(EP/1000))
3520 TP=1.75Fr2t(1I»EXP<-Z>r21

3530 BTM=1-MIt1+EXP(-Z))

3540 IF BTM<O THEN GOTO 3450

3550 Y-LN(Mtt(TP/BTFIIAO.5))

3560 IF V<-1THEN GOTO 3650

3570 IFYM THEN GOTO 3650

3550 N=N+1

3590 XY=XY+XtY

3600 TX=TX+X

3610 TY=TY+Y

3620 SX=SX+ fXA21

3630 SY=SY + 1VA2)

3640 X=XMINCREM/10Q0)

3650 NEXT 1

3660 AX-TX/N

3670 FLY=TY/M

3680 B=(XY-INIAXTAY))/(SX-INt(AXA2)))
3690 Rr (XY-(NtAXtAYJL1/( [{SX-(NtIAX"2) YH(SY-(Nt(AYA2) )))A0.5)
3700 C=AY-BtftX

3710 PRINT"REGRESSJON LINE IS

3720 PRINT

3730 PRINT -CORRELATION IS ";R

3740 AA=B/111610.709/TEMP)

3750 G=(ER/1000)-C-C/B)

3760 KEL-TIH(J)t3A0.5/4tEXP(AAt96485tG/8.31/298)
3770 K--KELIABSIDI

37BOPRINT

3790 PRINT “ALPHA

3800 VDU2

3810 ALPHAA"LA ALPHA *+ STRtIAAI
3820 PRINT ALPHA*

3830 KINETICi="FA KINETICtCONC ,+STS$IK)
3840 PRINT KINETIC*

3550 MVi=*fIA "+STRilQQH\100"

3B60 PRINTMVi

3870 VDU3

3BBO PRINT

3890 PRINTKINETIC « CONC ";K

3900 NEXT J

3910 VDU2

3920 PRINT"IN”

3930 VDU3

11



A2 Direct Data Analysis

A less complicated computer based system is to use the instrumental
front panel to select the desired experimental conditions, and then to have
direct data transfer to a computer for manipulation and analysis. Such a
procedure was implemented for data capture from a Phillips 3311 digital storage
oscilloscope used for short timescale potential step experiments. This was
achieved via an IEEE-488 interface and BBC microcomputer. The data from the
oscilloscope, resulting from the potential step experiment is transferred to
the computer and displayed as a Cottrell plot. The results of several such
experiments are obtained and signal averaged. Correction for background
currents is achieved as desribed in section 3.3 and similarly averaged. The
Faradaic current response is obtained by subtraction and then presented as a
Cottrell plot. The operator then selects the region over which the homogeneous
charge transport coefficient (D~-p(PS)) is calculated. This means that the
region of analysis can be constrained to the semi-infinite diffusion regieme.

Program listing 2 gives the BASIC program which implements this procedure.



Potential Step Chronoamperometrv

iODIM B (255)
20D1 ( C (255)
30DIMDI255)
40m=""
50D IMBC (255)
60A=,3B4B
70D IMB™ (255)
BOD IMFI$(26B)
90D IMCNT (255)
100DIM T IM(255)
110CLS
120PRINT:PRINT:zPRINT:PR I M :PRINT
130PRINT" 1. FOR NEW MEASUREMENT "
140PRINT:PRINT
150PRINT™ 2. RECONSTRUCT PREVIOUSLY SAVED TRACE"
160 PRINT:PRINT
170PRINT™ 3. SAVE DATA*
180 INPUTIi
1901F1i="1"THEN 60T0220
2001F1$r"2"THEN GOT01360
2101F1$="3"THEN G0T01200
220 CLS
230 »IEEE
240cmdX=0PENIN(*COMMAND")
250dataX”"OPENIN("DATA™)
260PRINTHc«dX,"BBC DEVICE NO",7
270 PRINT (tcmdX, "CLEAR"
280 PRINT KcmdX,"DEVICE CLEAR"
290PRINT#cmdT.,"REMOTE ENABLE"
300 oscX=OPENIN("B™)
310PRINT#cmdX, "SERIAL POLL",o0scX,1
320INPUT#cuidX,statusmessage$
330 PRINT "RESULT OF SERIAL POLL ";ASC(statusmessagei)
340 PRINT
350 INPUT"ELECTRDDE AREA IN CENTIMETRES SQUARED ";AREA
360 PRINT
370 INPUT™INPUT NUMBER OF REPEATED TRANSIENTS REQUIRED ";VV
3B0 PRINT
390 INPUT "RECORD FORWARD TRANSIENT AND PRESS RETURN TO CONTINUE ™;ZZ$
400 PRINT
410PRINTkmdX, "LISTEN", oscX, "EXECUTE"
420PRINT«dataVSPR 32"
430PRINT#data7.,"USP 47"
440PRINTfldataX,"WTD 30"
450PRINT#dataX,"REG 0/VER A/FCN ON/BGN O/END 255/CNT 1/DAT 2?7~
460PRINTtcmd7., "UNLISTEN"
470PRINT"PLEASE WAIT WHILE DATA IS TRANSFERRED APPROX. DURATION 20 SECONDS"
4BOPRINTicmd7., "TALK" ,osci
490FOR IMTO0255
500 INPUT#dataX, A$ (17.)
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510C (1X) =VFtL (A* U X ) )+CF IS!
520NEXT IX
530 PRINTScmdX,"GO TO LOCAL",oscX,"EXECUTE"

540 J=J+1:IF J <VV THEN INPUT"RECORD NEXT TRANSIENT PRESS

550PRINT#cmd7., "REMOTE ENABLE"
560F0R1=1T0255

570A*(11=STRi (C(1)/VV)

560 NEXT |

590PRINTicFFIdX, " IINTALK"

fe00PRINTKcudX, "UNLISTEN"

610 PRINTHcaidX, "60 TO LOCAL",oscX,"EXECUTE"
620CC=0

630AVI=0

640FDRA=1T030

8501 FABS (VAL (A$(A))-VAL(A*(2)))<!0 THENFiVI=AVI+VAL(Fi$(A))

6601FABS(VAL(A$(A) )-VFIL(A$(2) )KJO THEN CC=CC+1
67ONEXTA

6BOAVI=AVI/CC

690PRINT

700INPUT"VERTICAL SCALE IN VOLTS PER FIVE DIVISIONS
710PRINT

720 INPUT"POTENTIOSTAT FULL SCALE IN MILLIAMPS ~%POTFS:POTFS=POTFS/1000

730FOR1=2T0255
740CNT(1)=((VAL(AT(1))-AVI1/25_51SCV*POTFS/5)
750NEXTI

760 PRINT

770 GOSUB1910

7801F CC< CBC THEN CC=CBC

790REM:TIMES CORRESPONDING TO CURRENTS
BOOPRI NT

";SCV:

RETURN

610INPUT"TIME IN MILLISECONDS PER DIVISION ™;TDIV:TDIV=TDIV/1000

820FO0RI=1T0255
830TIM(1)=((1-CC-2)/255t101TDIV)

840NEXTI

850 PRINT

660INPUT"STAPTING POINT OF ANALYSIS "\l
B70PRINT

880INPUT"END POINT OF ANALYSIS MAX 255 *;F
BOO IF F>255 THEN F=255

9001IN=CC+Z+3

910 XY=0:TX=0:TY=0:5X=0:SY=0:AX=0:AY=0;N=0
920N=F-IN+1

930 IF XXi-"C"THEN GOTO 980

940 FDR 1=CC+3 TO 255

950 TIM(1)=1/FTIM(1)A0.5)
960CNT(1)=CNT(1)-(BC(1)t4)

970 NEXTI

980 FOR J = IN TO F
990XY=KY+CNT(J)LTIMII)

1000TX=TX*(TIM(I))

14
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1010TY=TY+(CNT(J))
10205X=SX + (1" IMI1.*) )A2I

1030SY=SY«((QNTU)1*2)

1040AX=T X/N

1050AY=TY/N

1060NEXTJ

1070B=(XY- (NEAXTAY))/(SX-(N*(AX*2)))
1080R=(XY-(N*FEXTIAY))/ (1(SX- INITAK 2))) 1 ISY-INITAYA2)))*A0.5)
1090C=FI1Y-Bt AX

1100CLS

1110PRINT-REGRESSION LINE IS

1120PRI NT

1130PRINT“CORRFLATION IS ";R

1140 D=(1B/(96485*AREAIO.75E-3))* 1.77)A2
1150PRINT

11FeOPRINT DIFFUSION COEFFECIENT *;D

1170VDU3

1180GOSUB 2310

1190PRINT

1200* DI SC

12101NPUT"FILENAME ",F$

1220PRINT

1230INPUT-TITLE OR OTHER RELEVANT COMMENTS *;T*
1240PR1 NT

1250PR1I NT

1260INPUT "TITLE OR OTHER RELEVANT COMMENTS FOR BACKGROUND CORRECTION";TBS
1270  X=OPENOUT F$

12BOPRI NT# X ,T$

1290PRINTIX, TB$

1300FORI=1T0 255

1310PRINT#X,Ai (1),BS(1)

1320NEX TI

13301CLOSE

1340END

1350PRI NT

1360REM TRACE RECONSTRUCTION NB NO BACKGROUND CORRECTION
1370t DI SC

13301NPUT"GIVE FILENAME *,F$

1390X-0PENIN F$

UOOINPUTIIXJBi

14101NPUTKX .TS

1420PRINT

1430PRINTTBS

1440PRINT

1450FO0R1=1T0255

1460INPUTIX, Aid), Bill)

1470NEKTI

1480 tCLOSE

1490* 1EEE

1500c»dX=0PENINI"COMMAND")
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1510datar.=0PENIN (“DATFt")
1520PRINTFIcmd7.,"BBC DEVICE NO",7

1530PRINTttcmdX, “CLEAR"

1540PRINT#cmdi , "REMOTE ENABLE™

1550 osci-OPENIN("8")
1560PRINTFc«dX,"LISTEN®50sci, "EXECUTE"
1570PRINT#dataX,"SPR 32"

1500PRINTidata/t, "USP 47"

1590PRINTttdata7., "REG 1/VER A/FCN DN/BGN O/END 255/CNT 1"
1600PRINT#dataX, "DAT 128"

1610FDR 1=1T0255

1620PRINT#dataX,STR$(VFiL(AS(1) ))

1630NEXT |

1640PRINTIcmd7., "UNLISTEN"

1650 PRINT#cmdX, "GO TO LOCAL",oscX, "EXECUTE"

16601D1SC

1670 INPUT"PRESS ANY KEY FOR ASSOCIATED BACKGROUND TRANSIENT
1680 X=0PENIN F$

1690PR1 NT

1700PRINTTS

1710CLOSESX

1720* IEEE

1730cmdr.=OPENIN ("COMMAND" )

1740data7.-OPENIN("DFITA")

1750PRINT#cmdX,"BBC DEVICE NO*1,7

1760PRINT»c#dX, "CLEAR"

1770PRINT#cmdX, "REMOTE ENABLE"

1780 0SCX=OPENIN("B")

1790PRINT*cmdX, "LISTEN",0sci, "EXECUTE"
IBOOPRINTHdataX, “SPR 32"

IBIOPRINTIdataVUSP 47"

IB20PRINTttdataX, "REG 1/VER A/FCN ON/BGN O/END 255/CNT 1+
1830PRINT(tdataX, "DAT 128"

1840FOR 1-1T0255

1850PRINT*datai,STRSIVAL(Bill)))

1860NEXT |

IB70PRINT*cmd7.,"UNLISTEN"

1BBO PRINTIcmdX,"GO TO LOCAL",oscX,"EXECUTE"

1B9OEND

1900REM BACKGROUND CORRECTION

RECONSTRUTION

19YTOINPUT"INPUT NUMBER OF REPEATED BACKGROUND TRANSIENTS REQUIRED ";VV

1920PRINT

1930 INPUT "RECORD BACKGROUND TRANSIENT AND PRESS RETURN TO
1940PRINT

1950J=0

1960PRINTkmd7, "LISTEN",o0sci, "EXECUTE1

1970PRINT#data%,"SPR 32"

1980PRINTfdataX,"USP 47"

1990PRINT#daLaX,"WTD 30"

2000PRINT#dataX,"REG O/VER A/FCN ON/BGN O/END 255/CNT 1/DAT
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201 OPR INTScmdX, "UNLISTEN"

2020PRINT "PLEASE WAIT WHILE DATA IS TRANSFERRED APPRO)!. DURATION 20 SECONDS"

2030PRINT#cmd"/.,"TftLK" ,0scX

2040FDR 1X-1T0255

2050INPUT#dataX,B$(1X)

2060D(1X)=VAL(B$(1X))+0(1")

2070NEKT IX

2080 PRINTkmdVGO TO LOCAL",oscT.,"EXECUTE"
2090J=J+1:TF J<VV THEN IWPUT*RECORD NEXT TRANSIENT PRESS RETURN
2100PRINT

2110PRINTIcmdX, "REMOTE ENABLE"™

2120FOR U1TO0255

2130B$(1)=STRi (D(1)/VV)

2MONEXTI

2150PRINT#cmdX,"UNTALK"

2160PRINT#cmdX, "UNLISTEN"

2170 PR INTfrcmdX, "GO TO LOCAL",osci,"EXECUTE"
21BOAVI=0

2190FO0RA=1TD30

22001FABS(VAL(8$(A! )-VAL(B$(2) 1X10 THENAVI=AVI +VAL Bi (A))
22101FABS(VAL(B$(A))-VAL(B$(2)))<10 THEN CBC=CBC+1
2220NEXTA

2230AVI-AV1/CBC

2240INPIIT"VERTICAL SCALE IN VOLTS PER DIVISION \SCV:
2250PRINT

Vi

:GOTO 1960

2260 INPUT"POTENTIOSTAT FULL SCALE IN MILLIAMPS *;POTFS:POTFS=POTFS/1000

2270FDRI-2T0255
22B0BC(1)=((VAL(B$(1))-AV1)/25.51SCVIPOTFS/5)
2290NEXTI
2300RETURN
2310XF-1100/T1«(IN)
2320YF=900/ CNTIIN)
2330MOVES50,50
2340DRAW1279.50
2350MQVE50,50
2360DRAW50,1023
2370F0R1=50T01073STEPYF
2380PLOT 69,49, 1:PLDT69.4S, 1:NEXTI
2390F0RI=50 TO 1279STEPXF:PLOT69,1,47:PLOT69,1,46:NEXTI
2400FDRI=IN TO F
2410X=TIM(1)tXF
2420Y=CNT(1)tYF
2430PLDT69,X+50,Y+50
2440NEXTI
2450PRINT
2460 INPUT"PRESS C TO ALTER ANALYSIS BOUNDARIES ";XX$
24701FXX$="C" THEN PRINT:BDTO B60
24B0 GOTO0110
2490F0RI=1T0255:PRINTI;®  “;TIH(1);"  ";CNT(1);"  ";BC(D
2500NEXTI
17



A3 2 Analysis of Electrochemical Data.

In order to evaluate rate constants such as the rate of homogeneous
charge transport from electrochemical data within the framework of the
theoretical models discussed in Section 1.3 several BASIC programs have been
written. This software does not interact directly with the experiments but is
postrun on an IBM compatible computer. AIll programs in this section were
written using GW-BASIC.

Program 1 calculates DAT(CV) from the cyclic voltammetry peak
current, redox site concentration and surface coverage with a finite diffusion
space from the model of Aoki et al. discussed in section 1.3.1. This is
achieved using an iterative procedure based on the bisection method. Iteration
is continued until the error on the predicted peak current is less than 1%. As
well as calculating Dq j(CV) the parameter W describing the ratio of the
thickness of the diffusion space to the film thickness is also calculated and
assigned to either of the two limiting cases i.e a surface or semi-infinite

diffusion space.

Program 1 Linear Sweep Yoltammetrv With Finite Diffusion Space.

10 REM PROGRAM TO CALCULATE DIFFUSION COEFFICIENTS FROM CYCLIC
VOLTAMMETRIC DATA FOR A REVERSIBLE REACTION USING THE AOKI A

20 CLS

30 INPUT"SURFACE COVERAGE IN MOLES PER CENTIMETRE SQUARED ";SC
40 IF SC=0 THEN CLS:BEEP :GOTO 30

50 PRINT

60 INPUT"CONCENTRATION OF ELECTROACTIVE SPECIES IN MOLES

PER CENTIMETRE CUBED ";CONC
70 IF CONC=0 THEN CLS:BEEP:GOTO 60
80 PRINT

18



250 TY=TY+Y
260  SX=SX+(XA2)

270 SY=SY+(YA2)

280 PRINT

290 GOTO 100

300 AX=TX/NN

310 AY=TY/NN

320 B=(XY-(NN*AX*AY))/(SX-(NN*(AXA2)))

330 R=(XY-(NN*AX*AY)N/(((SX-(NN*(AXA2)))*(SY-(NN*(AY A2))))A5)

340 C=AY-B*AX

350 D.5C=B/269000!/A

360 D=(D.5C/CONC)A2

370 PRINT:PRINT

380 PRINT "DIFFUSION COEFFICIENT BASED ON LINE SLOPE IS ";D;"CMA2 SA1"
390 PRINT

400 IF C <0 THEN PRINT"REGRESSION LINE IS Y=";B;"X";C

410 IF C >0 THEN PRINT "REGRESSION LINE IS Y=";B;"X+";C

420 PRINT

430 PRINT"CORRELATION COEFFICIENT IS "R

The evaluation of thermodynamic parameters from the temperature
dependence of both the cyclic voltammetry and potential step measurements
formed a central part of this work. The following program uses previously
obtained data for the dependence of the cyclic voltammetry peak current on
temperature to calculate thermodynamic parameters. Initially the charge
transport rate is calculated at each temperature, depending on the accuracy
with which the peak current is reproduced the operator decides whether to
accept or reject the data point. The effect of increased temperature on the
ratio of the diffusion layer thickness to film thickness is explored via the

parameter W. The Arrhenius plot is displayed on screen, with an option for
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hardcopy output, points can be deleted as required. Least squares linear
regression is then applied to calculate the activation energy and enthalpy
terms. Using the value of the intersite separation entered by the operator and
the Eyring equation the entropy is calculated. Finally the enthalpy term is

calculated.

Program 3 Evaluation of Thermodynamic Parameters for Homogeneous Charge

Transport Using Cyclic Voltammetrv With Finite Diffusion Space.

10 REM PROGRAM TO CALCULATE ACTIVATION ENERGIES, ENTROPIES, ENT
GIBBS FREE ENERGIES

20 SCREEN 2

30 YMIN=IE+08:XMIN=IE+08

40 YMAX=-1E+08:XMAX=0

50 KEY 1,"LIST "+ CHR$(13)

60 KEY 3, "GOTO 640” + CHR$(13)

70 CLS

80 INPUT"PRESS P FOR RESULTS TO PRINTER ";PRN$

90 PRINT

100 IF PRN$="P" OR PRN$="p" THEN INPUT "PLEASE INPUT ELECTROLYTE

USED ";T$:PRINT

110 INPUT "SEPARATION OF ELECTROACTIVE CENTRES IN ANGSTROMS ";SEP

120 IF SEPN=0 THEN BEEP:CLS:GOTO 110

130 SEPN=SEPN*1E-10

140 PRINT

150 INPUT"CONCENTRATION OF ELECTROACTIVE SPECIES IN MOLES
PER CENTIMETRE CUBED ";CONC

160 CONC=CONC*.001

170 IF CONC=0 THEN CLS:BEEP:GOTO 150

180 PRINT

190 DIM X (100),Y (100)

200 NN=0
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210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550

INPUT"SURFACE COVERAGE IN MOLES PER CENTIMETRE SQUARED

IF SC=0 THEN BEEP :CLS :GOTO 210

PRINT

INPUT "ELECTRODE AREA IN CENTIMETRES SQUARED "A
IF A=0 THEN A=.3848

PRINT

INPUT "NUMBER OF ELECTRONS TRANSFERRED ";N
IF N=0 THEN N=1

F=964851:R=8.310001

PRINT

INPUT"TEMPERATURE IN DEGREES CENTIGRADE ;T
IF T=0 THEN BEEP:CLS: GOTO 310

T=T+273.1
PRINT
V=1

INPUT'PEAK CURRENT IN MICROAMPS ";IP:IP=IP*.000001
IF IP =0 THEN BEEP: CLS:GOTO 360

PRINT

K1=.001

K2=4000

PRINT

CLS

DEF FNTH (X)=(.5*(EXP(X)-EXP(-X)))/(.5*(EXP(X)+EXP(-X)))
W=N*F*V*K1/R/T

C=.56*(WA5)+(.05*W)

IF C>5 THEN EI=.446*N*F*A*SC/KI*(W A5)-IP:GOTO 480
E1=.446*N*F*A*SC/K1*(WA5)*FNTH(C)-IP

W =N*F*V*K2/R/T

C=.56*(WA5)+(.05*W)

IF C>5 THEN E2=.446*N*F*A*SC/K2*(WA5)-IP:GOTO 520
E2=.446*N*F*A*SC/K2*(WA5)*FNTH (C)-1P

K3=(KI+K2)/2

PRINT K1,K2,K3

IF E2>0 THEN PRINT "PROBLEM IN LIMITS HIINIMEND

W =N*F*V*K3/R/T
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560 C=.56*(WA.5)+(.05*W)

570 IF C>5 THEN E3=(.446*N*F*A*SC*(WAJ5)/K3)-IP:GOTO 590

580 E3=.446*N*F*A*SC/K3*(WA5)*FNTH(C)-IP

590 IF E3<=0 THEN K2=K3 600 IF E3>0 THEN K1=K3:

610 IF ABS(K1-K2)<.0001 THEN GOTO 630

620 GOTO 440

630 PRINTrPRINT "THICKNESSA2/DIFFUSION COEFFICIENT IS ™K1
640 LET LT=SC/CONC

650 PRINT

660 D =(LTA2)/K1

670 W=N*F/R/T*V*K1

680 IPE=.446*N*F*A*SC/K1*(W A5)

690 IF IPE <IP*.999 OR IPE>IP*1.001 THEN BEEP

700 PRINT "PREDICTED PEAK CURRENT FROM THIS VALUE OF

THICKNESS SQUARED / DIFFUSION COEFFICIENT IS "™ IPE

710 LC=NA2*FA2*V*SC/4/RIT

720 PRINT

730 PRINT "LANGMUIR CURRENT IS ";LC

740 IF IPE > LC THEN BEEP:BEEP

750 PRINT

760 PRINT "ESTIMATED DIFFUSION COEFFICIENT IS ";D" CMA2/S"
770 PRINT

780 PRINT "LOG DIFFUSION COEFFICIENCT ";LOG(D)

790 PRINT

800 PRINT "1/T "™;1/T

810 PRINT

820 PRINT "LAYER THICKNESS ";LT/100;" METRES"

830 PRINT

840 IF W>6.9 THEN PRINT "THIS VALUE OF W (";W") IMPLIES A

DIFFUSIONAL BEHAVIOUR™

850 IF W<1.3 THEN PRINT "THIS VALUE OF W(:;W") IMPLIES A SURFACE WAVE"
860 PRINT

870 INPUT "PRESS RETURN TO ACCEPT THIS ENTRY OR N TO REJECT ";N$
880 IF N$="" THEN NN=NN+1:X(NN)=1/T: Y(NN)=LOG (D)
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890

900

910
920

930

940

950

960

970

980

990

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200

IF N$="" AND NN=1 AND PRN$="P" THEN LPRINT:LPRINT:LPRINT:
LPRINT:LPRINT:LPRINT "TEMP ’K T Ip Dct Ln DcT"

IF N$="" AND PRN$="P" THEN LPRINT:LPRINT T" Rl i [
wpr ":LOG(D)
PRINT

INPUT "INPUT E TO END, RETURN TO INPUT ANOTHER SWEEP RATE
UNDER SAME CONDITIONS ";CC$

IF CC$="E" OR CC$="e¢" THEN GOTO 950

CLS :GOTO 310

FOR J=1 TO NN

IF X(J)>XMAX THEN XMAX=X(J)

IF YJ)<YMIN THEN YMIN=Y(J)

IF Y()>YMAX THEN YMAX=Y(J)

IF X(J)<XMIN THEN XMIN=X(J)

XY =XY+(X()*Y ))

TX=TX+X(J)

TY=TY+Y(@J)

SX=SX+((X(J)A2))

SY=SY+((Y (3)A2))

NEXT J

AX=TX/NN

AY=TY/NN

B=(XY-(NN*AX*AY))/(SX-(NN*(AXA2)))
R=(XY-(NN*AX*AY)N/(((SX-(NN*(AXA2)))*(SY-(NN*(AY A2))))A5)
C=AY-B*AX

IF PRN$="P" THEN LPRINT

PRINT

GOSUB 1430

IF PRN$="P" THEN LPRINT:LPRINT

IF B>0 THEN PRINT "REGRESSION LINE IS Y=";C"+";B"X"

IF B>0 AND PRN$="P" THEN LPRINT "REGRESSION LINE IS Y=";C"+";B"X"
IF B<O THEN PRINT "REGRESSION LINE IS Y=";C;B"X"

IF B<O AND PRN$="P" THEN LPRINT "REGRESSION LINE IS Y=";C;B"X"
PRINT

IF PRN$="P" THEN LPRINT
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1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350

1360
1370

1380
1390
1400

1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520

PRINT "CORRELATION COEFFICIENT IS ";R

IF PRN$="P" THEN LPRINT "CORRELATION COEFFICIENT IS ";R
PRINT

IF PRN$="P" THEN LPRINT:LPRINT

ACT=-B*8.310001/1000

IF PRN$="P" THEN LPRINT "ELECTROLYTE USED IS TS

IF PRN$="P" THEN LPRINT

PRINT "ACTIVATION ENERGY IS ";ACT" kJ/Mol"

IF PRN$="P" THEN LPRINT "ACTIVATION ENERGYIS ";ACT" kJ/Mol"
PRINT:IF PRN$="P" THEN LPRINT

DCTO=EXP(C)

ENTI=(DCTO/2.718/1.38E-23/298*6.6E-34/10000)A5
ENT2=(ENT1/SEPN)A2

ENT=((LOG(ENT2)))*8.310001

PRINT "ENTROPY IS ";ENT"J/Mol":IF PRN$="P" THEN LPRINT
"ENTROPY IS ";ENT"™ J/Mol"

PRINT:IF PRN$="P" THEN LPRINT

PRINT "ENTHALPY IS ";ACT-2.47"kJ/Mol":IF PRN$="P" THEN LPRINT
"ENTHALPY IS ";ACT-2.47"kJ/Mol"

PRINT:IF PRN$="P" THEN LPRINT

FE=ACT-2.47-(298*ENT/1000)

PRINT "FREE ENERGY IS ";FE"kJ/Mor":IF PRN$="P" THEN LPRINT
"FREE ENERGY IS ";FE”kJ/Mol"

PRINT:IF PRN$="P" THEN LPRINT

END

REM graphics routine

CLS

XFAC=600/(XMAX-XMIN)

YFAC=200/(YMAX+ABS(YMIN))

XL=0:YL=0

FOR J=1 TO NN

X=(X(J)-XMIN)*XFAC:Y=200-(Y (J)+ABS(YMIN))*YFAC

PSET (X,Y)

LINE (XL,YL)-(X,Y)

XL=X:YL=Y
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1530
1540
1550
1560

CIRCLE (X.,Y),5

NEXT J

INPUT "PRESS RETURN TO CONTINUE ";XX$
RETURN

Using cyclic voltammetry data obtained under semi-infinite diffusion

conditions thermodynamic parameters can be similarly evaluated using the

temperature dependence of obtained via the Randle-Sevcik equation.

Program 4 Evaluation of Thermodynamic Parameters for Homogeneous Charge

Transport Using Cyclic Voltammetrv with Semi-infinite Diffusion Space

10

20
30
40
50
60
70
80
90
100

110
120
130
140
150
160
170
180
190

REM PROGRAM TO CALCULATE ACTIVATION ENERGIES,ENTROPIES, ENT
AND GIBBS FREE ENERGIES

SCREEN 2

YMIN=IE+08:XMIN=IE+08

YMAX=-1E+08:XMAX=0

KEY 1,"LIST "+ CHR$(13)

KEY 3, "GOTO 770" + CHR$(13)

CLS

INPUT "PLEASE INPUT ELECTROLYTE USED ";TITLES$

PRINT

INPUT"ENTER P FOR RESULTS TO PRINTER ";P$

PRINT

INPUT'SEPARATION OF REDOX CENTRES IN ANGSTROMS '";SEPN
SEPN=SEPN*1E-10

IF SEPN=0 THEN BEEP:CLS: GOTO 120

PRINT

INPUT "OSMIUM CONCENTRATION IN MOLES PER CMA3 ";CONC
IF CONC=0 THEN CLS:BEEP:GOTO 160

CONC=CONC*.001

PRINT



INPUT "ELECTRODE AREA IN CMA2 DEFAULT 0.3848 ";A
IF A=0 THEN A=.3848

220 PRINT

230 DIM X (100),Y(100)

240 NN=0

250 IF N=0 THEN N=1

260 F=964851:R=8.310001

270 INPUT'TEMPERATURE IN DEGREES CENTIGRADE ";T$

280 IF T$="/" THEN GOTO 410

290 T=VAL(TS$)

300 IF T=0 THEN BEEP:CLS: GOTO 270

310 T=T+273.1

320 PRINT

330 INPUT "PEAK CURRENT OBTAINED AT 100 mV/S IN MICROAMPS ";IP

340 IP=1P*.000001

350 D=(IP/4640000!/A/.3162/CONC*(TA5))A2

360 NN=NN+1:X(NN)=1/T: Y(NN)=LOG (D)

370 IF NN=1 AND P$="P" THEN LPRINT:LPRINT:LPRINT:LPRINT:LPRINT:
LPRINT "TEMP 'K 1T Dct Ln DcT"

380 IF N$="" AND P$="P" THEN LPRINT:LPRINT T" ";1/T" D"

"LOG (D)

390 PRINT

400 CLS :GOTO 270

410 FOR J=1 TO NN

420 IF X(J)>XMAX THEN XMAX=X(J)

430 IF Y(J)SYMIN THEN YMIN=Y(J)

440 IF Y(J)>YMAX THEN YMAX=Y(J)

450 IF X(J)<XMIN THEN XM IN=X(J)

460 XY =XY+(X)*Y (I))

470 TX=TX+X(J)

480 TY=TY+Y(QJ)

490 SX=SX+((X(J)A2))

500 SY=SY+((Y (3)A2))

510 NEXT

520 AX=TX/NN
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530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810

820
830

840
850

AY=TY/NN
B=(XY-(NN*AX*AY))/(SX-(NN*(AXA2)))
R=(XY-(NN*AX*AY))/(((SX-(NN*(AXA2)))*(SY-(NN*(AY A2))))A5)
C=AY-B*AX

IF P$="P" THEN LPRINT

PRINT

GOSUB 900

IF P$="P" THEN LPRINT:LPRINT

IF B>0 THEN PRINT "REGRESSION LINE IS Y=";C"+";B"X"

IF B>0 AND P$="P" THEN LPRINT "REGRESSION LINE IS Y=";C"+";B"X"
IF B<O THEN PRINT "REGRESSION LINE IS Y=";C;B"X"

IF B<O AND P$="P" THEN LPRINT "REGRESSION LINE IS Y=";C;B"X"
PRINT

IF P$="P" THEN LPRINT

PRINT "CORRELATION COEFFICIENT IS "R

IF P$="P" THEN LPRINT "CORRELATION COEFFICIENT IS "R
PRINT

IF P$="P" THEN LPRINT:LPRINT

ACT=-B*8.310001/1000

IF P$="P" THEN LPRINT "ELECTROLYTE USED IS ";TITLE$

IF P$="P" THEN LPRINT

PRINT "ACTIVATION ENERGY IS ";ACT" kJ/Mol"

IF P$="P" THEN LPRINT "ACTIVATION ENERGY IS ";ACT" kJ/Mol"
PRINT:IF P$="P" THEN LPRINT

DCTO=EXP(C)

ENTI=(DCTO/2.718/1.38E-23/298%6.626E-34/10000)A5
ENT2=(ENT1/SEPN)A2

ENT=((LOG(ENT2)))*8.310001

PRINT "ENTROPY IS ";ENT"J/Mol":IF P$="P" THEN LPRINT
"ENTROPY IS ";ENT" J/Mol"

PRINTrIF P$="P" THEN LPRINT

PRINT "ENTHALPY IS ";ACT-2.47"kJ/Mol":IF P$="P" THEN LPRINT
"ENTHALPY IS ";ACT-2.47"kJ/Mol"

PRINT:IF P$="P" THEN LPRINT

FE=ACT-2.47-(298*ENT/1000)
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860 PRINT "FREE ENERGY IS ";FE"kJ/Mol":IF P$="P" THEN LPRINT
"FREE ENERGY IS ";FE"kJ/Mol”

870 PRINTtIF P$="P" THEN LPRINT

880 PRINT

890 END

900 REM graphics routine follows

910 CLS

920 XFAC=600/(XMAX-XMIN)

930 YEAC=200/(YMAX+ABS(YMIN))

940 XL=0:YL=0

950 FOR J=1 TO NN

960 X=(X(J)-XMIN)*XFAC:Y=200-(Y (J)+ABS(YMIN))*YFAC

970 PSET (X,Y)

980 LINE (XL,YL)-(X,Y)

990 XL=X:YL=Y

1000 CIRCLE (X,Y),5

1010 NEXT

1020 INPUT "PRESS RETURN TO CONTINUE ";XX$

1030 RETURN

A BASIC program to calculate the thermodynamic parameters from the
temperature dependence of D ~j calculated from potential step has also been

developed.

Program 5 Evaluation of Thermodynamic Parameters for Homogeneous charge

Transport Using Potential Step Data with Semi-infinite Diffusion Space.

10 REM PROGRAM TO CALCULATE ACTIVATION ENERGIES, ENTROPIES,
ENTHALPY AND GIBBS FREE ENERGIES

20 SCREEN 2
30 YMIN=IE+08:XMIN=IE+08
40 YMAX=-1E+08:XMAX=0
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50 KEY 1,"LIST "+ CHR$(13)

60 KEY 3, "GOTO 770" + CHR$(13)

70 CLS

80 INPUT "PLEASE INPUT ELECTROLYTE USED ";TITLE$

90 PRINT

100 INPUT"ENTER P FOR RESULTS TO PRINTER ";P$

110 PRINT

120 INPUT"SEPARATION OF REDOX CENTRES IN ANGSTROMS ";SEPN

130 SEPN=SEPN*1E-10

140 IF SEPN=0 THEN BEEP:CLS: GOTO 120

150 PRINT

160 DIM X (100),Y (100)

170 NN=0

180 IF N=0 THEN N=1

190 F=96485!:R=8.310001

200 INPUT "POWER OF DIFFUSION COEFFICIENT DEFAULT IE-9 ";MAN

210 IF MAN=0 THEN MAN=IE-09

220 PRINT

230 INPUT"TEMPERATURE IN DEGREES CENTIGRADE ";T$

240 IF T$="/" THEN GOTO 360

250 T=VAL(TS$)

260 IF T=0 THEN BEEP:CLS: GOTO 230

270 T=T+273.1

280 PRINT

290 INPUT "DIFFUSION COEFFICIENT OBTAINED USING CHRONAMPEROMETR

300 D=D*MAN

310 NN=NN+1:X(NN)=1/T: Y(NN)=LOG (D)

320 IF NN=1 AND P$="P" THEN LPRINT:LPRINT:LPRINT:LPRINT:LPRINT:

LPRINT "TEMP’K T Dct Ln DcT"

330 IF N$="" AND P$="P" THEN LPRINT:LPRINT T* ™;1/T" "D
";LOG(D)

340 PRINT

350 CLS :GOTO 230

360 FOR J=1 TO NN

370 IF X(J)>XMAX THEN XMAX=X(J)
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390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720

IF Y(J)SYMIN THEN YMIN=Y(J)

IF Y(J)>YMAX THEN YMAX=Y(J)

IF X(J)<XMIN THEN XM IN=X(J)

XY =XY+(X(3)*Y ()

TX=TX+X(J)

TY=TY+Y(@J)

SX=SX+((X (3)A2))

SY =SY +((Y (3)A2))

NEXT

AX=TX/NN

AY=TY/NN

B=(XY-(NN*AX*AY))/(SX-(NN*(AXA2)))
R=(XY-(NN*AX*AY)N/(((SX-(NN*(AXA2)))*(SY-(NN*(AY A2))))A5)
C=AY-B*AX

IF P$="P" THEN LPRINT

PRINT

GOSUB 960

IF P$="P" THEN LPRINT-.LPRINT

IF B>0 THEN PRINT "REGRESSION LINE IS Y=";C"+";B"X"

IF B>0 AND P$="P" THEN LPRINT "REGRESSION LINE IS Y=";C"+";B"X"
IF B<O THEN PRINT "REGRESSION LINE IS Y=";C;B"X"

IF B<O AND P$="P" THEN LPRINT "REGRESSION LINE IS Y=";C;B"X"
PRINT

IF P$="P" THEN LPRINT

PRINT "CORRELATION COEFFICIENT IS "R

IF P$="P" THEN LPRINT "CORRELATION COEFFICIENT IS ";R
PRINT

IF P$="P" THEN LPRINT:LPRINT

ACT=-B*8.310001/1000

IF P$="P" THEN LPRINT "ELECTROLYTE USED IS ";TITLE$

IF P$="P" THEN LPRINT

PRINT "ACTIVATION ENERGY IS ";ACT" kJ/Mol"

IF P$="P" THEN LPRINT "ACTIVATION ENERGY IS ";ACT" kJ/Mol"
PRINT:IF P$="P" THEN LPRINT

DCTO=EXP(C)
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730 ENTI=(DCTO/2.718/1.38E-23/298%*6.626E-34/10000)A5

740 ENT2=(ENT1/SEPN)A2

750 ENT=((LOG(ENT2)))*8.310001

760 PRINT "ENTROPY IS ";ENT"J/Mol":IF P$="P" THEN LPRINT
"ENTROPY IS ";ENT" J/Mol"

770 PRINT:IF P$="P" THEN LPRINT

780 PRINT "ENTHALPY IS ";ACT-2.47"kJ/Mol":IF P$="P" THEN LPRINT
"ENTHALPY IS ";ACT-2.47"kJ/Mol"

790 PRINT:IF P$="P" THEN LPRINT

800 FE=ACT-2.47-(298*ENT/1000)

810 PRINT "FREE ENERGY IS ";FE"KJ/Mol":IF P$="P" THEN LPRINT
"FREE ENERGY IS ";FE"kJ/Mol"

820 PRINT:IF P$="P" THEN LPRINT

830 PRINT

840 END

850 CLS

860 XFAC=600/(XMAX-XMIN)

870 YFAC=200/(YMAX+ABS(YMIN))

880 XL=0:YL=0

890 FOR J=1 TO NN

900 X=(X(J)-XMIN)*XFAC:Y=200-(Y(J)+ABS(YMIN))*YFAC

910 PSET (X,Y)

920 LINE (XL,YL)-(X,Y)

930 XL=X:YL=Y

940 CIRCLE (X,Y),5

950 NEXT

960 REM

970 RETURN

The ability to diagnose the presence of interactions between redox
centres immobilised within a polymeric film can aid the interpretation of
processes such as non-Nernstian thermodynamics. For all of the metallopolymers
examined here a Nernstian response was observed in all electrolytes at a

sufficiently low sweep rate with the exception of those based on perchlorate
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anion.

Interactions between sites may be an explanation of these

observations. In the following program the magnitude of the interaction

between sites can be determined from the peak width at half height of the slow

sweep rate cyclic voltammetry response.

Program 6 Evaluation of Interaction Parameters From Peak Width of Surface Wave

Cyclic Voltammograms.

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240

KEY 3, "GOTO 370" + CHR$(13)

REM interaction parameters from peak widths

REM THIS PROGRAM IS QUITE INACCURATE AROUND ZERO INTERACTIO
CLS

INPUT "PEAK WIDTH IN MILLIVOLTS ",PW

PRINT

INPUT "SURFACE CONCENTRATION IN MOLED PER CENTIMETRE SQUARE
PRINT

IF SC=0 THEN SC=IE-08

INPUT "TEMPERATURE IN DEGREES CENTIGRADE "™;T:T=T+273.1

IF T=273.1 THEN T=298.1

PRINT

INPUT "NUMBER OF ELECTRONS PASSED ";N

IF N=0 THEN N=1

PRINT

IF PW=90 AND N=1 THEN CLS:PRINT"INTERACTION PARAMETER IS ZERO !l
IF PW=45 AND N=2 THEN CLS:PRINT"INTERACTION PARAMETER IS ZERO !l
CLS

PW=PW/1000*N*96484.6/(8.31441*T)

TI=-2

T2=2

Fl=.5+.5*((1-(4/(8-2*T1)))A5)

Y 1=(LOG(F 1/( 1-F 1))-(T 1*(2*F 1-1)))

Y1l=Y1*2
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250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410

F2=.5+.5%(1-(4/(8-2*T2)))A5

Y2=(LOG (F2/(I-F2))-T2*(2*F2-1))

Y2=Y2*2

T3=(TI+T2)/2

F3=.5+.5%(1-(4/(8-2*T 3)))A5

Y3=(LOG (F3/(I-F3))-T3*(2*F3-1))

Y3=Y3*2

PRINT Y1,Y2,Y3,PW

IF ABS(Y3-PW)<.0000005 THEN GOTO 360
IF Y3<PW THEN T2=T3:GOTO 220

IF Y3>PW THEN TI=T3:GOTO 220

R=T1/SC

CLS

BEEP

PRINT "SURFACE CONCENTRATION * R =";T1
PRINT

PRINT"INTERACTION PARAMETER, R=";R

Computer analysis of experimental results has also been exploited in

this work in the field of electrocatalysis to investigate the linearity of ij

vs w“*/2 and to calculate a modified electrode rate constant.

Program 7 Evaluation of a Modified Electrode Rate Constant (kf~ ) From the

Dependence of i™ with Rotation Rate.

10

20
30
40
50

REM THIS PROGRAM USES ROTATING DISK DATA TO CALCULATE A
MODIFIED ELECTRODE RATE CONSTANT ACCORDING TO THE ALBERY-HI
REM

SCREEN 2

YMIN=IE+08:XMIN=IE+08

YMAX=-1E+08:XMAX=0
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60 KEY 1,"LIST "+ CHR$(13)

70 KEY 3, "GOTO 770" + CHR$(13)
80 CLS
90 INPUT"ENTER P FOR RESULTS TO PRINTER ";P$

100 PRINT
110 INPUT "ELECTRODE AREA DEFAULT 0.0706 ";AREA
120 IF AREA=0 THEN AREA=.0706

130 PRINT

140 DIM X (100),Y(100)

150 NN=0

160 IF N=0 THEN N=1
170 INPUT "ROTATION RATE IN R.P.M.";ROTS$
180 IF ROT$="/" THEN GOTO 310

190 ROT=VAL(ROTS)

200 IF ROT =0 THEN BEEP:CLS:GOTO 170

210 ROT=ROT/60

220 T=ROT

230 PRINT

240 INPUT "LIMITING CURRENT IN MICROAMPS ";D
250 IF D=0 THEN BEEP:CLS:GOTO 240

260 D=D*.000001

270 NN=NN+1:X(NN)=1/(TA5): Y(NN)=1/D

280 REM NN=NN+IEX(NN)=(DA2): Y(NN)=((DA2)*(TA-5))
290 PRINT

300 GOTO 170

310 FOR J=1 TO NN

320 IF X(J)>XMAX THEN XMAX=X(J)
330 IF Y(J)SYMIN THEN YMIN=Y(J)
340 IF Y(J)>YMAX THEN YMAX=Y(J)
350 IF X(J)<XMIN THEN XM IN=X(J)

360 XY =XY+(X(3)*Y ()
370 TX=TX+X(J)

380 TY=TY+Y(J)

390 SX=SX+((X(J)A2))
400 SY=SY+((Y (J)A2))
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410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630

640
650
660
670
680

690
700
710
720
730

NEXT

AX=TX/NN

AY=TY/NN

B=(XY-(NN*AX*AY))/(SX-(NN*(AXA2)))
R=(XY-(NN*AX*AY))/(((SX-(NN*(AXA2)))*(SY-(NN*(AY A2))))A5)
C=AY-B*AX

IF P$="P" THEN LPRINT

PRINT

GOSUB 720

IF P$="P" THEN LPRINT:LPRINT

IF B0 THEN PRINT"REGRESSION LINE ISY=";C"+";B"X"

IF B>0 AND P$="P"THEN LPRINT"REGRESSION LINE IS Y=";C"+";B"X"
IF B<O THEN PRINT"REGRESSION LINE ISY=";C;B"X"

IF B<O AND P$="P"THEN LPRINT"REGRESSION LINE IS Y=";C;B"X"
PRINT

IF P$="P" THEN LPRINT

PRINT "CORRELATION COEFFICIENT IS ";R

IF P$="P" THEN LPRINT "CORRELATION COEFFICIENT IS ";R
PRINT

PRINT

LEV=.001

CCALC =1/(LEV*B*AREA™*96485!)

PRINT"CONCENTRATION REQUIRED TO GIVE LEVICH
SLOPE IS ";CCALC

PRINT

INPUT'REQUIRED CONCENTRATION ";CONC

IF CONC=0 THEN CONC=CCALC

PRINT

PRINT"LEVICH SLOPE GIVEN CONC =";CONC"MOLS/L IS
"1/(B*96485I* CONC*AREA)

PRINT

PRINT"k ME IS ";I/(C*AREA*96485!*CONC)

END

REM graphics routine follows

CLS
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740 XFAC=600/(XMAX-XMIN)
750 YFAC=200/(YMAX-(YMIN)):

760 XL=0:YL=0

770 FOR J=1 TO NN

780 X=(X(J)~XMIN)*XFAC:Y=200-(Y (J)-(YMIN))*YFAC
790 PSET (X,Y)

800 IFJo 1THEN LINE (XL,YL)-(X,Y)

810 XL=X:YL=Y

820 CIRCLE (X,Y),5

830 NEXT

840 INPUT "PRESS RETURN TO CONTINUE ";XX$
850 RETURN

The application of computers in the manner described here is likely
to become increasingly widespread in the near future. The limitations in
processing power, memory and graphics of machines such as the BBC
microcomputer, used for potentiostat programming and data manipulation, have
now been removed with recent widespread introduction of machines based on the
Intel 80386 and Motorola 68020 chips. The application of computers in the
manner described in section 1 involving data acquisition, formatting, analysis,
storage and presentation is becoming increasingly widespread. Computer based
methods have the advantage of flexibility and the ability to exploit new
theoretical models without waiting for a dedicated instrument. A more
significant development is that more time can be devoted to actual research
rather than "number crunching”™. The integrated approach described in section 1
is the preferred route, since all aspects of the experiment can be computer
controlled. This can include optimisation of experimental conditions, data
acquisition, capture, analysis and presentation. Data obtained in this manner
is also readily portable and can be used directly in statistical analysis

packages as well as word processing environments.
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ABSTRACT

The rue o( charge transport through [Os(bipy);(PVP)IOCI)C1 films has been investigated using
chronojjnperometry. chronocoulometry and cyclic vollammctry (bipy - 2_2'-bipyndyl; PVP - poly-4-
vmylpyridine). The apparent charge transport diffusion parameter D tfc for the 09(11/111) oxidation, is
measured as a function of electrolyte and temperature. The Values obtained by these techniques, for
D &c and for the activation energy are discussed in relation to the rate determining step in the charge
transport process. The implication of these observations in relation to sensor application is considered.

INTRODUCTION

Considerable effort has been made in the field of redox polymer modified
electrodes because of iheir potential applications in electrocatalysis [1-3), photoelec-
trochemistry [4.5] and macromolecular electronics [6J. Their applicability in many of
these areas will be determined by the rates of charge propagation through the redox
polymer films. This rate of charge propagation wiD be controlled by one of three
processes: (i) The intrinsic barrier to self exchange for electron hopping between
polymer bound redox centres, (ii) Counterion movement into/out of the film as
oxidation or reduction occurs, (iii) Physical displacement of the polymeric chains to
which the redox centre is bound in order to allow their mean separation to become
sufficiently small for electron exchange.

* To whom correspondence should be addressed.

0022-0728/89/S03.i0 C 1989 Elsevier Sequoia S.A.



366

The evaluation of charge transport rates in modified electrodes using chro-
nocoulometry (CC) and chronoamperometn (CA) has received much attention [7],
In recent times the question of migration effects has been addressed for the case of
mobile redox ions incorporated into polymeric matrices [8] and more recently for
fixed site systems such as the one examined in this contribution [9]. These theoreti-
cal models indicate that, where significant migration is present, potential step
methods are limited for the evaluation of charge transport rates and may lead to
serious overestimation of charge percolation rates.

The use of steady methods rather than transient methods to consider charge
transport dynamics through melallopolymers has also received attention of late
[10,11], These methods can avoid problems with migration effects and thus reveal
more interesting and subtle aspects of electron transfer dynamics [12,13],

In this contribution, the charge transport process for the Os(11/111) oxidation has
been investigated for glassy carbon electrodes modified with poly-4-vinylpyridine
(PVP) bound 0s(bipy)20 2 groupings (bipy = 2,2'-bipyridyl). In this study both
potential step techniques [7] and cyclic voltammetry (CV) [14,15] have been utilised.
It was hoped that by using these two techniques, the charge transport process
throughout the whole layer, rather than just close to the electrode/film interface,
could be studied. It is recognised that measurements at longer limes including cyclic
voltammetry are limited due to the expected inhomogeneity of the polymer layer
[16], However the observed trends should remain valid; in particular the activation
energies obtained will be useful to distinguish between the different limiting
processes.

EXPERIMENTAL

Materials

Glassy carbon electrodes of either 3 or 7 mm diameter mounted in teflon shrouds
were used throughout the experiments and were prepared by mechanical polishing
using 0.5 (im alumina slurry on a felt bed followed by thorough washing with water
and methanol. Poly-4-vinylpyridine (PVP) was prepared from freshly distilled
4-vinylpyridiDe by bulk polymerisation under nitrogen at 70-75 °C using 2,2'-azo-
isobutyronitrilc and purified by repeated precipitation in diethyl ether from
methanol. The molar mass, as determined by viscometry in absolute ethanol, was
found to be 4.3 X 10s g. Os(bipy)2G 2was prepared by standard laboratory proce-
dures [17], The modifying metallopolymer was prepared as reported for the corre-
sponding ruthenium containing polymer by refluxing Os(bipy)2G 2 with a 10-fold
excess of PVP in ethanol [18],

Apparatus and procedures

Electrochemical measurements were performed using an EG&G PAR 175 uni-
versal programmer and 363 potentiostat and coulometric measurements were ob-
tained from a 379 digital coulometer. Where necessary, IR compensation was
achieved via positive feedback circuitry. Electrochemical cells were of conventional



design and were thermostaited to +1°C. Transient current/charge measurements
were made over the lime range 0 to 20 ms by means of a Philips 3311 digital storage
oscilloscope interfaced to a BBC microcomputer for data interrogation and allowing
signal averaged results to be obtained. For both the redox active potential step and
for background correction, typically 5 signals were averaged. This regime typically
gave a response which obeyed the Cottrell equation. For the perchlorate based
electrolytes however significant migration effects were observed which resulted in
non zero intercepts on the current axis. The data was analysed by taking ihe linear
portion of the Cottrell plot without forcing the data through the origin. Adherent
electrode coatings were obtained by evaporation of a few microlitres of a 1%
solution of the metallopolymer in ethanol on the electrode surface in a solvent
saturated chamber followed by air drying. All potentials are referenced with respect
to the potassium chloride saturated calomel electrodes (SCE) without regard for
liquid junction potentials.

Surface coverages were estimated by graphical integration of the background
corrected slow sweep rate cyclic voltammograms (1 mV/s), and were typically
2-4 X 10“8 mol cm-2. Layer thickness was estimated from the density of the dry
complex (1.2 g/cmr) as measured by flotation; this gave a concentration for redox
centres within the film of 0.7 M and this values was used foe calculating A 1t in
Tables 1-3.

The results for D ~c and Att presented in this work are all obtained from
different electrode coatings. This avoids possible problems from “ memory effects”
where the rate of charge transport through a Film would be dependent on the
electrolytes to which it had previously been exposed.

The values for the activation parameters are reproducible to +2% on a single
coating and to + 10% between coatings. Some hysteresis is observed between those
values obtained when the temperature is increased and when it is decreased,
approximately + 10%.

RESULTS

General layer properties

When deposited from ethanolic solutions onto glassy carbon electrodes, the
metallopolymer shows the expected single electron redox behaviour in all electro-
lytes examined (see Fig. 1). The Os{Il/I11) redox couple is observed at about 250
mV vs. SCE, depending on the electrolyte, and is photochemically and thermally
stable. The formal peak potential observed in CH3CN + 0.1 M TEAP of 335 mV vs.
SCE is similar to that observed for the analogous mononuclear model compound
[Os(bipy)2(pic)Q]* (£)/2 —345 mV; pic = 4-methylpyridine) and is consistent with
data observed for other osmium compounds [19J. The electrochemical data together
with electronic spectra, synthetic conditions and elemental analysis are consistent
with the molecular formula [Os(bipy); PVPIOG]CI. A detailed discussion of the
synthesis and spectroscopic properties of these and other osmium containing
polymers will be published elsewhere [20],
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10
E /v vs. SCE

Fig. 1. Cyclic vollammograin of |Osfbipy)2PVP,0CI)Q on i glass;, carbon Electrode. Scar rue 10 mV
s_1.01 M H2S04 as background electrolyte.

Electrolyte dependence of charge transport

Potential step chronoamperometry and chronocoulometry were employed to
estimate the charge transport rates for the Os(11/111) oxidation as apparent diffu-
sion parameters D}/{c and At -As the results obtained using the two potential step
techniques were the same within experimental eiror. only those obtained by chro-
noamperometry will be discussed further. In general, linear Cottrell plots were
obtained from limes up to about 10-20 ms.

In the cyclic voltammetry (CV) experiments, sweep rates between 100 and 500
mV /s were utilised giving linear /p versus v plots. This permits the use of the
Randles-Sevfik analysis (eqn. 1) for the evaluation of A t [211-

,p=0.4463(nF)y/7TAD'c?cvyr-/( RT)yr (1)

where n is the number of electrons passed. F the Faraday constant. A the
geometric electrode area, A t the apparent charge transport diffusion coefficient, c
the concentration of redox active sites within the film, v the sweep rate, R the gas
constant. T the absolute temperature.

The theoretical model proposed by Aoki et al. [15] (egn. 2) which combines both
surface and semi-infinite diffusional behaviour, has also been applied for this
purpose. The peak current is given by:

ip= 0.446nFA {D ~c/L }W1n tanh Y (2)
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TABLE 1

The effect of concenlraiion of chloride based supporting electrolytes on charge transport parameters of
[Os(bipy)jPVPIOCI)CI modified electrodes

Cone. 10"D ~c/ 10 'rct/ XQ'Dtfc/ 10°Df-r/ E °'/\
M molcm"2 era2s' 1*c mol cm “ 2 cm™s *1bc

j-12b
HCI electrolyte
0.1 0.76 (0.02) 0.12 3.1 (0.20) 1% 0.215
0.2 1.20 (0.03) 0.29 3.9 (0.32) 3.10 0.205
0.3 1.86(0.10) 0.71 4.1(0.28) 3.43 0.215
0.4 2.33(0.12) 11 4.1 (0.21) 3.43 0.190
0.6 4.40(0.15) 3.95 4.4 (0.38) 3.95 0.200
0.8 4.89(0.18) 4.88 6.8 (0.70) 9.44 0.16«
1.0 5.81 (0.10) 6.88 9.2(1.00) 17.27 0.160
2.0 5.85 (0.08) 6.98 9.6 (0.84) 18.81 0.160
SaC! electrolyte
0.1 1.15(0.017) 0.27 1.78 (0.07) 0.65 0.275
0.2 1.33(0.007) 036 * 2.30 (0.08) 1.08 0.265
0.4 103 (0.066) 0.84 2.83 (0.11) 1.63 0.270
0.5 2.14(0.031) 0.93 3.04 (0.21) 1.89 0.200
0.6 137(0.011) 115 3.26 (0.10) 2.17 0.210
0.8 139(0.010) 117 3.26 (0.15) 117 0.240
1.0 2.41 (0.005) 119 5.31 (0.21) 5.75 0230

* Evaluated from cyclic voltammeiry using the anodic peak current and the Riindles-Scviik equation.
b Evaluated from chronoampcrometry using the Cottrell equation.
¢ Arr calculated using ¢ - 0.7 (see text).

where
W = nFl}a/D(~~RT (3)
Y = 0.56if,,/2 + 0.05H" (4)

L is the layer thickness, and all other symbols are as in eqn. (1).

Chloride based electrolytes

The concentration dependence of Arr as measured from CA in HQ using the
Cottrell equation at short times is illustrated in Table | and Figure 2. The results
obtained show clearly a strong dependence of the charge transport rates depending
on the ion concentration of the contacting electrolyte solution. The concentration
dependence of D2 and Dgqj in the same electrolytes was also calculated using the
anodic peak currents from cyclic voltammograms over the sweep range 100-500
mV/s, using both the Randles-Sevftk and the Aoki approach (see Fig. 3). This
figure shows that both the Randles-Sev&k and Aoki approach give essentially the
same results. The same behaviour was observed in all other electrolytes. Therefore
only the results as obtained from the Randles-Sevfik approach are included in the
tables. The most striking results obtained from the measurements is the difference in

10
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Fig. 2 The effeci of HO concentration on the rale of charge transport measured as through films
of |Os(bipy)jPVP|OCI)CI as determined from chronoamperometry.

Fig. 3. The effect of HO concentration on the rate of charge transport, measured as Dg-, through films
of [Osibipy),PVP|00)O as measured by cyclic votiammelry using the Randles-Sevfik (¢) and Aoki (x )
equation.

the transport parameters, which are typically found to be an order of magnitude
smaller in the potential sweep experiments. Atk was also determined for a range of
chloride concentrations at near neutral pH in NaCl solutions. In Table 1 it can be
seen that at high pH, the diffusion parameters are generally lower compared to
those at low pH but that a similar type of behaviour is obtained in both electrolytes.

Perchlorate based electrolytes

The perchlorate anion has a similar hydrated molar volume to that of chloride
(96.9 vs. 93.6 enr' mol-1 [22]. It is expected, therefore, that if ion transport alone
limits A t- a similar result will be observed [23]. However, the insolubility of the
perchlorate salt of the metallopolymer can also be expected to influence the
morphology of the immobilised film and hence ion permeation rates.

The effect of perchloric acid concentration on the magnitude of the charge
transport diffusion parameter evaluated from potential step experiments at short
times is shown in Fig. 4 and Table 2. The effect of raising the perchloric add
concentration from 0.1 to 1 M on the charge transport rate is not as significant as
that found in HG.

The effect of concentration of perchloric acid on the diffusion parameter as
evaluated from CV data is shown in Fig. 5. Hie CV results show a decrease in D"
with an increasing concentration of supporting electrolyte.

The behaviour in perchlorate solutions around pH 7 was examined using agueous
LiG04 (Table 2). The trend of decreasing diffusion parameter as evaluated from
CV data with increasing electrolyte concentration was again observed.

n
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Fig. 4. The effect of HC104 concentration on the rate of charge transport, measured as £< through
films of [Os(bipy)iPVPIOCI)CI as determined from chronoamperomelry.

Fig. 5. The effect of H 004 concentration on the rate of charge transport, measured as ~CT through
films of [Os(bipy): PVPIOCI]CI as determined from cyclic vollammeiry using the Randles-Seviilt equa-
tion.

Toluene-4~-sulphonic acid

Toluene-4-sulphonic acid was Investigated because of the large molar volume of
this electrolyte (22). Because of this larger volume one would expect a significantly
reduced diffusion parameter if counter ion transport alone is rate determining.

TABLE 2

The effect of concemratign of perchlorate based supporting electrolytes on charge transport parameters
of [Os(bipy)jPVPIOC])CT modified electrodcs

Cone. 10°D ~v/ 10"Z>ct/ 10'D~'e/ io’ A £V
[V mol cm *' cm; sel*c mol cm cm: s ‘' bc

§n S -i
HC104
0.1 4.89(0.21) 4.88 4.25 (0.31) 3.69 0.215
0.2 4.45 (0.07) 4.04 4.30(0.32) 3.77 0.120
0.4 4.15(0.07) 351 4.12(0.28) 3.69 0.215
0.6 3.40(0 17) 2.36 5.58(0.46) 6.35 0.170
0.8 2.39 (0.15) 1.17 558 (0.41) 6.35 0.142
10 1.50 (0.02) 0.46 5.74 (0.55) 6.72 0.125
uao,
0.1 2.59 (0.07) 1.37 2.63 (0.11) 141 0.255
0.2 2.53 (0.05) 131 2-53 (0.09) 131 0.235
0.4 2.01 (0.03) 0.82 2-53 (0.10) 131 0.245
0.6 1.72 (0.04) 0.60 3.24 (0.20) 2.14 0.130
0.1 2.5« (0.07) 1.34 2.69 (0.12) 1.48 0.255

* Evaluated from cyclic voltamroetry using the anodic peak current and the Randles-Scvfik equation.
* Evaluated Trom chronoamperomelry using the Collrell equation.
calculated using c - 0.7 Si (see text).

12
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TABLE 3

The effect of concentration of sulphate based and toluene sulphomc acid supporting electrolytes on
charge transport parameters of [Os(bipy); PVP10CI)Cl modified elecirodes

Cone. 10" D ~c/ 10n £>c-r/ 10'D tfc/ 10 ~c-r/ £.yv
M mol cm™: cm: olcm'1 cro-'s-,bc

i/i h
H;S04
0.1 11.1 (2.25) 25.14 3.8 (0.13) 2.95 0.260
0.2 17J (5.01) 61.08 4.3 (0.28) 3.77 0.248
0.3 20.7 (7.05) 87.45 4.6 (0.37) 4.32 0.250
0.4 25.0(5.80) 127.55 5.6 (0.47) 640 0.250
0.6 27.0 (4.00) 148.78 6.6 (0.74) 8.89 0250
1.0 28.6 (8.10) 166.93 6.7 (0.76) 9.16 0.250
k:so4d
0.2 3.64(0.16) 2.70 1.46(0.03) 0.44 0.210
0.4 5.04 (0.26) 5.18 136(0.04) 0.49 0.195
0.6 7.50 (0.90) 11.48 3.47(0.11) 2.46 0.200
0.8 9.31 (0.96) 17.69 4.12(0.30) 3.46 0.135
1.0 114 (0.11) 26.52 4.16(0.31) 3.53 0.160
Toluene-4-sulphonic acid
0.1 6.36(0.80) 8.25 2.00 (0.08) 0.82 0.290
0.2 7.89 (0.90) 12.70 2.31 (0.11) 1.09 0.255
0.4 9.40 (0.60) 18.03 4.10(0.25) 3.43 0.250
0.6 10.5 (1.00) 22.50 4.25 (0.37) 3.69 0.265
0.8 11.3 (0.80) 26.06 4.25 (0.43) 3.69 0.265
1.0 132 (1.12) 35.56 4.24 (0-29) 3.67 0.240

* Evaluated from cyclic voliammetp, using the calhodic peak current and the Randles-Sevfik equation.
b Evaluated from chronoamperomeiry using the CottrcO equation.
' &cr calculated using ¢ —0.7 M (see text).

Table 3 shows that indeed for the diffusion parameters obtained from potential step
measurements a small decrease is obtained, but the values obtained from CV are
among the highest obtained for the modified electrodes studied here.

Sulphate based electrolytes

The charge transport diffusion parameters for varying concentrations of H2S04
and K 2S04, evaluated by potential step and sweep techniques are outlined in Table
3. The values obtained indicate an increase of charge transport rates with increasing
electrolyte concentration. What is significant is that the values obtained from both
techniques are more closely related to one another. In the case of 1.0 M HQ. Arr
as measured from CA was approximately 250 times larger than the CV value, while
in 1.0 M H;,S04, this factor is just 6. The Arr values obtained from CV are the
highest obtained for the system studied. The rates of charge transport in K2S04 are
slower, and show greater variation between the potential step and sweep experi-
ments.
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Temperature effects

Given the problems of specifying the rate determining steps in the charge
transport process it is expected that the evaluation of activation parameters for the
charge transfer process will be fruitful in the specification of the nature of the rate
determining step [24]. Therefore the temperature dependence of D~ as measured
by CA and CV of [Os(bipy)2PVPIOCI]CI modified electrodes over the range 276-309
K in 0.1 and 1 M solutions of the above electrolytes has been investigated. The
Arrhenius equation

Dct-D Mec- A7
has been used to calculate activation energies and the Eyring equation
DE =cS2{ktT/h)cxp(bS*/R)

to calculate entropies. In this equation, S denotes the mean separation of osmium
centres (- 50 am), e is the base of the natural log, kB is the Boltzmann constant
and A is the Planck constant. The activation parameters as obtained from CV are
listed in Table 4. This table shows clearly a substantial variation in activation
parameters, not only between the different electrolytes, but also with varying
concentration. Where the activation parameters in chloride electrolytes appear to be
relatively insensitive to concentration, for sulphate based electrolytes the activation
energy varies from 105 kJ mol'1in 0.1 M to 115 kJ mol-1 for 1 M H2S04. The
experimental data with regard to the determination of the activation energy using
cyclic voltammetry over the sweep range 100-500 mV/s in 0.1 M H2S04 has been
presented in Fig. 6. The Cottrell plots are presented in Fig. 7. In perchloric acid a

TABLE 4

Activaiioo parameters for charge transport through [Os<bipy) 2PVP)00 )O films is obtained by cyclic
voJlamzneuy

Electrolyte +RT)/ AS*/ AG*/
kJmoT!' }mol-11C'1 kJ mol' 1
0.1 M UOO, 117 212.7 512
1.0 M UOO, 36 -64 51.3
01SiHO004. T> 2*5 K 224 248 147.6
01SiHOO04. r <285 K 35 -106 64
10 si hcio4 92 105.5 51
01 M Hjso04 10.5 -115 43
10 M H2504 115 220 47
0.1 Si K2s04 16 - 100 43
10Si k.so4 122 2415 48
0.1 Si loluene-4-Sulpbonic add 15 - 142 54.8
1.0 Si ioluene-4-sulphonic acid 40 -32 47
0.1 Si NaO 17 - 116.8 495
1.0 Si NaCl 16 -122.5 50
0.1 Si HC1 18 -118.6 51
1.0 Si HO 16 - 109.7 47

14
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Fig. 6. The effect of temperature on the sweep rate dependence of ;pj as determined b\ Randles-Sevfik
analysis. 0.1 M H.SO, as background electrolyte The lempciaiure in degree* centigrade of the
containing electrolyte is indicated on each line.

Fig. 7. The effect of temperature on the chronoamperometnc response presented a«. Cottrell plots for
|Os(bipy); PVPICI)CI modified elcctrodes in 0.1 M H:S04. The temperature in degrees centigrade is
indicated oo each line.

TABLE 5

Activation parameters for charge transport through [Os(bipy); PVP100)C! films as obtained by chro-
noamperotnetrv

Electrolyte f.l-A/f’ mRT) AS'/ AC'/
Id mol" 1 Jmor’ K-1 kJ mol - 1

0l1Muao4d 15 -104.6 44
1.0M UOO*. T >28K 16 -92 41
10M uao,, r< 286K 2 -141 41
01 M HO004 143 - 102.5 42.7
1.0WHC10,, T> 285 K 134 250 56.5
10M HO004.r< 285K 51 -38 60

0.1 M H:SO, 24 -72 42.7
1.0 M HjSO. 6 -116.7 38.3
0.1 M KjSO, 23 -79 445
0.6 M JUSO, 45 275 345
0.1 M ioluene-£sulphofuc add 74 116 37
1.0 Af tdueoe-4-sulphomc add 46 96 415
0.1 M Nad 22 -75 42
1.0 M N»C1 13 -108 42
0.1 M HQ 27 -62 427
1.0 M HQ 9 -104 375

15
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Fig. 8. Temperature dependence of as measured from chronoamperometry. (A) background

electrolyte 0.1 $4 HC104, (B) background electrolyte 1 hi HCIO,.

different situation is seen again, where at 0.1 A/, two distinct linear regions are
observed in the Arrhenius plot, leading to an activation energy of 224 kJ mol’ 1 at
high temperatures and a value of 35 kJ mol'l below 285 K. However, at 1 M
HC104 a linear Arrhenius plot is obtained with an activation energy of 92 kJ mol- ’.

The temperature dependence of the CA response was also investigated and the
results are given in Table 5. The activation parameter results obtained for CA are
quite different from those given in Table 4. For non-perchlorate based electrolytes,
a decrease in activation has been obtained (with the exception of K2S04) with
increasing electrolyte concentration. In perchloric add based electrolyte two distinct
activation energies have been obtained at high electrolyte concentration (see Fig. 8).

The entropy values obtained by CV or CA are related to the activation energies
in that for those situations where a high activation energy is observed large positive
entropies are obtained. If the activation energy is low then negative entropy terms
are found.

DISCUSSION

The experimental variable which has been evaluated in these studies is D ~c. It is
apparent therefore that changes in D ”c may reflect a variation in the charge
transport rate or the fixed site concentration within the film.

Firstly the sulphate, chloride and toluene sulphonic add based electrolytes will
be considered. It is thought likely that the observed increase in D ~c with
increasing electrolyte concentration reflects, at least in part, an increased charge
transport rate. This is likely since in addic electrolytes, the effect of increased
supporting electrolyte concentration is expected to be to reduce the Fixed site
concentration within the film as a result of the protonation of the unbound pyridine

16
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units within ihc film (pA'a of PVP s 3.3 [25]). With increased protonation film
expansion is likel> due to electrostatic repulsion. It seems unlikely therefore that
D /'c increases because of an increase in concentration of the fixed site within the
film.

In neutral pH electrolytes, a similar increase in D ~c is observed (see Tables
1-3). This could result from a more compact film at higher electrolyte concentration
or an increased charge transport rate. It has been suggested (26] that, at low
supporting electrolyte concentrations, the ability of the contacting solution to
reduce the electrostatic repulsions of the charged fixed site is limited. Thus the
redox sites adopt an extended configuration so as to minimise these coulombic
repulsions. As supporting electrolyte concentration is increased the contacting
solution can act to shield the redox centres and so a more compact structure is
possible.

An increase in the concentration of the charge compensating counterion in the
supporting electrolyte need not necessarily result in a greater ion availability within
the film. It is known [27] that, for polyelectrolyte films, ions can be excluded at
concentrations of supporting electrolyte below the fixed site concentration by the
film's associated Donnan potential. Such an effect appears to be reflected for some
electrolytes examined here. In HCL when Dcj is measured using CV. a rapid
increase is observed in going from 0.4 and 0.6 M electrolyte solutions (see Fig. 3).
For the CA results a similar increase is observed, but now on going from 0.6 to 0.8
M electrolyte solutions (see Fig. 2). This suggests that the fixed site concentration
for that part of the film where the potential step experiment is performed is higher
than that in the remainder of the film. This would suggest that the region of the film
contacting the electrolvtc directly is more swollen that that portion adjacent to the
underlying glassy carbon. A breakdown of the Donnan exclusion effect also appears
to be reflected in the formal potentials which in certain cases show sharp decreases
between 0.4 and 0.8 M (see Table 1). possibly reflecting increased ion permeation.

Dcj values as obtained by CV and CA both show a dependence on the
concentration of supporting electrolyte; however their magnitudes differ greatly
between the two techniques (Table 1). This may arise since, in the CA experiment,
ion motion will be “shon range"™ while for CV it will by necessity he of a “long
range“ type due to the extent of the redox reaction. Alternatively there may be
regions of distinct morphology within the film. It has been reported [28] that PVP
films contain a smooth base layer and a more irregular outer region. It is in this
amorphous portion that part of the redox reaction will occur in the CV measure-
ment of An-

The temperature dependence results give support to the view of ion transport
limitalions at low electrolyte concentrations. For the electrolytes examined (except
for those based on CI10/), the activation energies of between 10 and 27 kJ mol'1
obtained at 0.1 M electrolyte arc consistent with ion transport within an analogous
film [29]. The activation energies measured for the ion transport process are
dependent on the techniques employed, but are consistent for all the electrolytes
examined. The CV value (10-18 kJ mol-1, Table 4) is thought to be associated with

17
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long range ion movement through the structurally more porous outer region of the
film which makes ion transport more facile, while the CA value (Table 5) of
approximately 20-25 kJ mol-1 represents ion movement through the more com-
pact, smooth underlying base coat of the immobilised film. An interesting observa-
tion is that for the CV experiments in H2S04, where charge transport was most
rapid presumably due to film solubilisation and hence efficient ion transport, the
CV activation energy is low with a vaJue of 10.5 Id mol']l indicating facile ion
movement. The CA value is. however, similar to that seen in the other electrolytes,
possible indicating that even H ;S04 is unable to alter the base layer morphology
significantly. Charge transport in 0.1 M toluene-4-sulphonic acid does not appear to
be related to ion transport in the CA case. The activation energy obtained of 74 kJ
mol-1 is higher than those seen earlier and has a positive entropy term. It would
appear that in this case, charge transport is associated with segmental motions of
the polymer chains to allow transport of this large ion. The positive entropy term
indicates the disorder which segmental motion induces within the film.

Activation parameters obtained at 1.0 M electrolyte suggest that only for certain
systems has the ion movement limitation been eliminated. For the CV experiments,
H;S04. K:S04 and toluene sulphonic acid show increased activation energies and
positive entropies in contrast to the low concentration electrolytes. This suggests
that the limiting charge transport process has changed from ion movement to
polymer chain motions [29], The combined results can be rationalised as follows;
due to the redox site separation (- 50 am) the overall rate limiting step for charge
transport is the rate of redox site juxtaposition as dictated by polymer chain
movement. Only when electrolyte concentrations are increased can ion transport
become sufficiently facile e.g. in H ;S04 to allow charge percolation to proceed at a
rate dictated by the rate of redox 'site juxtaposition. This is observed only for
swelling electrolyte solutions such as sulphuric acid which make at least the outer
portion of the film sufficiently porous to ensure rapid ion movement. For the CA
experiment the activation energy generally decreases at 1.0 M electrolyte (6-13 kJ
mol-1; Table 5) except for K:S04. The different behaviour in K.;S04 may be
related to crystallisation of the salt within the film when high concentrations are
present during redox. The reduced activation energy remains associated with an
ordering process (the entropy term remaining negative) except for toluene-4-
sulphonic acid. The toluene-4-sulphonic acid value continues to be connected to the
segmental chain motion required for ion influx. These lower activation energies
observed in H;S04. HC1 and NaCl may be associated with the intrinsic barrier to
electron self exchange or more likely an effect of polymer swelling with temperature.

Perchlorate based electiolytes

The concentration dependence results suggest that as the perchlorate concentra-
tion is increased, ion transport becomes increasingly hindered due to increasing
contraction of the film as a consequence of the film's insolubility. Alternatively it is
possibly based on ion pair associations within the film. lon pair associations within
the polyelectrolyte [30] can act as crosslinks thus increasing matrix rigidity and
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opposing the ion movement into the film required for electroneutrality. The short
range nature of the ion movement proposed for potential step experiments could
explain the increased D & ¢ when the electrolyte concentration is increased because
the ion shortage seen for CV is not expected to be so pronounced with CA.

The activation energies obtained in 0.1 M C104 electrolytes are significantly
different for the potential step and sweep experiments. For CV. large activation
energies are obtained, which is consistent with the model discussed above. In 0.1 M
HC104 the CV response shows a behaviour previously seen in ruthenium containing
co-polymers [31] i.e. a distinct activation energy at high and low temperatures. The
activation energy obtained at high temperature (224 Id mol-1) may be indicative of
segmental chain motion where chain motion is restricted due to considerable film
compaction. The low temperature value of 35 LJ mol-’ correlated with that
observed for an analogous ruthenium polymer (40 Id m ol'1) [29] and is consistent
with ion motion inside a compact matrix. At high HC104 concentrations, a single £,
is obtained using CV. The value of 92 Id mol™’ is associated with increasing
disorder within the film (the entropy being positive +105 J mol"™’ K-1) and
probably represents polymer strand motion. It seems that the matrix has become so
compact or crosslinked that only by polymer chain motion can ions move into the
film

CONCLUDING REMARKS

The establishment of a link between Att and a physical process within the
polymer film is of great importance, not onl\ fundamentally, but also for the
successful application of modified electrodes. The results suggest that the ultimate
rate limiting step for charge transport is segmental polymer chain motion required
to bridge the distance (- 50 nm) between redox centres. However, the charge
transport process will reflect this latter process only at high concentrations of
background electrolyte (typically >1 M). At low supporting electrolyte concentra-
tions the effect of either Donnan exclusion and/or insufficient ion concentration
means that ion transport limitations control the process.
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ELECTRODEPOSITION OF SILVER ONTO ELECTRODES
COATED WITH [Os(bipy)2(PVP)10CI]CI
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Abstract—Silver has been deposited electrochcmically onto glassy carbon electrodes modified with the
redox polymer [Os(bipy)2(PV P)JOCI]CI. where bipy = 2.2-bipyridyl and PVP = poly-4-vinylpyridine. The
electrodeposition process has been studied using cyclic voitammctry. For electrodes coated with the
analogous ruthenium containing polymer [Ru(bipy)2(PVP)10CIICI no clectrodcposition was observed.
These results suggest a mediated clectrodcposition in the case of the osmium polymer. Chronocoulometry
experiments show that the charge transport behaviour of the osmium coalings does not change upon

deposition of silver.

Key words: silver, elecL . Mposition, osmium, poly-4-vinylpyridine, redox polymer.

INTRODUCTION

In recent years it has been recognised that modified
electrodes can be further modified by introducing
metal particles into the polymer matrix[I-9]. A num-
ber of investigations have focused on the electro-
deposition of metals onto conducting polymers. Kao
and Kuwana[l] found that Pt particles dispersed into
poly (vinylacetic acid) electrocatalyse hydrogen evol-
ution and oxygen reduction. More recenty, Kuwana et
al. reported that Pt electrodeposited into polyaniline
films catalyses the reduction of hydrogen and the
oxidation of methanol[2]. The electrodeposition of
palladium particles within poly(thiophene) modified
electrodes and their electrocatalytic activity for the
reduction of oxygen was investigated by Yassar
et o/.[4].

Less attention has been paid to metal electro-
deposition onto redox polymers. However, the first
example of metal deposition onto polymer coatings
was reported by Wrighton’s group using a redox
polymer[6,7], In this investigation Pt(1V) and Pd(ll)
complexes were introduced into surface bound N,N'-
dialkyl-4,4'-bipyridinium layers and then reduced to
Pt(0) and Pd(0) by electrochemical or photochemical
techniques. It was demonstrated that the efficiency of
hydrogen evolution at a semiconductor photocathode
was improved by this modification. Wrighton and co-
workers also reported catalytic generation of hy-
drogen by deposited Rh and Pd in a cobaltacenium
redox polymer on a semiconductor electrode[8]. The
electrodeposition of metal particles in the redox poly-
mer poly-[Ru(bipy)2(4-vinylpyridine)2] 2+ has been
reported by Pickup et al.[9].

The modification of redox polymer modified elec-
trodes with metal particles is interesting, not only
because of the aforementioned catalytic activity, but
also because of other potential applications. For in-
stance, copper deposition was used to study the
microstructure of Nafion films containing conducting
crystals[10]. Also, “sandwich” modified electrodes, ie
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polymer coated electrodes coated with a metal layer,
have been proposed for the study of charge transport
processes in redox polymers[ll]] whereas the ap-
plication of such assemblies in electronic devices has
also been proposed[12].

In this paper, we report the electrodeposition of
silver onto a glassy carbon electrode coated with the
redox polymer [Os(bipy)2PV P10CI]CI (Fig. 1). To ob-
tain information about how the electrodeposition is
initiated, experiments were also carried out with the
corresponding ruthenium polymer.

EXPERIMENTAL

Materials

[Os(bipy)2PV P 10CIICI and [Ru(bipy)2PV P10CIICI
were prepared as described elsewhere[13,14]. All the
reagents were of AR grade and used without further
purification.

redox
Ru(ll),

Fig. 1. Molecular structure of
[M(bipy)2P VP,0CI]C1, M = Os(ll),

2,2-bipyridyl (bipy).

polymers
N-N =

985



986

Apparatus and methods

Cyclic voltammetry was conducted using an EDT
ECP133 potentiostat and galvanostat. Chronocou-
lometry was carried out using an EG&G PAR 175
universal programmer and 363 potentiostat, com-
bined with a 397 digital coulometer. A Philips 3311
digital storage oscilloscope interfaced to a BBC micro-
computer was used for transient data acquisition and
analysis. Transient coulometric measurements were
made in the 20ms range while the potential was
stepped from —0.2 to 0.8 V. By microcomputer typ-
ically three signals were averaged and background
signals were subtracted. The surface coverage of the
electrode surfaces was estimated from cyclic voltam-
mograms obtained at a scan rate of 1 mV s" * As the
actual swelling of the polymer in the different electro-
lytes is not known, it is not possible to obtain an
accurate measure for the layer thickness. An estimate
can be made from the density of the dry polymer
(1.2 gem “3), if swelling is ignored a typical surface
coverage of 15x 10"8molcm-2, has a calculated
thickness of about 200 nm. The electrochemical cell
used was a conventional three electrode cell. All the
electrochemical potentials are referenced to see. In
cyclic voltammetry experiments, agar-KN03 salt
bridges were used for separating the working solution
and reference electrode. Pt foil with an area of ca
1.6 cm2 was used as auxiliary electrode. Working
electrodes were Teflon shrouded glassy carbon disc
electrodes with a diammeter of 0.7 cm. The suppor-
ting electrolyte used for electrodeposition was 0.1 M
H2S04. Silver was electrodeposited using the per-
chlorate salt. All the experiments were performed in 20
+ 2°C. Experiments on [Ru(bipy)2PV P10CI]C] coated
electrodes were conducted in the dark to avoid photo-
chemically induced ligand exchange reactions
[15,16],

RESULTS AND DISCUSSION

Earlier experiments with the osmium containing
polymer have shown the material to be very stable in a
range of electrolytes. The redox potential of the
Os{lI/111) redox couple of interest in these studies is
around + 200 mV vssee. depending on the electrolyte
used[17]. When a [Os(bipy)2PV P 10CI]CI coated elec-
trode in 0.1 M H2S04 containing 1ImM AgCIQ4 was
held at +0.22 V for a few minutes or cycled between
--0.7 and —0.2 V vs see, the formation of a clear silver
coating could be observed. Under these experimental
conditions the redox potential of the polymer coating
is + 200 mV vssee. This suggests that at the deposition
potential used, mediation of the reduction of Ag* by
the surface bound redox couple, as in reactions (1) and
(2), is thermodynamically possible:

Ag++0s2+-*Ag°® + Os3+, ()]

@

However, it is also possible that Ag* ions permeate
from solution through the polymer and are then
electrodcposited directly onto the glassy carbon sur-
face. Further deposition on this directly deposited
silver can then also result in the formation of a silver
coating throughout the film. To obtain information

Os3* + e~ ->0s2*.
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V vs see

Fig. 2. Cyclic voltammograms of bare glassy carbon electro-
de (A, B) and [Os(bipy)2PVPI10CIICI coated electrode
(C,D) in 01M HjS04+ 1mM AgC104(--- in 01 M
H2504), scan rate 100m V s'l, surface coverage =2.2
x 10"8molcm-2. the current scale is the same in 2A-2D.

about the nature of the electrodeposition process
cyclic voltammetry was employed. On bare glassy
carbon, the electrodeposition starts at about
+ 160 mV (Fig. 2a). In the first scan, a slight hysteresis
is seen, indicating the overpotential for electrodepos-
ition of silver onto glassy carbon. This overpotential is
eliminated as soon as nucleation has started (Fig. 2b).
During the positive scan, a very sharp anodic wave
reflects the stripping of silver from the electrode
surface. In the second scan, the electrodeposition
starts at a more positive potential relative to the first
scan. A permanent silver coating on glassy carbon
cannot be obtained using cyclic voltammetry as the
deposit is stripped off during the positive scan.

A [Os(bipy)2PV P10CIICI polymer coated electrode
was first cycled in background electrolyte until the
cyclic voltammogram became stable. Then the electro-
de was transferred to a Ag+-containing solution and
cyclic voltammograms were recorded (Fig. 2). During
the first scan of the polymer coated electrode, in
addition to the polymer reduction wave, a small
cathodic wave appears at a potential of about
+ 100 mV vs see (Fig. 2c). During the positive scan,
instead of very sharp anodic wave observed in the bare
glassy carbon electrode experiment, only a small
shoulder on the polymer oxidation wave is present.
From the second scan on, the wave at + 100 mV no
longer appears, but the reductive wave of the polymer
is enhanced and a small cathodic plateau currcnt is
observed. (Fig. 2d) at the same time the anodic plateau
becomes lower. At slower scan rates, two slightly
separated reduction peaks are seen and an anodic
stripping wave is observed at + 400 mV (Fig. 3). If the
scanning potential is limited to more positive poten-
tials, where the small wave in the first scan was not
reached, the reduction wave of the polymer still in-
creases gradually and stabilises after a few minutes,
indicating that also under these conditions deposition



of silver is taking place. The effect of the silver ion
concentration, scanning limits and of the film thick-
ness is shown in Fig. 4. This figure shows that at higher
substrate concentration and for thin films the cathodic
plateau is increased, but that there is also evidence for
anodic stripping, as evidenced by a wave at +400 mV
vs see (compare Figs 4a and 4b). Figure 4c shows that
by scanning to less negative potentials the direct
deposition can be reduced considerably, so that no
stripping wave is observed.

V vs see

Fig. 3. Cyclic voltammetry of [Os(bipy)2P V PI()CI]CI coated

electrode in0.1 M H2S04(l)and in0.1 M H2S04containing

1mM AgCIO*, 2 and 3 are respectively the first and second

scan in the silver containing solution; scan rate Sm V s']
surface coverage 2.7 x 10" 8molcm "2

The results obtained so fur clearly indicate the large
influence of the polymer coaling on, especially, the
stripping process. It appears that the electrodeposition
is, at least in part, mediated by the polymer coating
and not just arising from a direct deposition of silver
on the underlaying electrode surface. To further inves-
tigate the relative importance of direct and mediated
electrodeposition, the analogous redox polymer
[Ru(bipy)2PV P|OCI]CI was investigated. The ruthen-
ium containing polymer is expected to have a very
similar structure as the osmium containing polymer.
However, the ruthenium polymer is thermodynami-
cally unable to mediate the reduction of Ag+ as its
formal potential is more positive (about 640 mV vs see)
than that of the Ag>/0 couple (590 mV vs see). There-
fore only electrodeposition directly on the underlaying
glassy carbon surface is possible for an electrode
coated with this polymer. Electrodes coated with the
ruthenium containing polymer were scanned over the
same potential range as used for the above described
experiments with the osmium coatings. In contrast
with the results obtained for the osmium coatings
(Fig. 2) no reduction wave was observed at + 100 mV
and no differences between the first and subsequent
scans was observed (Fig. 5). In the positive scan, a very
small stripping wave was observed at about +400 mV
indicating some electrodeposition onto the glassy
carbon. It is important to note here that contrary to
what is observed for the osmium polymer, the strip-
ping process can be mediated by the polymer coating.
However, when the scanning range was extended past
the ruthenium redox couple, only a very small increase
of the ruthenium oxidation wave, that could be inter-
preted as a stripping of silver, was observed (Fig. 5).

So the results obtained for the ruthenium polymer
support the suggestion made before that the electro-
deposition is mediated by the osmium polymer and
that the osmium centres are involved in the
electrodeposition process. As is also observed for the

V vs see

Fig. 4. Cyclic voltammetry of [Os(bipy)2PV P10CI]CI coated electrodes in 0.1 M H2S04 without (1) and
with (2) AgCIO*, scan rate: 10 mV s"', Ag(l) concentration; (A) 3mM and (B,C) 2 mM, surface coverage
= 15x 10"8mol cm" 3for (A) and 7x 10°8mol cm ™ 2for (B, C); negative scan limit —200 mV vs see for A



V vs see

Fig. 5. Cyclic voltammetry of a [Ru(bipy)2(PVP)10CI]ICI

coated electrode in 0.1 M H2SO« (A, E)and in0.1 M H2S04

+1mM AgCIO., (B, C, D,) scan rate 100 m V s'l, Surface
coverage 15x 10' 8molecm*“2

bare electrode, the mediation of the Ag(l) reduction by
Os(Il) is initially slow, but as soon as any nucleation
occurs the subsequent deposition becomes easier. The
location of this nucleation process is at this stage
unclear. That direct deposition on the glassy carbon
surface occurs can be seen clearly from the stripping
current observed at about +400 mV vs see. The
magnitude of the direct deposition can be controlled
by adjusting variables such as substrate concentra-
tion, layer thickness and scanning range (Fig. 4). De-
position might occur either at the underlying glassy
carbon surface or in the polymer layer. However the
results obtained from the ruthenium polymer suggest
that even ifinitially direct deposition on the electrode
occurs, the presence of osmium centres is needed to
propagate the process through the whole layer. As
stripping of the silver deposit by the osmium polymer
is thermodynamically not possible, any stripping cur-
rent observed must come from silver deposited di-
rectly onto the glassy carbon.

Potential-step chronocoulometry were carried out
for the Os(Il/111) oxidation wave using glassy carbon
electrodes with a surface coverage of 2+1
x 10“8molcm ~J. From an Anson type analysis[18]
of the transient data, apparent diffusion coefficients of
6.0 £ 1x 10'9cm2s~1 for the coating containing
metal particles and 5.6+1 x 10~9cm2s"1 for the
polymer coating before deposition were estimated.
This clearly shows that the overall charge transport
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properties of the layer have not been effected by the
presence of the silver particles.

CONCLUSION

This study shows that it is possible to introduce
metal particles into the osmium containing redox
polymer via mediation at quite positive potentials. As
anodic stripping of the silver from the polymer layer is
thermodynamically unfavourable, the metal deposits
can be maintained on the polymer. In this manner
metal deposits with specific catalytic properties can be
obtained without destroying the redox activity of the
polymer itself.
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INTRODUCTION

The object of this preliminary note is to present measurements of the mass transport
process in thin films of [Os(bpy)2PVPioCI]CI during redox of the Os 2+/3+ couple
(bpy=2,2'-bipyridyl; PVP=poly-4-vinylpyridine). Specifically we demonstrate that the
mass transport process shows considerable variation with supporting electrolyte and solvent
and quantitative information on solvent transport is able to be obtained using the quartz
crystal microbalance(QCM) in solution[l,2], Solvent transport during redox of thin films
has been shown to be important in their electrochemical behaviour[3] The ability of
substrates to move freely into polymer films is an important property in the use of modified
electrodes as electrocatalysts which is dependent on the degree of swelling of the polymer
film[4].

W e have previously examined the charge propagation in thin films of this osmium
polymer complex[5] and of the ruthenium analogue[6]. The diffusion coefficient for
apparent charge transport, Dapp, is dependent on the supporting electrolyte anion. It has
recently been shown that an osmium polymer film of this type is capable of the oxidation of
the glucose oxidase en2yme[7].

Qualitative evidence, obtained with the QCM, for solvent transport during
electroneutrality requiring ion transportin thin films has been shown in the case of
poly(vinylferrocene)[8,9], polyaniline[10,l 1] and nitrated poly(styrene)[12]. The use of
deuterated solvent allowed the unambiguous quantitation of solvent transport in the nickel
analogue of Prussian Blue to be clarified!13]. In this report we have used this approach to
elucidate quantitative information on the reversible mass transport processes occuring during

the redox reaction of thin films of this osmium polymer complex.

26



EXPERIMENTAL

5 MHz AT cut quartz crystals of 13 mm diameter (Toyo Kurafuto) were coated on
both faces with Au (ca.300nm) using a Cr adhesion layer (2nm) by vacuum deposition. An
asymmetric keyhole electrode arrangement was used in which the piezoelectrically active
area (0.28cm2) was smaller than the area of the working electrode face (0.64cm2). This
arrangement has a mass sensitivity of SASX10~zcn~gNrfM ].

Thin films (0.1-0.5%im) of the Osmium polymer complex were deposited by
evaporation from ethanol over the whole electrode face until visibly smooth. The polymer
films were allowed to dry for 1 week under ambient conditions before attachment of the
crystal to the side arm of an electrochemical cell using silicone rubber. The geometric area
of the film exposed to solution, not covered with silicone was determined accurately for
each case but was typically 0.5cm2.

The resonant frequency was determined with the crystal as the active element of an
oscillation circuit using a Hewlet Packard 5334B universal counter. Electrochemical
measurements were conducted with the working electrode at ground in an operational
amplifier based potentiostat/galvanostat(Polarization Unit PS-06, Toho Technical Research).
A Ptwire was used as the counter electrode in a frit separated compartment and as reference
electrode, a saturated sodium chloride calomel electrode(SSCE) was used in aqueous
electrolytes while a Ag wire pseudoreference was used in acetonitrile solutions.

Acetonitrile (reagent grade) was purified by distillation under reduced pressure after
drying over moleculer sieve for 2 days. Doubly distilled deionized water and Dueterium
oxide (99.8%, Merck) were used for preparation of aqueous electrolytes.
Tetraethylammonium para toluene sulphonate (TEApPTS), tetrabutylammonium
perchlorate(TBAP), sodium p-toluene sulphonate(NapTS) and sodium perchlorate(NaC104)
were guaranteed reagent grade(>99%) and used as received.

RESULTS and DISCUSSION

The typical steady state QCM response and cyclic volLammetric response for the

Osmium polymer complex in 0.1M TBAP and in 0.1M TEAPpTS acetonitrile solutions are

shown in figure la and Ib respectively. The frequency decreases during oxidation of the
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Os 2+/3+ couple which indicates that the mass of the film increases. A comparison of the
steady state charge passed with the steady state frequency change allows the molar mass
equivalent(Meq) to be determined, this corresponds to qualitative identification of the mass
transporting species. The Meq was found to be 129g/mol for 0.1M TBAP and 192g/mol
for 0.1M TEApPTS. The Meq determined remained constant(+5%) with sweep rate in the
range 1-100m V/s indicating the absence of any kinetic effects[14]. The molecular masses of
the anions are 99g/mol, C104 and 171g/mol, pTS and the behaviour here is consistent with
the permselective movement of anion into the polymer film in order to maintain
electronuetrality. There may be a small amount of solvent ingress during oxidation. The
good agreement between Meq and the molecular mass shows that the film behaves as arigid
layer describable by the Sauerbrey equation[14]. The half mass change and half charge
potentials coincided to within 5mV up to 20mV/s at aminimum frequency sampling time of
0.4s which shows that the mass transport process and electron transfer process occur
simultaneously.

The behaviour in aqueous electrolyte solutions is shown in figure 2. The frequency
response for 0.1M NaG 04 is again typical of permselective anion mass transport, Meq
94g/mol, with little or no cation or solvent movement However the frequency behaviour in
0.1M NapTS is quite different, the frequency changc is still consistent with the mass
increase of the film during oxidation but the Meq determined is 602g/moL This remains
constant with sweep rate in the range (5-100mV/s) and there is still good agreement of the
half mass change and half charge change potentials indicating a simultaneous process. A
possible reason for this disparity is that there is movement of water into the film during
oxidation. We have investigated this by replacing H20 with deuterium oxide, D20. The
average Meq determined was 651g/mol(£5%) and the effect of isotopic substitution on Meq
(after substracting the molecular mass of the pTS anion) was an 11% increase forD 20 as
shown in Table 1. A similar film with a surface coverage of 21”ig/cm2 i.e. three times
lower had a substitution increase of 13%. Itis clear that the excess mass in Meq for 0.1M
NapTS as suporting electrolyte is consistent with the increase in the molecular mass of water

due to deuteration of 11%. The good agreement here may indicate that the rigid layer
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approximation is still valid which would Indicate that 24 molecules of water accompany
anion movement into or out of the film during oxidation or reduction. This would indicate a
considerable change in the solution properties of the film between the initial Os2+ stale and
the oxidized Os3+ state. At the slowest sweep rate used, ImV/s this corresponds to a 13%
swelling due to water uptake. The diffusion coefficient, D*pp, for the oxidation and
reduction processes were found tobe 1.6 X1012cm2s and 3.8X10'12cm2/s respectively,
determined by potential-step chronocoulometry, which was constant for both H20 and D 20
as solvents.

It must also be noted that a change in the surface morphology, the polymer film
becomes more uneven between the oxidized and reduced states, should also lead to a similar
solvent dependence as more solvent molecules would become trapped in the polymer
solution interface region[16]. If this can occur then the magnitude of the frequency change
may also be dependent on the replacement of H20 by D20 and as such the increase in
viscosity and density would correspond to a 16 % increase in frequency[17J. A
morphology change is considered to be unlikely as no similar effect was observed in
acetonitrile.

The effect of compressional stress is mitigated against by using a piezoelectrically
active area which is smaller than the electrochemically active area(asymmetric electrode
arrangement) as only the radial distribution of mass sensitivity is stress dependent and not
the integral of the mass sensitivity which remains constant(18]. Itis concluded therefore
that compressional stress is not a contributing factor. The movement of water during
electroosmosis cannot be considered to be contributing to this behaviour as it would have
the opposite effect, water movement out of the film during oxidation. The difference in
mass transport in aqueous systems between NaG 04 and NapTS is not unusual as the
perchlorate salt of the polymer is highly insoluble and swelling effects are the normal
situation for other anions.

A discussion of the in situ mass transport behaviour of various electrolyte counter

ions and solvent will be presented in a complete publication which is in preparation.
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Table 1 Frequency and charge changes evaluated from steady state cyclic
voltammograms in 0.1 M NapTS with (a) H20 and (b) D20 as solvent Surface

coverage of polymer film :67ng/cm2.

(@ H20
Sweep rate AF* AQDb Meq
mV/s Hz mC g/mol
1 658 1.05 488
5 586 0.78 580
10 487 0.61 620
20 355 0.44 628
35 263 0.32 635
50 218 0.31 543
100 154 0.20 606
(b) D20
1 694 0.99 546
) 540 0.62 632
10 417 0.48 678
20 286 0.33 664
35 214 0.24 686
50 » 187 0.23 586
100 124 0.15 658

a. Change in frequency at steady state from maximum to minimum.

b. Change in charge, average of anodic and cathodic charges.
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12Hz|5/jA

Figure 1

20HzJblj A

Frequency and current response of steady state cyclic voltammogram at 10mV/s in

acetonitrile for (a)0.1M TBAP, surface coverage=13Jig/cm2 and (b)0.1M TEApTS,

surface coverage=21(ig/cm2. Potentials quarted versus Ag wire reference.
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20Hz 8pA 20Hz 8/3 A

*l

E/ V vs.SSCE E/ V vs.SSCE

Figure 2
Frequency and current response of steady state cyclic voltammogram at 10mV/s in
water, (a)0.1M NaCICto and (b)0.1M NapTS for afilm of surface coverage

=21ja.g/cm2.
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Synthesis, Characterisation, Reactivity, and X-Ray Structure of
c/s-Carbonylchlorobis[l -methy|-3-(pyridin-2-y1)-1,2,4-triazole-/V4/V']ruthenium

Hexafluorophosphate t

Robert J. Forster, Aidan Boyle, and Johannes G. Vos *
School of Chemical Sciences. Dublin City University. Dublin 9. Ireland
Ronald Hage, Anouk H. J. Dijkhuis, Rudolf A. G. de Graaff, Jaap G. Haasnoot, Rob Prins, and

Jan Reedijk

Department of Chemistry, Gorlaeus Laboratories, Leiden University, 2300 RA Leiden, The Netherlands

The compound [Ru(L-L")j(CO)CI]PF, [L-L' = 1-methyl-3-(pyridin-2-yl)-1,2.4-triazole] has been
obtained in high yield from ruthenium trichloride and the pyridyltriazole ligand in dimethylformam-
ide, as a mixture of co-ordination isomers. One of these isomers was obtained using

crystallisation techniques and crystallises in the monoclinic space group P2Jn with unit-cell
parameters a = 11.085(1), b = 13.120(2), ¢ = 16.108(2) A 3= 97.17(1)°. andZ = 4. The metal
cation has a cis geometry for CO and Cl, and the triazole ring is bound to the ruthenium centre via
its N* nitrogen atom. The CO and CI groups are trans to the triazole rings of the pyridyltriazole
ligand. The average ruthenium nitrogen distance is 2.09 A. From this compound the species
[Ru(L-L")(CO)L] + have been obtained, where L = NCS~ or H~. All the compounds have been
characterised by spectroscopic, electrochemical, and high-performance liquid chromatographic
methods. The results, and in particular the high yield in which the title compound is obtained,
strongly suggest that the pyridyltriazole ligand is a weaker n acceptor than 2,2'-bipyridyl.

There is at present much interest in the chemistry of ruthenium
polypyridyl compounds because of their possible application as
photochemical or electrochemical catalysts.l' 1 Recently a
series of ruthenium polypyridyl carbonyl compounds have been
reported with the overall formula of [Ru(bipy)2(CO)L]"*
(n = 1lor 2, bipy =2.2"-bipyridyl. L = a series of monodentate
ligands including CO), showing some very unusual and
interesting properties. The electronic properties of these
compounds are quite different from those normally expected for
ruthenium polypyridyl complexes, also photochemical lability
of the carbonyl ligand has been observed. The use of the
compound [Ru(bipy)2(CO)CI] * as a catalyst in the water-gas
shift reaction has been reported.8” This compound and also the
osmium carbonyl hydride compound have been proposed as
catalysts for the electrochemical reduction of CO2.‘0 Detailed
investigations, including hydride-transfer studies, have also
been carried out on [Ru(bipy)2(CO)H]PF6,1l i: a possible
intermediate in the earlier mentioned ruthenium-catalysed
water-gas shift reaction.

We have started a systematic investigation13 of the
physical properties of ruthenium compounds with asymmetric
ligands of the type L-L°‘ where L-L' is a series of pyridyl-
1.2,4-triazoles. In this conlribution we report the synthesis,
characterisation, and reactivity of the compound [Ru(L-L)2-
(CO)CI]PF6, where the ligand L-L" is I-methyl-3-(pyridin-2-
yD)-1,2,4-triazole and the molecular structure of one of its
isomers. It was anticipated that with this study information
would be obtained about the electronic properties of the ligand.
The properties of the compounds obtained are compared with
those observed for the corresponding 2.2-bipyridyl carbonyl
compounds.

Results and Discussion
Preparation of [Ru(L-L")2(CO)CI]PF,,.—The compound is

+ Supplementary data available: set Instructions for Authors. J. Chem.
Soc.. Dahon Trans., 1990. Issue I, pp. Xix— xxii
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obtained by reaction of ruthenium trichloride trihydrate with 2
equivalents of the ligand in refluxing dimethylformamide (dmf)
[reaction (1)]. The formation of such carbonyl compounds, is
RuClj + 2L-L' [Ru(L-L")2(CO)CI] * 1)
most likely the result of a decarbonylation of the solvent,
dmf.*- * The ligand was added in small portions, so as to avoid
the formation of [Ru(L-L")3J* The corresponding bipy
compound has been prepared in the same manner.4 However, in
that case the yield obtained is only about 40°'0, while with our
pyridyltriazole ligand a yield of close to 100°, is obtained.
N.m.r. spectra of the products obtained (see below) clearly
show the presence of different co-ordination isomers. The first
fraction to crystallise out was used for the AT-ray analysis. As this
fraction contained however only about 157, of the overall
yield there is no guarantee that only one isomer isobtained. For
the bipy compound the main product is [Ru(bipy)2CI2],
however no evidence for the formation of such a compound was
obtained with the pyridyltriazole ligand. This suggests that

@

N(2i;
C<25)

Ni12)
C(134)

C035)

Figure 1. ORTEP drawing of oj-[Ru(L-L)2(CO)C1]PF6, showing the
atom labelling system
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T»ble 1. Fraclional alomic co-ordinaics (x 10! for Ru; x 10* for C. Cl. F. O. N, and P) of [Ru(L-L");(COICI]PFk

Atom Xa Y b Z.r Atom A a Y,b Zc
Ru 23 480(4) 4 705(4) 14 941(2) N(22) 5049(4) 2 395(4) 878(3)
Cl 783(1) -776(1) 1242(1) C(23) 4 188(5) 1696(4) 835(3)
c( 3380(51 -567(5) 1887(4) N(24) 3669(4) 1597(3) 1551(3)
o 3936(5) -1 240(4) 2 137(3) C(25) 4 238(5) 2 265(5) 2066(3)
N (1) -578(5) 2475(4) 716(3) N(231) 2 863(4) 416(4) 281(3)
c(n -1 480(8) 3062(6) 201(5) C(232) 3 743(5) 1067(4) 115(3)
N(12) -694(4) 2278(4) 1552(3) C(233) 4 151(5) 1 116(5) -648(4)
Cl 131 280(5) 1729(4) 1779(3) C(234) 3 638(6) 486(6) - 1282(4)
N(14) 995(4) 1573(4) 1 162(3) C(235) 2 753(6) -144(6) -1 122(4)
C(15) 431(5) 2050(4) 507(4) C(236) 2 386(6) -178(5) -350(4)
N(131) 1697(4) 723(3) 2634(3) P 6 529(2) 1026(2) 3789(1)
C(132) 669(5) 1295(4) 2 596(3) F() 6 201(4) 738(4) 4 680(3)
CO 33) 58(6) 1 440(5) 3268(4) F(2) 5628(5) 1934(4) 3769(3)
C(134) 499(7) 977(6) 4.020(4) F(3) 6 854(5) 1331(4) 2915(3)
C(135) 1520(6) 420(6) 4 063(4) F(4) 7 482(5) 174(4) 3836(3)
C(136) 2 103(6) 312(5) 3379(4) F(5) 7 510(5) 1 733(5) 4 225(4)
N(21) 5073(4) 2748(4) 1678(3) F(6) 5 556(6) 355(6) 3 352(4)
c(21) 5 974(6) 3497(5) 2019(4)

Table 2 Selected bond lengths (A) and angles (°) of [Ru(L-L")2(CO)CI]PFt with estimated standard deviations (e.s.ds) in parentheses

Ru-N(]4) 2.104(5) C(13)-N(14) 1.362(6) C(135)-€(136) 1.352(9) N(21)-N(22) 1.367(6)
Ru—N (131) 2.082(4) N (14)-C(15) 1.317(6) C(233)-C(234) 1.380(8) N(22)-C(23) 1.318(6)
Ru-N(24) 2.074(4) C(15)-N(l 1) 1.329(7) C(234)-C(235) 1.333(9) C(23)-N(24) 1.357(6)
Ru-N(231) 2.104(4) C(13)-C(132) 1.450(7) C(235)-C(236) 1.357(8) N(24)-€(25) 1.313(61
Ru-C(l) 1839(7) N (131)-€(132) 1.359(7) N(231)-C(236) 1.336(7) C(25)-N(21) 1.338(7)
Ru-Cl 2.382(2) C(132)-C(133) 1.360(7) c()-0 1.123(7) C(23)-C(232) 1.458(7)
C()-N(I1) 1.440(8) C(133)-€(134) 1.388(9) C(136)—N (131) 1.342(7) N(231)-€(232) 1.348(7)
N(11)-N(12) 1.394(6) C(134)—€( 135) 1.341(9) C(21)-N(21) 1.458(7) C(232)-C(233) 1.363(7)
N( 12)—C( 13) 1.312(7)

CI-Ru-N(14) 870(1) Ru—N( 14)—C( 15) 1415(4) N(131)-€(132)-€(133) 122.7(5) N(24)-C(23)-C(232)  118.9(5)
CI-Ru-N(131) 86.2(1) Ru-N(14)-C( 13) 112.3(4) C(13>~€(132)—C(133)  123.1(6) N(22>-C(23)-C(232)  127.3(5)
CI-Ru-N(24) 172.6(1) C(15)-N(14)-€(13)  104.6(5) C(132)-C(133>-C(134) 118.5(6) N(24)-C(25)-N(21) 109.1(5)
CI-Ru-N(231) 95.4(1) C(15)-N(11)-N(12)  110.5(5) C(135)-€(134)-€(133) 119.1(6) Ru-N(231)-Q232) 116.7(4)
Cl-Ru-C(l) 87.6(2) C(15N(11)€(11) 128 6(6) C(136)-€(135)-€(134)  120.1(6) Ru-N(231)-C(236) 126.7(4)
N(14)-Ru-N(131)  785(2) N(12-N(11)-€(11)  120.9(6) N(131)-€(136)—C(135) 123.0(6) C(232)-N(231)-€(236)  116.5(5)
N(14)-Ru-N(24) 89.9(2) N(11)}-N(12~€(13) 101 5(5) Ru-N(24)-C(25) 141.7(4) N(231)-€(232)—C(23)  112.5(5)
N(14)-Ru-N(231)  93.1(2) N(14)-€(13)-N(12)  114.4(5) Ru-N(24)-C(23) 113.8(4) N(231)-€(232)-€(233) 122.5(5)
N(14)-Ru-C(l) 171.7(2) N(14)-C(15)-N(11) 109 1(5) C(25)-N(24)-C(23) 104.5(5) C(23)-€(232)-C(233)  125.0(5)
N(131)-Ru-N(24)  99.7(2) N(14)-€(13)-€(132)  118.0(5) C(25)-N(21)-N(22) 110.2(5) C(232)-C(233)-C(234) 119.1(6)
N(131)}Ru—N(231) 171.3(2) N(12)-C(13)-C(132)  127.6(5) C(25)-N(21)-C(21) 128.6(5) C(233)-C(234)-C(235) 118.3(6)
N(131)-Ru—c(1) 94.8(2) RU-N(131)-€(132)  115.4(3) N(22)-N(21)-C(21) 121.0(5) C(234)-C(235)-C(236)  120.6(6)
N(24)-Ru-N(23l)  781(2) Ru-N(131)}-€(136) 127 6(4) N(21 }-N(22)—C(23) 102.3(4) N(231)-€(236>-€(235) 122.9(6)
N(24)-Ru-C(l) 96.2(2) C(132)—N(131)-€(136) 116.6(5) N(24)—-€(23>—N(22) 113.8(5) Ru-C(I)-0 174 9(6)
N(231)-Ru—€(1) 93.7(2) N(131)-€(132)-€(13) 114.2(5)

the pyridyltriazole ligands are less strong jt acceptors, as weak
k acceptors are expected to stabilise the chlorocarbonyl
compound with respect to the dichloride because of a decreased
competition for electron density with the carbonyl ligand.4

The compound [Ru(L-L')(CO)2CI2] was obtained as
reported before for the corresponding bipy compound in high
yield, by treating L-L' with a CO-containing methanol-waler
solution of RuClj.4*

X-Ray Structure ofr«-[Ru(L-L")2(CO)CI]PF6—Fraclional
co-ordinates are given in Table 1, relevant bond distances and
angles in Table 2. An ORTEP projection of the [Ru(L-L")2-
(CO)CI] ’ cation is shown in Figure 1together with the atom
labelling system used. The unit-cell packing of the [Ru(L-L"),-
(COKTIjPF,, ion pairs is shown in Figure 2

The co-ordination geomelry around the central metal ion
is slightly distorted octahedral, with the L-L' ligands co-

atoms are omitted for clarity

ordinated in a cis fashion in such a way that the triazole groups
are mutually cis and the pyridines mutually irons. The largest
distortion is the small value of the angle between the ruthenium
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ion and iwo co-ordinaling nitrogen aloms [e.g. N(l4)-Ru-
N(131) 78.5, N(24)-Ru-N(231) 78.1°]. These angles, which,
are significantly smaller than 90°, appear to be imposed on the
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structure by the rigidity of the pyridv llria®olc ligands. The small
bite angle has been observed before in compounds containing
ligands with comparable geometriesl4 and is similar to that
found for bipy.1**" The ligands are bound to the metal ion via
the pyridine nitrogen and the N4 atom of the triazole ring. Co-
ordination through this nitrogen atom of the triazole ring leads
to less steric hindrance than that through the N2 atom. The
pyridine groups are trans to each other with the carbonyl and
chloride ligands trans to triazole ring, probably because in this
manner the possibilities for metal-to-ligand back bonding are
optimised. The Ru-N distances of beiween 2.104 and 2.074 A
are as expected for divalent rulhenium compounds. The trans
efTect observed for the CO and CI ligands is, however, much
smaller than that observed in [Ru(bipy)J(CO)CI]'\ where a
difference 0f0.11 A for the Ru-N distances trans to these ligands
was observed (2.06 vs. 2.17 A).44 This is possibly related to the
fact that the triazole ring is not expected to be involved in the
n-back bonding system. The Ru-C bond is 1.84 A with theC-O
distance of 1.12 A and a Ru-C-O angle of 175°. These values
and also the other metal-ligand distances are very similar to
those in the corresponding bipy compound.4"

Reactivity.— Attempts were made to prepare a series of
compounds with the general formula [Ru(L-L")2(CO)L]"* by
refluxing [Ru(L-L")2(CO)C1]* in the presence of an excess of
ligand [reaction (2)3- As attempts to isolate the different isomers
of the chloro carbonyl compound failed, the reactivity studies
were carried out with samples containing a mixture of co-
ordination isomers. Reaction (2) was found to be efficient for the

[Ru(L-LY)2(CO)Cir + L
[Ru(L-L)2(CO)L]"4 + CI (2)

preparation of the bipy analogues and a range of compounds
with L = pyridine, acetonitrile, NCS',e/r. has been reported."
For the chlorocarbonyl compound reported here reaction (2)
was extremely slow and it appeared to be very difficult to
replace the chloride ligand with neutral ligands. The chloride
ligand is not exchanged at all upon refluxing in organic solvents
for up to 3d. The addition of water to the reaction mixture does
lead to a slow release of the anion. Numerous attempts were
made to prepare [Ru(L-L")2(COXH20)]2*\ from refluxing
acetone-water mixtures, also in the presence of acids, base, or
AgNO03. However, no pure products were obtained in this
manner. The best results were obtained by the acid decom-
position of the hydride compound. The results given below for
the aqua and CHjCN compounds are obtained from samples
prepared in this manner.

As the variations in electronic spectra, obtained as a result
of the ligand-exchange process, are very small u.v.-visible
spectroscopy could not be used to monitor these reactions. The
reactions were therefore followed by high-performance liquid
chromatography (h.p.l.c.). In experiments where we tried to
prepare compounds with a 2+ charge, compounds with ligands
such as H20 and CHjCN, recombination of the displaced
chloride ligand with the 2+ species formed occurred upon
injection of a sample of the reaction mixture into the, mainly
organic, mobile phase.

The exchange of the chloride ion with other anions is more
efficient. The NCS" compound could be prepared, but this is
also not very stable. The compound [Ru(L-L")2(C0)H]C104
was prepared at room temperature [reaction [3)].4* It is

[Ru(L-L")2(CO)CI]+ + NaBH, CH,0H.

[Ru(L-L"),(CO)HI* (3)

however, not very stable. Addition of NH4PF6 and also excess
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of the borohydridc decomposed the compound, but the hydride
could be isolated as the perchlorate salt using NaClIO*. A
similar behaviour was observed before for Ru(bipy); hvdrides
containing phosphine ligands and can be attributed to the
acidity of the NH** group.4 The stability of the chlorocarbonyl
compound is further emphasised by the experiments carried out
with [Ru(L-L")(CO)2CIj], When we attempted to prepare
[Ru(L-L"),(CO)2 2* by treating [Ru(L-L')(CO)2CI12 with 1
equivalent of the chelating ligand the major product obtained
was the chlorocarbonyl compound, with only a relatively small
amount ofa dicarbonyl species identified by i.r. spectroscopy and
h.p.l.c.

As expected the carbonyl ligands are photochemically
labile.4* The chlorocarbonyl compound was photolysed in
acetonitrile using u.v. irradiation. Both h.p.l.c. and u.v.-visible
spectroscopy show the formation of one product, with a in
the visible of 420 nm for short irradiation times. Upon
prolonged irradiation a small amount of a second product is
formed with an absorption maximum at about 385 nm. The
products obtained were not isolated, but from spectroscopic
and h.p.l.c. data it is concluded that the initial product is
most likely [Ru(L-L")2(CH3CN)C1] A similar product was
obtained for the corresponding bipy compound.” while the
second product most likely is [Ru(L-L")2(CH3CN)2] 2*.

Purification ofthe compounds prepared by column chromato-
graphy using neutral alumina was not possible as they did
adhere to the top of the column. The purity of the compounds
was therefore checked by h.p.l.c. using a method described in the
Experimental section. The retention times observed are given in
Table 3. It proved very difficult to obtain samples having
satisfactory elemental analyses. Satisfactory spectroscopic and
electrochemical data could be obtained for the compounds with
L =H20, CHjJCN, CI', NCS', or H~. The purity of these
compounds was belter than 95% as judged by h.p.l.c.
Satisfactory elemental analyses could only be obtained for the
Cl NCS",and H - compounds. Most likely slow decomposition
of the compounds is taking place.

N.M.R. Spectroscopy.—N.m.r. spectroscopy was used to
establish the co-ordination sphere around the ruthenium ion.
This technique is particularly suited to identify isomers,
especially because of the presence of a methyl group in the
pyridyltriazole ligand.13 All compounds prepared show a series
of resonances in the 6 7.5— 10.0 range which can be attributed to
the pyridyltriazole ligands. Around 5 4.0, signals due to the
methyl groups in the complex are observed. The proton
spectrum of the sample used for the A'-ray analysis is given in
Figure 3. Assignments were made by comparison with spectra
obtained for the free ligand and for similar compounds reported
in the literature.13 For this compound, two further signals,
attributed to methyl resonances, are observed at 84.01 and 3.97.
The presence of these two methyl resonances and also the
presence of two resonances for the triazole H5 proton are in
agreement with the crystal structure obtained. The n.m.r.
spectrum shows clearly that both pyridyltriazole ligands are
inequivalent. This is confirmed by the 13C n.m.r. spectrum of
this sample (see Experimental section).

An 1H n.m.r. spectrum of other samples of the chlorocarbonyl
compound appeared to be far more complicated. Depending on
the particular sample, beiween 6 and 10signals were obtained in
the 6 4—5 region that can be attributed to the triazole methyl
group. This strongly suggests the presence of more than one
isomer. Because of the asymmetry of the ligand six geometrical
isomers can be obtained for the cis compound. On the basis of
molecular models all isomers are expected to be of the cis
configuration. As a result of the complexity of the situation no
analysis of the spectra obtained was carried out to identify these
isomers. There are however two distinctly different sets of
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Figure 3. 200-MHz Proton n.m.r. spectrum of the X-ray sample of
resonances. Solvent (CDjJjSCHCDjljCO (4:1)

Table 3. Spectroscopic,electrochemical, and h.p.l.c. data for [Ru(L-L)2-
(CO)L]"" and some related compounds

Ru3*'3" ligand-
based reductions/ H.p.l.c.
v(CO) V vs. s.ce retention
Compound cm"1 A ¢ time min
[Ru(L-L")2(CO)CIT’ 1967 158 —156* 267
[Ru(L-f)2(CO)(NCS)]* 1983 147 -1.57* 2.30
[Ru(L-L")2(CO)H]* 1916  1.15* —183* 204
[Ru(L-L")2(COMH:0)]!* 1981 -1.56* 8.20
[Ru(L-L")2(CO)(CH jCN)]j’ 2008 -1.47* 8.12
[Ru(L-L'XCO),CI3] 2 067. 2.00
1988
[Ru(bipy)j(co)CI] " 1970 150 -1.34
-1.56
[Ru(bipy)2(COKNCS)J * 1982  1.47*  -1.25
-1.46
[Ru(bipy)2CO)H] * 1912  1.03*  -1.55
-1.75
[RutbipyljICOKHjO)]1* 1995
[Ru(bipy)j(COXCHjJCN)]2' 2015 -1.18
-1.38
[Ru(bipyKCO)jCljJ 1997.
2055

Data on bipy compounds from ref. 4.
* Irreversible redo* process.

methyl resonances, one set at about 8 4.0 and another at about
4.3 with a ratio of about 1:1. The presence ofa set of resonances
at about 8 4.3 suggests strongly that the tria2ole NJatom is also
able to co-ordinate to the central metal ion.13 This is contrary
to the results obtained for compounds of the type [Ru-
(bipy),(L-L )]2*, where for the ligand reported here only
co-ordination rio N* was observed.13* The different behaviour
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u(L-L)2(CO)CI]PF6, together with the assignment of the different

found here is possibly explained by the extra space present
round the metal ion because of the absence of the bipy ligands.
The spectrum obtained for the hydride compound contains
resonances at 8 —12.51, —12.66, —13.46, and - 13.57 that can
be attributed to the hydride ion,*" also suggesting the presence
of several isomers in this compound. Carbon-13 n.m.r. spectra
were obtained for [Ru(L-L"')2(CO)CI]PF6 and [Ru(L-L'")-
(C0O)2CI2] (see Experimental section). For the first compound,
using the X-ray analysis fraction, two sets of resonances were
observed indicating the presence of two different pyridyltriazole
ligands. The 13C n.m.r. spectrum obtained for [Ru(L-L")-
(C0O)2CI12] shows one set of resonances, indicating the presence
of only one isomer. This is further confirmed by the proton
n.m.r. spectrum of this compound (see Experimental section).
For the dicarbonyl compound two resonances are obtained
for the CO ligands at 6 206.5 and 196.2 p.p.m. For the
chlorocarbonyl compound one signal is found at 206.8 p.p.m.

Infrared Spectroscopy.—The carbonyl stretching frequencies
of the compounds together with those observed for a number of
analogous bipy compounds are given in Table 3. The i.r. spectra
did not give any indication for the presence of more than one
isomer. Within the series of pyridyltriazole compounds the
frequency of the carbonyl vibration varies with the nature of the
sixth ligand as expected.4 The small differences observed
between the series and those found for lhe corresponding bipy
compounds is surprising in view of the differences in rc-acceptor
properties of the pyridyltriazole and bipy ligands, The presence
of the chloride ligand in [Ru(L-L)j(CO)CI]PF,, is confirmed
by a M-ClI stretching vibration at 330 cm 1, absent for all other
monocarbonyl compounds obtained. For [Ru(L-L")(C0O);CI2]
a single M-ClI stretching vibration is found at 330 cm 'L For the
hydride no metal-hydrogen stretching vibration could be
observed. This band is however expccted to be hidden under the
strong CO stretching vibration* The presence of the NCS~
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group was confirmed by medium-strong bands at 2 110 and
2057 cm 'L The presence of the two bands is again indicative of
the fact that more than one isomer is formed.

Electronic Spectra—The u.v.-visible absorption spectra arc
dominated by the strong n n* L-L’ based transitions
at about 240 and 270 nm. As for the analogous bipy compounds,
d __ , n* transitions are expected in the u.v. region and are
hidden by the strong ligand-based transitions. The high energy
of these transitions is explained by the strong back donation to
the carbonyl ligand.4 Only the hydride compound shows a well
defined transition in the visible region (400 nm), in agreement
with the strong donor properties of the hydride ion.4*7

Electrochemistry.— The data obtained are given in Table 3.
No reversible ligand-based reductions were found. Of the
ruthenium-based oxidations only the chlorocarbonyl com-
pound shows a reversible Ru2*'3* redox couple. For the
compounds with a 2+ charge no metal-based oxidation was
observed; as for the bipy compounds such an oxidation is
expected at potentials around 2 V vs. saturated calomel
electrode (s.c.e.), outside the range of the solvent used. The
Ru2*'3* redox potentials obtained for the L-L' compounds are
very similar to those obtained for their bipy analogues and show
the expected variation."

Conclusions

The fact that in the reaction between RuClj and I-methyl-
3-(pyridin-2-yl)-1,2,4-triazole the chlorocarbonyl complex is
obtained as the only product can be considered to be strong
evidence for the reduced re-acceptor properties of this ligand
with respect to bipy. Also the reduced stability of the hydride
points to reduced rc-acceptor properties for the pyridyl triazole
ligand. It is therefore somewhat surprising that the physical
properties of the compounds, such as metal-to-ligand distances,
v(CO) frequencies, and redox potentials, are so similar to those
obtained for the corresponding bipy compounds. An exception
has to be made however for the reactivity. W hereas the synthesis
of compounds of the type [Ru(bipy)2(CO)L]"* from the
parent compound [Ru(bipy)2(CO)CI] + is easy, the synthesis
of the corresponding L-L' compounds is much more difficult
especially when the sixth ligand is neutral. Asthe NCS’ and H “
compounds are formed more easily, the stability of the parent
chloro compound is probably based on kinetic rather than
thermodynamic reasons.

Another point worth mentioning is the presence of many co-
ordination isomers. Although this would be expected on the
basis of the asymmetry of the pyridyltriazole ligands, the n.m.r.
evidence that the N3atom is able to bind to the ruthenium ion
is somewhat unexpected considering the presence of the methyl
group on the neighbouring nitrogen atom. Certainly this
co-ordination mode is not found in the Ru(bipy)2 complex of
I-methyl-3-(pyridin-2-yl)-1,2,4-iriazole,'31

Experimental

X-Ray Crystallography.—A yellow bar-shaped crystal with
approximate dimensions 0of 0.4 x 0.2 x 0.3 mm was used. The
density of the crystals was determined using the flotation
method.

Crystal data. C,7H|6CIF6NBOPRu, M = 629.86. mono-
clinic. space group P2\')n, a - 11.085(1), b = 13.120(2). ¢
16.108(2) A, p= 97.17(1)°. U = 2324.2(2) A3,Dm = 1.81(1)
Mg nr3 Z =4, Dc= 180 Mg nr3, f(000) = 1243.56,
H(Mo-K,) = 9.2cm'L X(Mo-K,) = 0.710 730 A.

Data collection and processing. An Enraf-Nonius CAD4
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diffractometer with graphitc-monochromated Mo-A’, radiation
was employed. Intensities of 5304 independent reflections
were measured at room temperature (2.0 < 0 < 27.0) Lattice
parameters were determined b> measuring 25 reflections with 0
from 9.5 to 14.0°. No absorption correction was applied. The
range of h. k. and | used was —14 $ A$ 140 $ £ < 16. and
0 S 1'i 20. The intensity standards used were the reflections
(611). (1 60), and (-1011). The intensity variation through-
out the experiment was 5°,,.

Solution and refinement of the structure. Atomic scattering
factors for neutral atoms with corrections for anomalous
dispersion were taken from ref. 17. Patterson techniques and the
program AUTOFOUR 18 were used to find the positions of the
heavy atoms. All subsequent least-square refinements and
Fourier synthesis were based on the 2 501 significant reflections
[/ > 20(/)] only. All but one of the hydrogen atoms were
located in successive difference Fourier maps. The position of
the last hydrogen atom. H(236), was calculated geometrically
before least-squares refinement. In this refinement all hydrogen
atoms were given the thermal parameter of the carbon atom to
which they are bound and were kept at a given distance from this
carbon atom.

In the final difference Fourier synthesis, having a minimum
value of - 0.32e A'3and a maximum value of + 0.82 e A '3, there
were still three small but significant peaks. These were located
near the ruthenium atom. Disorder of the fluorine atoms can be
deduced from the high anisotropy in the thermal parameters. A
model was applied consistently of two [PF6]~ units with
identical phosphorus positions and different positions for the
fluorine atoms.

Additional material available from the Cambridge Crystallo-
graphic Data Centre comprises H-atom co-ordinates, thermal
parameters and remaining bond lengths and angles.

The conventional final residual was R IHAfI/EF,, = 0.037
for the 2 501 reflections used in the refinement, R' = [X>v(Af)2.

I 2= 004

Physical Measurements.—High performance liquid chrom-
atography was carried out using a Waters 990 photo-
diode array h.p.l.c. system in conjunction with a NEC APC Il
computer, a Waters pump model 6000 A. a 20-*1 injector loop,
and a Partisil SCX radial PAK cartridge; the detection
wavelength was 280 nm. The chromatography was carried out
using acetonitrile-water (80:20) containing 0.08 mol dnr3
LiCIO* as a mobile phase. The flow rate was 3.0cm3min"1

U.v.-visible spectra were recorded on a Shimadzu UV 240
spectrophotometer, i.r. spectra on a Perkin-Elmer 599 spectro-
photometer as KBr disks. Proton n.m.r. spectra were obtained
on a JEOL JNX-FX 200 spectrometer, 13C n.m.r. spectra on a
JEOL 50.1-MHz spectrometer, using SiMe* as an internal
standard. Electrochemical measurements were carried out using
an E.G. and G. PAR model 174A polaragraphic analyser, a
PAR 175 universal programmer and a platinum working
electrode. The samples were measured in spectroscopic grade
MeCN dried over molecular sieves using 0.1 mol dm'3
NEt4C104 as supporting electrolyte. The scan rate used was
100mV s'L A KCl-saturated electrode was used as the reference
electrode.

Materials—The ligand I-methyl-3-(pyridin-2-yl)-1,2.4-tri-
azole was prepared as described before.131’ The compound
RuCIjOHjO was obtained from Johnson Mallhey. All other
materials used for the syntheses were of reagent grade used
without further purification.

Preparation of Compounds.—[Ru(L-L")2(CO)CI]PF6. The
salt RuC1j-3H20 (2.10 g. 8 mmol) was refluxed in dmf (60 cm3)
for 1h. Then 2 equivalents of L-L "were added in five portions at
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5-min interval The resulling mixture was healed al reflux for
another 6 h. The product was precipilaled by the addilion ofan
excess of aqgueous NH«PF6, recryslallised from an acetone-
toluene mixture, and dried in vacuo at room temperature.
Yield 21 g (85%) (Found: C, 32.1; H. 25; Cl. 6.0; N. 17.9.
C,-HI6CIFE6NsOPRu requires C, 32.4; H. 2.6; Cl. 5.6; N. 17.8%).
,3C N.m.r. [(CD3),S0Oj: 8 38.0, 37.7 (Me), 122.5. 122.6 <C3).
127.2. 127.6 (C5). 139.3. 140.4 (C4). 145.7, 147.6. 148.7 (C!". C3).
153.2. 156.7 (C6). 160.0. 161.2 (C3). and 206.8 p p.m. (CO).

[Ru(L-L")2(CO)(NCS)]PF(,-0.5H20. This compound was
prepared as the analogous bipy complex." Yield 75% (Found:
C. 32.2;H,24;N. 193.C18H,,F6N ,0 35PRuS requires C. 32.6;
H. 2.6; N. 19.0%).

[Ru(L-L")2(C0)H]C10*-H20. This compound was pre-
pared as the corresponding bipy complex.4* It was precipitated
however by addition of NaC104 as the perchlorate compound
as addition of NH4PF6 resulted in decomposition of the
hydride. Yield 90% (Found: C, 356; H, 28 N, 195
C 1-,H,,C1N,04Ru requires C, 35.9; H, 3.3; N. 19.7%).

[Ru(L-L")(CO)2CI12]. This was prepared like the corres-
ponding ruthenium bipy analogue.4*Yield 86% (Found: C, 31.0,
H, 1.9; Cl, 18.6; N, 14.8. C10H 8CI2N 40 2Ru requires C, 31.0, H,
2.1; Cl, 18.3; N, 14.4%). N.m.r. [(CD3)2SO]: ‘H, 89.81 (I H, s,
H5),9.16 (1 H. g, H6),832 (2 H. m, H3 H4), 7.85 (1 H, m, H5),
and 4.16 (3 H, s. Me); 13C 8 37.9 (Me), 122.5 (C3), 128.0 (C!),
141.0 (C4), 146.1 (C3), 147.2 (CJ), 153.3 (C6), 160.4 (C3), 196.2
(CO), and 206.5 p.p.m. (CO).

A ttempted Preparations.—[Ru(L-L")2(C0)(H20)][PF 6] 2by
acid hydrolysis of the hydride. The hydride compound (0.16 g)
was dissolved in acetone (20 cm3) and then water (30 cm3) was
added. Concentrated H2SO« (0.5 cm3) was added but
subsequent addition of NH4PF6did yield pure material (h.p.l.c.).

[Ru(L-L")2(COXCH3CN)][PF6]2. For this compound the
same approach was used. Acetonitrile was however used to
dissolve the hydride compound. The product obtained was
h.p.l.c. pure but, as for the aqguo compound, did not yield a
satisfactory elemental analysis.
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