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Preface

Most of the work described in this thesis is concerned with the energy levels, 
or redox potentials, of molecules in solution and immobilized within 
polymeric materials, as well as the transport of electrons and ions through 
hybrid oligothiophene-transition metal materials. The thesis discusses 
properties of “chemically modified electrodes”, which involves 
immobilizing a polymer film onto the surface of the electrode (a solid 
conducting support, often a noble metal such as platinum or gold). Two 
central issues are addressed in this thesis. First, the electrosynthesis of 
conducting polymers containing in-chain metal centres. Second, the 
enhanced dc electron conduction of these materials, as compared to related 
non-conjugated redox polymers. Anodic (oxidative) and cathodic (reductive) 
electrochemical coupling, or electropolymerisation, was used to coat the 
electrodes with polymer films (Paper I – V). Microelectrodes, electrodes 
with a critical dimension in the range 1 – 50 µm, were utilized in the study of 
the charge transport properties of the polymer films (Papers III and V) and 
for characterisation of the electropolymerisation process of a bithienyl-
substituted complex (Paper IV).  

Comments on My Participation 

I carry the main responsibility for the electrochemical characterisation in 
Paper I. I carried out all electrochemical experiments, absorption 
measurements, electron microscopy and data-analysis, and I bear the main 
responsibility for manuscript preparation for papers II – V. All monomer 
synthesis, subsequent chemical characterization and purification was carried 
out by Dr Viviane Aranyos (Paper I) or Dr Robyn W. Handel (Papers II - V). 

4



1. Introduction 

1.1 Historical Background 
Electrochemistry is the branch of chemistry concerned with the interrelation 
of electrical and chemical effects. A large part of this field deals with the 
study of chemical changes caused by the passage of an electric current and 
the production of electrical energy by chemical reactions. The field of 
electrochemistry encompasses a huge array of different phenomena (e.g.,
electrophoresis and corrosion), devices (electrochromic displays, 
electroanalytical sensors, batteries, and fuel cells), and technologies (the 
electroplating of metals and the large-scale production of aluminium and 
chlorine).1,2 The research field known to us today as electrochemistry, started 
to develop in 1791, when Luigi Galvani published his results on electrical 
experiments with frogs.3 Another pioneering step was Alessandro Volta’s 
development of the first primitive battery, the “Voltaic Pile”, at the end of the 
1790s.4 The basic principles and quantitative relationships (voltage, current, 
charge conductance, capacitance, and concentration) for electrochemical 
phenomena were empirically elucidated by Michael Faraday and other 
European scientists before the discovery of the electron (J.J. Thompson, 
1893) and the development of chemical thermodynamics (G.N. Lewis, 
1923).5

From the physical chemist’s point-of-view electrochemical methods can 
be used to obtain thermodynamic (energy levels) and kinetic (rates of 
reactions, transport rates / fluxes) information from relatively complex 
systems. Thus, electrochemistry provides a powerful approach for 
elucidating reaction mechanisms, with many of the interpretations relying on 
the Marcus theory.6 Electrochemistry provides direct information about 
electron transfer and coupled chemical reactions and, with ultrafast 
techniques, it can now do so at times as short as a few tens of nanoseconds.7
Thus, numerous thermodynamic studies of unstable reaction intermediates 
have made use of modern electrochemistry. The range of accessible media is 
equally impressive ranging from conventional aqueous and non-aqueous 
solvents to measurements in the gas8 and solid phases9, ,10 11. The emergence 
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of spatially resolved electrochemical techniques such as Scanning 
Electrochemical Microscopy (SECM) and Electrochemical AFM and STM 
has further increased the areas of application of electrochemistry to 
topographical and reactivity mapping, observation of local corrosion events, 
single molecule electrochemistry, and more.12, ,13 14 The electrochemical 
characterisation of adsorption phenomena have been of immense benefit to 
the understanding of catalytic processes. The application of electrochemistry 
for synthetic purposes has been successful for a wide variety of organic and 
metal-organic compounds, among them many of the organic insulating or 
electronically conducting –conjugated polymers that promise to underpin 
the next revolution of all-plastic, low-cost, printable electronics.15 Needless 
to say, electrochemical methods are the methods of choice for studing of 
electron transfer, charge transport phenomena, and electrocatalytic 
applications of electroactive polymers. 

1.2 Chemically Modified Electrodes 
The objective of chemically modifying electrodes, is to tailor its properties 
for a particular function. The combination of modifying layer and support 
constitutes a chemically modified electrode. Compared with other concepts 
in electrochemistry, the distinguishing feature of a chemically modified 
electrode (CME) is that a generally quite thin film (from a molecular 
monolayer to perhaps a few micrometers thick multilayer) of a selected 
chemical is bonded to or coated on the electrode surface. The desired 
outcome is to confer the electrode with the chemical, electrochemical, 
optical, electrical, transport, and other desirable properties of the film in a 
rational, chemically designed manner.16 Electrodes can be modified in a 
wide variety of ways by, for example, chemically grafting or adsorbing 
monomolecular films, Langmuir-Blodgett layers, charged or neutral 
polymers and the materials can be inorganic, organic, or biological in nature. 
Combinations of these also exist.17

Interest in chemically modified electrodes is based mainly on possible 
applications with electrocatalysis being of prime interest. For example, an 
electrode coated with an inexpensive robust material that could reduce 
oxygen to water effectively at a potential near the thermodynamic value 
would find wide use in fuel cells, batteries, and other electrochemical 
systems. Electrodes coated with materials that change colour upon oxidation 
or reduction can be used in electrochromic devices (displays, smart 
windows, mirrors).18 Light emitting surface films could be used to construct 
light emitting diodes or be used in active displays. Modifying layers can be 
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used to protect the underlying substrate from corrosion or chemical attack. 
CMEs can also serve as (chemical or biological) analytical sensors or as 
reference electrodes. There is also growing interest in molecular electronic 
devices, i.e., electrochemical systems that can mimic the behavior of diodes, 
transistors, and electrical networks.1,19

Other, more recent, areas of demonstrated applicability of modified 
electrodes, or more specifically, electroactive polymers, are “artificial 
muscles”/transducers20, and energy conversion21 and storage22.

One of the main attractions for the use of polymer coatings is the wide 
range of deposition techniques that can be employed to obtain relatively 
well-defined thin films with thicknesses of the order of microns and less. 
Some of the methods that have been used to modify electrodes with polymer 
coatings include: solvent evaporation, dip coating, spin coating, Langmuir-
Blodgett techniques, electrostatic self-assembly, electrochemical 
polymerisation and deposition, and chemical grafting. 

Most of the electroactive polymers studied to date can be divided in to 
one of three major groups: redox polymers, loaded ionomers, and 
electronically conducting polymers.23 More recently, a class of hybrid 
materials consisting of conjugated  polymer backbones with attached redox 
centers has attracted attention due to the possibility of incorporating the 
useful optical, electrochemical, and catalytic properties of metal complexes 
in a processable form, and to take advantage of possible synergistic 
electronic effects (such as increased conductivity due to the close matching 
of energy levels and superexchange mechanisms).24,25

1.2.1 Redox Polymers & Loaded Ionomers 
Redox polymers are localized state conductors, containing redox-active 
groups bound (generally by covalent or coordination bonds) to an 
electrochemically inactive polymeric backbone. In these materials electron 
transport occurs via a process of sequential electron self-exchange between 
neighbouring redox groups.26 This process is termed electron hopping and 
the conductivity of such a material is termed redox conductivity.
Electroneutrality within the film is maintained by ingress or egress of ions 
across the film/solution interface. Figure 1 illustrates three well-known 
redox polymers which are coated onto electrodes by drop casting or spin-
coating (a, b) or by electropolymerisation (c) respectively.1, ,47,6827
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Poly(vinylferrocene) c) Poly-[Ru(4-methyl-4'-vinyl-2,2'-bipyridine)3

2+]

One of the key advantages of electropolymerisation is that the polymer 
coating can be precisely located on the electrode surface and that the amount 
deposited can be controlled with high precision. 

Ionomers, or ion-exchange polymers, are charged polymers  
(polyelectrolytes), that can be dip-coated, spin-coated, or drop cast onto 
electrode surfaces. Two examples are polystyrene sulfonate (PSS) and 
Nafion. These polymers are negatively charged and redox active cations can 
be exchanged for the counter ions, e.g., Na+, within cast films of these 
materials. An ionomer with redox active ions electrostatically trapped inside 
is referred to as a loaded ionomer. Because the redox centres are mobile 
within the film, both physical diffusion and electron self-exchange between 
the sites contribute to charge transport through the layer.23,63
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Figure 2: Commonly used ionomers a) Nafion b) Poly(styrenesulfonate) 
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1.2.2 -Conjugated Conducting Polymers 
Electronically conducting -conjugated polymers are organic materials in 
which, in contrast to redox polymers, the polymer backbone itself is 
conducting.28,29 While conjugated materials such as poly-acetylene show 
significant conductivity, the conductivity is raised by several orders of 
magnitude if the materials are doped, e.g., with iodine. Doping of these 
materials can be accomplished chemically or electrochemically. For 
example, oxidation or reduction drives the influx of oppositely charged 
counter ions leading to p- and n-doped materials, respectively.23,28 Figure 3 
illustrates a few of the most important conducting polymers that exist. 

S

n

N

n
N

H n

a) b) c)

Figure 3. Electronically conducting polymers a) Polyaniline b) Polypyrrole c) 
Polythiophene

1.2.3 Hybrid Polythiophene-Transition Metal Materials 
Hybrid materials, that combines the properties of conjugated polymers and 
the redox as well as the optical properties of metal complexes, have received 
a growing amount of attention the last few years.24,25,30 Hybrid conjugated 
polymer – transition metal materials can be divided into three major types.
Type I materials consist of metal centres tethered to the conjugated polymer 
backbone through a saturated linker such as an alkyl group. In this case, the 
polymer backbone mainly acts as a conductive support, and the properties of 
the metal centre are essentially unchanged.  In type II materials, the metal 
centre and the conjugated polymer backbone are electronically coupled, 
often by use of a conjugated linker or by coordination to sites directly on the 
backbone, and can influence each other’s properties. In type III materials the 
metal centres are located directly within the conjugated backbone. In this 
configuration, strong interaction between the metal centre and the organic 
bridge is possible. 
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Figure 4: Schematic representation of type I-III polymer structures. 

One of the most significant positive attributes of using conducting 
backbones to “wire” or link redox centres is an increased charge transport 
rate, with rates in conjugated systems being up to two orders of magnitude 
larger than comparable non-conjugated analogues.  This enhancement is 
thought to arise from the creation of a superexchange pathway.  Electron 
self-exchange mechanisms in conjugated redox polymers are discussed 
further in Section 1.5. Several systems have been shown to exhibit catalytic 
and photocatalytic activities, and a number of applications in sensors have 
been described.31,32 This thesis focuses mainly on hybrid polythiophene-
transition metal materials. Examples of monomers that can be 
electropolymerized to form a material of type I-III, respectively, are shown 
in figure 5.
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Figure 5: Monomers that have been electropolymerized to form type I – III 
polymers: a) type III, n = 2-3, reference 33; b)  type I, n = 2,5, 7, 9, 11, reference 52; 
c) type II, M = Ni, Cu, reference 32
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1.3 Polypyridine Complexes of Fe(II), Ru(II), and 
Os(II)
When seeking to create advanced hybrid materials with useful 
electrochemical or optical properties, it is highly desirable to incorporate 
redox centres with well behaved, electrochemically reversible redox 
properties. Iron, ruthenium, and osmium polypyridine complexes36,34 satisfy 
these requirements and have multiple accessible redox states, facile self-
exchange dynamics, and negligible outer-sphere reorganisation energies.

The Fe(II), Ru(II) and Os(II) ions have the electronic configuration d6.
Their complexes are of octahedral symmetry. 2,2'-bipyridine, bpy, is a 
strong-field ligand and a good -acceptor, and the tris-bpy, {M(bpy)3},
complexes of Fe(II), Ru(II) and Os(II) are all low-spin. The tris-bpy 
complexes are also low spin in their M(III) state. The electronic 
configuration is t2g

6 and t2g
5 for the M(II) and M(III) complexes, 

respectively. The octahedral tris-bpy complexes exist in two enantiomeric 
forms (mer and fac). Although surprisingly few detailed investigations have 
been reported, it appears that these have indistinguishable electrochemical 
properties and the only difference in their spectroscopic properties is that 
they exhibit different and opposite rotations of polarized light.  

The bite angle of the 2,2':6',2''-terpyridine ligand, tpy, does not facilitate 
the formation of ideal octahedral complexes, and consequently the ligand 
field strength in tpy complexes is somewhat weaker than in bpy type 
complexes.35 The M(II) and M(III) bis-tpy complexes are also low-spin. 
Since the tpy ligand is terdentate, the bis-tpy Fe, Ru, and Os complexes are 
more thermodynamically stable than their tris-bpy counterparts. An 
important aspect of homoleptic tpy and 4'-substituted tpy complexes, is that 
they form achiral complexes, with the planes of the two ligands oriented at a 
90º angle to each other. Terpyridine complexes in which the tpy ligand is 
substituted in the 4'-position are particularly attractive from the point of view 
of constructing linear, rodlike polynuclear complexes and polymers. 

The spectroscopic, redox, and kinetic properties of transition metal 
complexes are often discussed with the assumption that the ground state, the 
excited states, and the different redox species can be described in a 
sufficiently approximate way by localized molecular orbital configurations.36

Within the Localized Molecular Orbital Approximation, LMOA, different
molecular orbitals, MO’s, are labelled as either metal (M) or ligand (L) 
centred according to its predominant localization.  

11



N
N

N
MN

N

N

2+

Figure 6: Structure of an [M(tpy)2]2+ ion. The planes of the tpy ligands are oriented 
with a 90º angle to each other. 

1.3.1 Photophysics 
A key advantage of polypyridine complexes is that they exhibit a rich range 
of photophysical properties that can be used to probe film properties, e.g.,
local dielectric constant, as well as developing photonic devices. The highest 
occupied molecular orbital, HOMO, in a M(II) tris bpy complex is 
constituted by the t2g orbital set. The LUMO in tris bpy and bis tpy 
complexes is normally constituted by ligand * orbitals. Figure 7B illustrates 
absorption spectra of the [Ru(bpy)3]2+ and [Os(bpy)3]2+ ions which exhibit 
both ligand,  - *, and metal-to-ligand charge-transfer, MLCT, transitions. 
Figure 7A shows an energy level diagram for [M(bpy)3]2+. The MLCT 
transition is the origin of the intense absorbance at about 450 nm of the 
[Ru(bpy)3]2+ ion. From a “Localized Molecular Orbital Approximation” 
point-of-view the [Ru(bpy)3]2+ ion becomes a [RuIII(bpy)2(bpy-)]2+ ion upon 
absorption of light of appropriate wavelengths. A spin-forbidden singlet-
triplet transition (3MLCT) is also observed at longer wavelengths for the Os 
complexes, which are systems with increased spin-orbit coupling. 
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Figure 7: a) Relations between molecular orbital denotions and photophysical states. 
b)  Absorption spectra of the the [Ru(bpy)3]2+  and [Os(bpy)3]2+ ions in acetonitrile. 

1.3.2 Electrochemistry 
The most widely used method to determine redox potentials is cyclic 
voltammetry typically performed in non-aqueous aprotic solvents such as 
acetonitrile. For example, Figure 8b) illustrates the cyclic voltammogram of 
[Ru(bpy)3]2+ dissolved in dry acetonitrile containing 0.1 M [n-Bu4N][BF4]
where the scan rate is 0.1 V s-1. In the localized MO approximation, 
oxidation and reduction processes are viewed as metal or ligand centred. 
Reduction of group 8 tris bpy complexes takes place on ligand * orbitals. 
Therefore, the reduced complexes are keeping their low-spin d6

configuration (t2g
6), are inert, and the reduction processes are reversible. The 

added electron is localized on a single ligand. In acetonitrile, three one-
electron reductions of tris bpy complexes can be observed in the normally 
accessible potential range (one one-electron reduction of each ligand), and 
two one-electron reduction processes are normally observed for bis-tpy 
complexes under the same conditions. In DMF, at –54 ˚C, up to six 
successive reduction waves have been observed for Ru tris bpy, assigned to 
the first and second successive one-electron reductions of each ligand. 

The first oxidation of these complexes is a reversible one-electron metal 
centred redox reaction. Oxidation of Fe(II), Ru(II), and Os(II) tris bpy and 
bis-tpy complexes (low-spin, d6) involves a metal centred orbital (t2g) with 
the formation of genuine low-spin d5 complexes which are inert to ligand 
substitution (Ru, Os). Iron complexes are usually stable in their Fe(III) state 
at least on the seconds to tens of seconds timescale of a cyclic voltammetry 
experiment. The Ru(III/IV) oxidation lies outside the normally accessible 
potential range in acetonitrile, but the separation between the Os(II/III) and 
Os(III/IV) redox processes is smaller and the latter can be observed between 

13



1.0 and 1.6 V positive of the Os(II/III) process. The Os(IV) state is often 
unstable and the highly electron-deficient complex typically undergoes a 
rapid following chemical reaction leading to an irreversible response.37, ,38 39

a) b)

-30
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ii) [MII(bpy)3]2+  [MIII(bpy)3]3+ + e-

ii) [MII(bpy)3]2+ + e-  [MII(bpy)2(bpy-)]+

                        
iii) [MII(bpy)2(bpy-)]+ + e-

 [MII(bpy)(bpy-)2]0

                         
iv) [MII(bpy)(bpy-)2]0 + e-  [MII(bpy-)3]-

Figure 8: a) The four reversible one-electron redox reactions of the {M(bpy)3}
complex. b) Cyclic voltammogram of [Ru(bpy)3]2+ dissolved in dry acetonitrile 
containing 0.1 M [n-Bu4N][BF4]. The working electrode was a Pt disk (2 mm 
diameter) electrode, and the scan rate was 0.1 V s-1.

1.4 Electrochemical polymerisation 
The electrochemical coupling reactions of aromatic compounds, such as 
pyrrole, thiophene, aniline, benzene, dialkoxyaryls, 4-vinylpyridine, to 
produce polymer films on an electrode surface, provide a convenient route to 
modified electrodes.43

Beyond organic monomers, both oxidative (or anodic) and reductive (or 
cathodic) electrochemical polymerisation of metal complexes to form 
insoluble films on electrode surfaces have been demonstrated.40, ,41 42 Some 
aromatic or vinyl containing organic molecules, such as phenols or acrylic 
monomers can be electropolymerized but forms electronically insulating 
coatings. In the case of insulating polymers, the polymer coating process is 
self-healing and essentially pinhole-free films are produced.43

Pinhole-free films can also be produced using conducting materials.44 The 
electrode potential, solvent, and supporting electrolyte can influence 
polymer film morphology and conductivity significantly.45,46
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1.4.1 Vinyl-Substituted Metal Complexes 
One of the major objectives of this research programme was to create novel 
materials that combine the properties of electronically conducting polymer 
backbones with the tuneable properties of metal complexes. 
Electropolymerisable metal complexes were among the first examples of 
redox polymer modified electrodes as described by Murray and co-workers 
in 1981. The complexes they used had the vinyl-substituted ligand 4-
vinylpyridine, v-py, or 4-vinyl-4'-methyl-2,2'-bipyridine, v-bpy.47 Since 
then, a large number of vinyl-containing complexes have been prepared and 
electropolymerised. It has been shown that the polymerisation process is 
influenced by the number of polymerisable groups, the electrode potential, 
and 3-D arrangement of ligands.   

The mechanism of electropolymerisation has been suggested to occur by 
mainly radical- and/or anionic chain growth pathways for monomers with a 
single polymerisable (vinyl) group. For monomers having more than one 
polymerisable ligand, the hydrodimerisation pathways are mainly 
responsible for chain propagation.48 These pathways involve a radical-
radical coupling process between pairs of vinyl moieties, which leads to 
products with saturated, four-carbon links between the aromatic ring 
systems. Vinyl-containing metal complexes were studied in Paper I. 

1.4.2 Alkoxyaryl coupling 
Alkoxyaryls have been reported to undergo oxidative electrochemical 
coupling to form poly-(p-phenylene) derivatives.  Anodic synthesis of poly-
(p-phenylene) was reviewed by Goldenberg and Lacaze.49 Poly-(p-
phenylene), PPP, is often synthesized from benzene. The oxidation potential 
of benzene is high (about 1.6 V vs Fc/Fc+ in acetonitrile) and consequently 
the cation radical is very unstable. PPP is therefore often synthesized in 
unusual media such as liquid SO2. The electropolymerisation is thought to 
proceed by radical-radical coupling. The effect of alkoxy-substituents, such 
as methoxy groups (Paper I) is to lower the oxidation potential of the phenyl-
unit. Electrochemical coupling of phenyl-units mainly leads to 1,4-
substituted derivatives. 

1.4.3 Polythiophene and Thienyl-Substituted Metal Complexes 
Thiophene, bithiophene, and terthiophene, represent particularly attractive 
monomers in that they can be electropolymerised to give materials of high 
conductivity at normally accessible potentials. In the work reported in this 
thesis, thiophene based coupling has been exploited extensively to link 
osmium and ruthenium oligothienyl-substituted complexes (Papers II – V). 
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Electrochemical synthesis of polythiophene by oxidation of thiophene 
was described in 1982 by Tourillon and Garnier.50 Oxidative 
electropolymerisation of oligopyridyl metal complexes bearing thiophene 
groups linked to the metal centre by a non-conjugated linker has been 
demonstrated by Parker51 and Keene52, respectively, and their co-workers.  

Two models have been put forward to describe the initiation and growth 
of conducting polymer films, such as poly-thiophene, prepared 
electrochemically. The oxidative electropolymerisation of thiophene is 
thought to either involve initial adsorption of monomers followed by the 
gradual addition of monomers to the surface-bound species, or as oligomer 
formation in solution which eventually becomes insoluble and deposits 
(precipitates) on the electrode surface. It has been found that the 
electrodeposition of conducting polymers is similar to that of metal 
electrodeposition, in that it often proceeds by a nucleation and growth 
pathway.53, , , ,54 55 56 57 As illustrated in Figure 9, irrespective of whether the 
radical-radical coupling involves a surface confined or solution phase 
reactants, the first electrochemical step (E) consists of the oxidation of a 
monomer to its radical cation.   

Since the heterogeneous electron-transfer reaction is much faster than the 
diffusion of monomer from the bulk solution, it follows that a high 
concentration of radicals is continuously maintained at the (modified-) 
electrode/solution interface. The second step involves the coupling of two 
radicals to produce a di-hydro dication, which subsequently forms a dimer 
after loss of two protons and rearomatization. This rearomatization 
constitutes the driving force of the chemical step. Electropolymerisation then 
proceeds through successive electrochemical and chemical steps according 
to a general E(CE)n scheme. Electrochemical coupling of thiophene favours 

 -  (or 2-5) over  -  coupling.
Metal complexes with pendant thienyl-moieties used for polymerisation 

normally have at least two -carbons available for coupling. They can be 
placed on a single thienyl-group or spread out on two or more thienyl 
substituents.  The electropolymerisation mechanism for complexes such as 
those described in Papers II - V is likely to be a series of thiophene radical 
dimerization reactions.  
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1.5 Electron Transport Pathways 
The primary reason for creating transition metal complex/polythiophene 
hybrid materials is the prospect that electronic interactions between the 
conjugated polymer backbone and the metal centres will modulate the 
properties of both components in interesting and potentially useful ways. 
Electron transfer between immobilized metal centres in a polymer film can 
occur by three mechanisms; (1) outer-sphere electron transfer between metal 
centres (electron hopping), i.e., as in conventional redox polymers (2) 
electron transfer via a superexchange pathway (non-resonant superexchange) 
(3) or mediated by charge carriers on conjugated linkers or polymer 
backbones (which essentially is resonant superexchange, or electron 
hopping).24,58 Figure 10 illustrates these three pathways in a Type III system. 
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Figure 11. Schematic illustrations of proposed mechanisms for electron transfer 
through a bridge linking two metal centres. D = donor, A = acceptor.  
a) Superexchange, in which electron transfer is a concerted process mediated 
through a bridge whose energy levels lie well outside of resonance with the donor 
levels (D). b) electron hopping, where the electron is transferred sequentially 
through a bridge whose energy levels lie in close resonance with the donor levels. 
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2. Electrochemical Concepts and Techniques. 

Characterisation of the electrochemical properties of the monomers, and 
elucidating the electropolymerisation dynamics and mechanism as well as 
the charge transport properties of the resulting polymer films described in 
Paper I – V has been enabled by modern electrochemical methods. 
Electrochemistry deals primarily with chemical and physical phenomena at 
metal-liquid interfaces driven by the electrical potential of the electrode. 
Most of the time, inert electrode materials are used, such as vitreous carbon 
(glassy carbon), graphite, noble metals (gold, platinum), and doped 
conducting metal oxides (indium tin-oxide - ITO, fluorine doped tin oxide - 
FDTO). The liquid normally contains a supporting electrolyte (a dissociating 
salt) to increase the conductivity. The work discussed in this thesis 
encompasses mainly oxidation – reduction reactions used either to form a 
polymer film or to probe the properties of reactants either dissolved in a 
liquid or bound within a polymeric film. 

2.1 The Solid/Liquid Interface 

2.1.1 The Electrical Double-Layer 
An electrode at which no charge transfer can occur, regardless of the 
potential imposed by an outside voltage, is called an ideal polarizable 
electrode, IPE.1,2 No real electrode can behave as an IPE over the whole 
potential range available in solution, but some electrode-solution systems 
can approach ideal polarizability over limited potential ranges. Since no 
charge can cross the IPE interface when the potential across it is changed, 
the behaviour of the electrode (solid) – liquid interface is analogous to that 
of a parallel-plate capacitor, which consists of two oppositely charged metal 
plates. A capacitor is described by equation 1, where is the charge density 
(q/A), E is the potential difference across the capacitor, d is the distance 
between the plates, and  and 0 are the dielectric constant of the medium 
between the plates, and the permittivity of free space, respectively.  
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When an electrode in contact with an electrolyte solution is polarised the 
ions in solution arrange themselves in such a way that the charge on the 
electrode is compensated by an excess of oppositely charged ions in the 
vicinity of the electrode surface (electroneutrality principle). The whole 
collection of charges and dipoles at the electrode – solution interface is 
called the electrical (or electrochemical) double-layer. Figure 12 shows the 
different conceptual layers that describe the electrical double-layer. Closest 
to the electrode the inner layer contains solvent molecules and sometimes 
specifically adsorbed species (ions or molecules). This inner layer is also 
called the compact, Helmholtz, or Stern layer. The interaction of solvated 
ions with the charged metal involves only long-range electrostatic forces, so 
that their interaction is essentially independent of the chemical properties of 
the ions. These ions are said to be non-specifically adsorbed, and because of 
thermal agitation in the solution they are distributed in a three-dimensinal 
region called the diffuse layer.  As illustrated in Figure 12(b) the Gouy-
Chapman-Stern model views the double-layer as a series network of 
Helmholtz layer and diffuse double-layer capacitances. This model predicts 
that the total double-layer capacitance is potential independent, except 
around the potential of zero charge, PZC (where there is no charge on the 
metal), where a well defined minimum is expected. 

metal solution = solvent molecule

+

IHP

+
+

OHP

solutionmetal

x

Cdl

=
CDCH

Diffuse layer(a) (b)

OHP
Diffuse layer

Figure 12. a) Structure of the electrical double-layer under conditions where anions 
are specifically adsorbed. IHP = Inner Helmholtz plane. OHP = Outer Helmholtz 
plane. b) The inner potential profile across the electrical double-layer, and the view 
of the differential capacitance in the Gouy-Chapman-Stern model as a series 
network of Helmholtz layer, CH, and diffuse layer, CD, capacitances. The potential 
decays in a linear fashion across the Helmholtz layer, and in an exponential fashion 
across the diffuse layer. 
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The diffuse layer is described by the Poisson-Boltzmann equation, which in 
the limit of small total potential drops, 0, across the layer reduces to 
equation 2. 

                        (2) 
xe0

where

2/1

0

2202
Tk
ezn

B

  (3) 

where n0 is the number concentration of each ion in the bulk, z is the 
magnitude of the charge of each ion, 0 is the permittivity of free space,  is 
the dielectric constant, and kB is the Boltzmann constant. The reciprocal of 
has units of distance and characterizes the spatial decay of potential. It is 
often referred to as the characteristic thickness of the diffuse layer. For 
example, in a 0.1 M solution of a 1:1 electrolyte in water (  = 78.4) the 
characteristic thickness of the diffuse layer is 9.6 Å. This can be compared 
with the size of a water molecule, which is roughly 1.7 Å ( = distance 
between the hydrogen atoms). In acetonitrile (  = 37.5), the corresponding 
value of  is 1.4 times larger, e.g., 13.8 Å for a 1:1 electrolyte at a 
concentration of 0.1 M. Thus, if the electrochemical double-layer sets up in 
the same way at modified and pristine electrodes, it is clear that the double-
layer thickness is significantly smaller than the micrometer thickness of the 
polymer films discussed in this thesis. 

2.1.2 Faradaic and Non-Faradaic Processes 
Processes involving charge transfer across the solid/liquid interface are 
called faradaic processes. An oxidation or reduction reaction is an example 
of such a process, and they give rise to anodic, and cathodic, currents, 
respectively. Processes where no charge is transferred across the solid/liquid 
interface, such as adsorption, desorption, or restructuring of the 
electrode/solution interface (the electrical double-layer) can give rise to 
currents, although no charge is transferred cross the solid/liquid interface. 
These processes are called non-faradaic processes. A distinctive feature of 
electrochemical systems is that the potential of the working electrode cannot 
be changed instantaneously as the electrochemical double-layer must first be 
charged before the potential of the working electrode reaches the desired 
value. The charging current of an IPE/solution interface in response to a 
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potential step is described by Equation 4, where ic is the charging current, Rs
is the resistance of the solution side of the cell,

      )/( dlsCRt

s
c e

R
Ei                          (4)

     dlc Ci (5)

When the potential of an electrode is changed continuously in a linear 
fashion (as in cyclic voltammetry) the charging currents are described by 
Equation 5, where is the scan rate. Thus, in order to probe fast faradaic 
processes, the electrode response time given by the product RsCdl needs to be 
minimised, e.g., by using microelectrodes and highly conducting solutions.  

2.1.3 Energy Levels in the Solid and in the Solution 
In order to understand the dynamics of electron transfer across the 
electrode/solution or electrode/polymer film interfaces, it is necessary to 
appreciate the properties of the solution or polymer and those of the metallic 
electrode. In a metal, a large number of atoms interact, and each energy level 
is split into a continuum of energy levels, called bands.59 Electrons fill levels 
on the metal (electrode) from lower to higher ones until all electrons are 
accommodated. Any material has more energy levels than is required to 
accommodate the electrons, so there are always unoccupied states above the 
filled ones. The highest level that would be filled at absolute zero in 
temperature would correspond to the Fermi level, Ef. The distribution of 
electrons within the energy levels at thermal equilibrium is described by 
Equation 6, the Fermi-Dirac distribution function, f(E).

f(E) = {1 + exp[(E – Ef)/kBT]}-1  (6)

At thermal equilibrium, states within a few kBT of Ef would have 
intermediate occupancy, and the occupancy at Ef is 0.5. As the potential of 
an electrode is changed, the Fermi level is shifted to higher or lower 
energies. On a metal electrode these changes occurs mainly by charging of 
the electrode, which shifts all the energy levels, and only to a minor extent is 
the occupancy changed. 

The energy levels of a redox active molecule in solution fluctuates over 
time due to temporal polarisation changes in the solvation shell. For the 
population of oxidised, and reduced, species, O and R respectively, the 
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distribution of energy levels in solution is given by the normal distribution 
function, W(E). The differing polarisation of the dielectric (the solution) for 
the oxidised and reduced species leads to a splitting of the energy levels 
given by equation 8, where  is the reorganisation energy. 

 W(E) = [4 kBT]-1/2 exp[-{(Eox – E)2/4 kBT}] (7) 

Eox – Ered = 2 (8)

Figure 10a shows an energy level diagram for a metal electrode in contact 
(and in equilibrium) with a solution containing a redox couple. 
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Figure 13. a) Energy level diagram for a metal electrode in contact with a solution 
containing a redox couple, at equilibrium. O is the oxidised species and R is the 
reduced species. The gaussian shaped curves represent the distribution of energy 
levels in the population of reduced or oxidised species respectively. Ef is the Fermi 
level of the metal, which at equilibrium equals the energy of the redox couple in 
solution, Eredox. b) Representation of a reduction process of a species, A, in solution. 
Shown are the highest occupied MO and the lowest unoccupied MO. These levels 
correspond in an approximate way to the redox potentials of the two redox couples 
A0/+ (HOMO) and A-/0 (LUMO), respectively. 

2.2 Electron Transfer Theory & Self Exchange 
Reactions
Electron transfer reactions can be quite complicated involving electronic 
coupling of the reactants, reorganisation of the solvent shell, and changes in 
bond lengths and angles. Electron transfer reactions in bulk phase are 
denoted homogeneous and those occurring at an interface, such as the 
solid/liquid interface, are denoted heterogeneous. It is useful to distinguish 
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between outer-sphere and inner-sphere electron transfer reactions. In an 
outer-sphere reaction there are negligible changes of the inner coordination 
sphere, i.e., bond lengths and angles, during the course of the reaction, and 
the redox reaction mainly involves changes in the solvation shell. In contrast, 
in an inner-sphere reaction a covalently (or coordinatively) bound 
intermediate is formed. In the outer sphere reaction mechanism there is no 
covalently linked intermediate formed and the electron just hops (tunnels) 
from one centre to the next. These concepts have been extended to 
heterogeneous ET reactions, such as those at an electrode. In this case an 
outer-sphere electrode reaction refers to an ET reaction where the reactant at 
the electrode surface is essentially the same as in the bulk, and neither the 
reactant nor the product interacts strongly with the electrode surface. An 
inner-sphere electrode reaction is one in which there are large changes in 
the reactant’s geometry as the electron transfer proceeds, e.g., there could be 
strong interactions of the reactant, intermediates, or products with the 
electrode. The bond lengths and angles of the bipyridine and terpyridine 
complexes considered here are virtually independent of the oxidation state of 
the coordinating metal ion, making them of the outer-sphere type.  

R'

R

net reaction:  R  O + e-

e-
O

R

(iii)

(ii)

(i) O'

R O'
e-

O

b)a) net reaction:  R + O'  O + R'

Figure 14. a) A homogeneous ET reaction: (i) diffusion of reactants towards each 
other (ii) electron transfer at a distance  (iii) diffusion of products away from each 
other.  b) A heterogeneous ET reaction: the reduced reactant R diffuses towards the 
electrode, electron transfer when R is close to the electrode surface, and then 
diffusion of the oxidised product O away from the electrode surface. 

There are a number of microscopic theories on charge transfer and they can 
be roughly divided into three schools: 1) Marcus theory and its later 
extensions 2) Gerishers model based on distributions of energy states 3) the 
quantum mechanical theory that originated with a paper by Levich and 
Dogonadze.60
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2.2.1 Marcus Theory 
Marcus theory is the most widely applied theory used to describe electron 
transfer reactions and is equally applicable to photoinduced, interfacial, and 
thermally driven electron transfers. Marcus theory is essentially an activated 
complex theory and relates the magnitude of the activation energy for 
electron transfer to the reorganisation energy, , and the standard free energy 
of reaction, G0. The reorganisation energy is the total energy required to 
distort the reactant nuclear configuration and its surrounding media to those 
of the product state. 

Electron transfer reactions, whether homogeneous or heterogeneous, are 
radiationless electronic rearrangements of reacting species. Since the 
electron transfer is radiationless, the electron must move from an initial state 
(on the electrode or in a reductant/reduced species, R), to a receiving state 
(in an oxidant/oxidised species, O) of the same energy, i.e. an electron 
transfer event is isoenergetic. A second important aspect of electron transfer 
theories is the assumption that nuclei does not move on the timescale of 
electronic transitions (the Franck-Condon principle), which means that the 
reactant and the product, R and O, must share a common nuclear 
configuration at the moment of electron transfer. 

a) b)

G0 = -
G# = 0 

G0 = 0 
G# = /4Nuclear coordinate

G#

G0

Figure 15. Reaction coordinate parabolas for diabatic electron transfer of reactants in 
solution. a) Parabolas describing an exergonic adiabatic electron transfer b) Two 
special cases of electron transfer: the upper set of parabolas describes an 
activationless electron transfer reaction, the lower set of parabolas describes an 
electron transfer where the standard free energy change is zero. The latter case 
corresponds to a self-exchange reaction. 

The essential element of this theory is that the non-equilibrium transition 
state is assumed to be reached by thermal fluctuations of the solvent 
dielectric (and ligands) surrounding the reacting species. After electron 
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transfer the product can relax to its equilibrium configuration. Electron 
transfer occurs at the intersection of the parabolic potential energy surfaces 
of the reactant and the product, that is, at the transition state. The rate of 
electron transfer is described by the following equation: 

  (9) )/exp( #
ET RTGk

where R is the gas constant, T the absolute temperature,  is the frequency 
factor (which describes the rate of reactive crossings of the transition state), 
and G# is the activation energy. Within the framework of Marcus theory the 
activation energy exhibits a quadratic dependence on the standard Gibbs 
energy of the reaction, G0, according to the following equation:

4
)( 20

# GG                        (10) 

where  is the total reorganisation energy. The reorganisation energy can be 
divided into two contributions, an outer-sphere component, out, reflecting 
the contribution from reorganisation of solvent and surrounding media, and 
an inner-sphere contribution, in, associated with changes in the molecular 
geometry of the reactant as it reaches the product state. Some of the more 
common redox centres used in redox polymers, such as ferrocene, and Ru or 
Os tris-bpy complexes, undergo small or negligible bond length changes on 
oxidation or reduction and the most important contribution to  is frequently 

out.
The frequency factor, , from Equation 9, is the product of n, the critical 

vibration frequency associated with promotion of the transferring electron 
onto the product potential energy surface and the transmission coefficient, 

el, which describes the probability of crossing over from the reactant to the 
product surface once the transition state has been reached, according to 
Equation 11. 

 = n el                                  (11) 

Electron transfer is basically a tunnelling process, which may occur 
diabatically or adiabatically. The fundamental distinction between these two 
types of electron transfer lies in the degree of electronic coupling between 
the donor and acceptor orbitals. The degree of coupling is reflected in the 
magnitude of el, which typically varies between zero and unity. Figure 15 
illustrates diabatic electron transfer processes. In a diabatic reaction, the 
electronic coupling is weak, and el << 1. Long distance electron transfers 
tend to be diabatic because of the reduced coupling between donor and 
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acceptor orbitals. For cases with strong electronic coupling, i.e. adiabatic 
processes, el  1, and  in Equation 11 equals n.

Marcus theory introduced the concept that the rate of electron transfer is 
governed separately by electronic and nuclear (Franck-Condon) factors. The 
nuclear terms are responsible for the dependence of the electron transfer rate 
on solvent, temperature, and thermodynamic driving force. The electronic 
factors accounts for the distance dependence, and in cases where donor and 
acceptor are separated by a bridge, also accounts for the dependence on the 
nature of the bridge.

2.2.2 Self-Exchange Reactions 
A self-exchange reaction is a thermally driven (ground-state) homogeneous 
electron transfer reaction between the two different species belonging to a 
single redox couple, e.g. between two identical complexes which are in 
different oxidation states. The standard Gibbs energy of the reaction equals 
zero, and the magnitude of the activation energy is dictated by the 
reorganisation energy alone. The electron transfer rate constants of outer-
sphere self-exchange reactions range from 10-9 to 1010 s-1

.
35

[ML6]2+ + [ML6]3+   [ML6]3+ + [ML6]2+                       (12)           

G  = 0                    log K = 0 

Since the left side is equal to the right side there is no free energy change in 
the reaction and the equilibrium constant must be unity (and log K is zero). 
As illustrated in Figure 15(b), in order for there to be no overall energy 
change in the electron self-exchange reaction, the electron transfer must 
occur between vibrationally excited molecules with equivalent bond lengths. 
The self-exchange rate constant, kSE, is the second-order rate constant that 
describes the dynamics of self-exchange between the two species. 

For molecules dissolved in solution, the observed, or apparent, 
electrochemical diffusion coefficient, Dapp, of redox active molecules, has 
two contributions, physical diffusion and diffusive charge transfer due to 
sequential self-exchange (see Equation 13). The latter is often negligible in 
dilute solutions of redox centres, but in more concentrated solutions can 
contribute significantly to the observed diffusion coefficient. The self-
exchange rate constant for the [Ru(bpy)3]2+/3+ and [Os(bpy)3]2+/3+ couples in 
solution is 1  107 M-1 s-1 and 2  107  M-1 s-1, respectively.61

In redox polymers (and loaded ionomers) the redox centres are trapped in 
a polymeric matrix. The observed diffusion coefficient can now be called the 
charge transport diffusion coefficient, DCT. The physical diffusion of the 
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redox centre can be described by a physical diffusion coefficient, Dphys,
which is often small or negligible, e.g., when the redox centres are 
covalently bound to the polymer backbone, but has been shown to be 
important in some systems.62,63 The charge transport contribution from 
sequential self-exchange can be described by the electron hopping diffusion 
coefficient, De. The Dahms-Ruff expression allows the second-order rate 
constant, kSE, describing the dynamics of self-exchange between adjacent 
redox centres, to be determined from charge transport data: 

DCT = Dphys + De  = Dphys + (1/6)kSE
2C                       (13) 

where  is the inter-site separation between adjacent redox centres, and C is 
the concentration of redox centres within the polymer film.ii In redox 
polymers with covalently attached redox centres Dphys is usually small or 
negligible, and the dominating contribution to DCT then comes from electron 
hopping. This assumes that the rate-limiting step for homogeneous charge 
transport through the redox polymer film is electron hopping, and not 
counter-ion transport. 

2.2.3 Redox Capacity and DC Electron Conductivity 
Conductivity in redox polymers, which are polymers with localized states, is 
rationalized in terms of electron hopping.  Charge transport in electroactive 
polymer films with localized states is a process involving several interrelated 
processes, the dynamics of which may influence each other. Electron 
transfer between redox centers, counterion diffusion, polymer strand motion, 
uptake (ingress) or expulsion (egress) of ions and solvent molecules, are the 
main processes that can influence the overall dynamics of charge 
propagation through the polymer layer.

Redox polymers are mixed conductors, they exhibit both ion and electron 
conduction, and their composition can be varied over a wide range by either 
electrolysis or chemical reaction (“doping”). They display at least three 
features of particular significance. First, their ability to store charge, which is 
called redox capacity. Second, their dc electron conduction, which is their 

ii The oligothienyl bridged {M(tpy)2} polymers considered in this work are relatively rigid 
structures, where little movement of the redox centres is expected to occur. In a rigid system 
the model with a bimolecular self-exchange rate constant is strictly not applicable. If the 
redox centres have fixed positions, encounter pairs will not form, and kSE has little physical 
meaning. Still, it was used in paper III, to estimate the impact of the conjugated linkers on the 
polymer self-exchange rate as compared to available literature data on self-exchange rates. A 
suitable model for extraction of kET from DCT data obtained from rigid systems is the Fritsch-
Faules and Faulkner model where {De = (kETrnn

2)/6} and rnn is the average near-neighbour 
distance. 
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conductivity due to electron hopping (for a system with fixed redox sites). 
Third, their dc ion conduction, which is the conductivity due to co- and 
counter-ion mobility inside the solvated polymer film.64

Redox capacity, (E) is defined as the charge stored at equilibrium per 
unit volume per infinitesimal change of the potential relative to a reference 
electrode:

     
E
qE

d
d)(                                               (14) 

The conventional definition of conductivity is the ratio of the current density 
to the electric field. This is normally determined from the potential 
difference between two metal probes (electrodes) divided by the distance 
between them. However, in a redox polymer film that contains excess 
electrolyte the electric field decays close to the electrode surfaces (electrical 
double-layers sets up in a way that is reminiscent of that of an unmodified 
electrode) and it is the gradient of the electron free energy per unit charge 
between the two electrodes that is important. 

In materials that are single carrier conductors (only electrons or ions 
mobile), e.g., a metal, charge motion is electric field driven. In contrast, 
redox polymers generally show a compositional gradient at steady-state 
when a potential bias is applied (see the dual electrode voltammetry 
measurements in Section 3.2.1) and electron motion is now driven by a 
concentration gradient instead. The relation between the electron diffusion 
coefficient, De(E), the redox capacity, (E), and the dc electron conductivity, 

e(E), has been shown to be: 

e(E) = De(E) (E)                       (15) 

The dc electron conductivity and the redox capacity of a redox polymer 
both depend on the redox composition of the material, and they both display 
a maximum when the concentration of oxidised sites equals that of reduced 
sites (50:50 mixed valent).  

Dc electron conduction in conjugated polymers, such as poly-thiophene, 
is rationalized in terms of bipolaron hopping. It is often observed that 
conducting polymers have very high conductivities (typically 0.1 – 100 S 
cm-1) in their doped states.  Conductivity in a doped conjugated polymer may 
be electric field driven or concentration gradient driven, and intra- and inter-
chain charge transport mechanisms may be rate limiting. Often counter-ion 
transport is observed to be rate limiting.
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2.3 Dynamic Electrochemistry 
In electrochemical systems, one is concerned with the processes and factors 
that affects the transport of charge across the interface between chemical 
phases, e.g. between a metal and an electrolyte. It is not possible to measure 
a potential using a single electrode, at least two electrodes are required, and 
as a result one is always dealing with potential differences. The collection of 
interfaces and different chemical phases is called an electrochemical cell,
and will consist of at least two electrodes separated by at least one 
electrolyte phase. Electrochemical cells at equilibrium can be divided into 
half-cells. Two half-cells constitute an electrochemical cell. The potential of 
each half-cell is governed by the well-known Nernst equation, which for a 
simple redox reaction, 

                      (16)         O + ne           R

where O is the oxidised species, R is the reduced species, and n is the 
number of transferred electrons, has the form: 

}R{
}O{ln

nF
RTEE                         (17) 

where E is the potential, E  is the standard potential of the redox couple, R is 
the gas constant, T the absolute temperature, F is the Faraday constant, and 
{O} and {R} are the activities of the oxidised and reduced forms of the 
redox couple, respectively. A more practical form of the Nernst equation is 
obtained by including the activity coefficients into the constant, which is 
now called the formal potential, E '. 

In dynamic electrochemistry, one is interested in what happens at the 
working electrode. Dynamic electrochemistry encompasses 
experiments/measurements where either the current or the potential is 
controlled, and the other quantity is measured. The dynamic measurements 
involve disturbing a system at equilibrium using an excitation signal and 
subsequently monitoring the response of the system as it relaxes back to its 
original state (reversible systems). For example, in linear sweep voltammetry 
the potential is changed continuously in a linear fashion and the current 
response monitored.  

Control over, and measurement of, the potential is vital, and an 
equilibrium half-cell that has a constant potential is used as a reference
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electrode,iii to which all potentials can be referenced. Measurements are 
typically carried out using a three-electrode system using a potentiostat.

The three-electrode system enables simultaneous measurement of the 
potential difference between the working electrode, WE, and the reference 
electrode, RE, and the current passed between the WE and a third electrode 
called the counter electrode. The reference electrode channel of the 
potentiostat has a high input impedance, and practically all the current is 
forced through the CE, which ensures the stability of the composition and 
potential of the reference electrode. The principle of the three-electrode 
system, and simple equivalent circuits modelling a non-faradaic system and 
a faradaic system, respectively, are illustrated in figure 16.  
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Figure 16. A) A three-electrode system. The potential difference E is measured 
between the WE and the constant potential of the RE. The current, i, is passed 
between the WE and CE. B) A simple circuit modelling a non-faradaic system. Cdl is 
the double-layer capacitance of the working electrode, Rs is the uncompensated 
electrolyte solution resistance, and R  is the compensated resistance. C) A simple 
circuit modelling a faradaic system. The circuit corresponds to a thin film of redox 
active material immobilized on the surface of the working electrode. Rf is the 
frequency dependent faradaic charge transfer resistance.

Some experiments require the potential of two working electrodes to be 
controlled simultaneously and independently. Two examples are the dual 
electrode voltammetry and in-situ conductivity measurements carried out in 

iii The reference electrode used in this work was a Ag/Ag+ half-cell. The internal filling 
solution of the reference electrode was an acetonitrile solution containing 0.1 M [n-
Bu4N][BF4] and 0.01 M AgNO3. The potential of the reference electrode was calibrated 
externally by recording the half-wave potential of the Fc/Fc+ (ferrocene/ferrocenium) couple 
in an acetonitrile solution containing 0.1 M [n-Bu4N][BF4] using a polished Pt electrode.  
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Papers III and V. This can be accomplished by the use of a bipotentiostat, 
and such measurements are sometimes referred to as four-electrode 
measurements. 

2.3.1 Heterogeneous Electron Transfer
Heterogeneous electron transfer describes electron transfer across the 
electrode/solution or electrode/polymer film interface. The Butler-Volmer 
formalism is the least complicated formulation of electrode kinetics.  It is a 
macroscopic classical model. Consider the simplest possible electrode 
process, outlined above (16) wherein species O and R engage in a one-
electron transfer at the interface without being involved in any other 
chemical step.  The rate constant for the forward reaction (reduction), is 
called kf, and the backward reaction (oxidation), is called kb.  In 
homogeneous reactions, the driving force can only be altered by changes in 
the chemical structure of a reactant, or by changing the temperature. 
Electrochemistry offers the significant advantage of controlling the driving 
force instrumentally, by changing the applied potential. A shift in the 

potential of an electrode, by E,
changes the energy of the electrons 
resident on the electrode by –F E,
hence the O + e curve moves up or 
down by that amount (Figure 17).  

By changing the potential one can 
thermodynamically favour net oxidation 
or net reduction, and hence drive the 
reaction in the desired direction.  At 
zero overpotential,  = E - E˚' = 0, the 
forward and backward rate constants for 
the electron transfer have an equal and 
finite value, which is called the standard 
rate constant, k0. This means that 
oxidation and reduction is equally fast, 
and no net reaction takes place 
(equilibrium). The standard rate 

constant describes the kinetic facility of a redox couple.  

 = ½ 

-F E R

O + e 

Figure 17. The effect of a
potential change on the potential
energy curve of the reactants.  is
the transfer coefficient, which
describes the symmetry of the
barrier to reaction. A value of ½
indicates a symmetrical barrier. 

The dependence of the forward and backward rate constants on the 
overpotential can be expressed by (18 & 19): 

fkk f exp0                                              (18) 
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fkkb )1(exp0                        (19) 

where  is the transfer coefficient (it takes on values between 0 and 1), f =
F/RT, and is the overpotential. By analogy to the expression for the net rate 
of a homogeneous reaction, and by recognizing that the current, i, is related 
to the net rate of heterogeneous conversion, net, one can write,

nFA
itCktCk RbOfbfnet ),0(),0(               (20) 

where CO(0,t) and CR(0,t) are the concentration of O and R at the electrode 
surface, and A is the electrode area. Rewriting to express the current as a 
function of reaction rate and concentration gives, 

i = ic – ia = nFA[kfCO(0,t) – kbCR(0,t)]                       (21) 

where ic is the cathodic (reduction) current, and ia is the anodic current. 
Insertion of the expressions for the potential dependence of kf and kb gives 
the complete current-potential characteristic,

f
R

f
O etCetCFAki )1(0 ),0(),0(                         (22) 

These results and the inferences derived from them are known broadly as the 
Butler-Volmer formulation of electrode kinetics. A redox couple with a large  
k0 will establish the equilibrium concentrations, at the electrode surface, 
given by the Nernst equation on a short timescale. When an experiment is 
carried out at sufficiently long timescales, the rapid heterogeneous reaction 
at the electrode surface will start to deplete the reactant at the electrode 
surface, i.e., transport of reactant to the electrode surface becomes important 
and may limit the observed currents. By changing the electrode potential to 
successively larger overpotentials, this will inevitably become the case 
eventually.

2.3.2 Mass Transport 
In electrochemical cells, the movement of charged and neutral species is 
fundamentally important. The transport of reactants and products to and 
from an electrode surface is referred to as mass transfer or mass transport.
Often it is the rate of these movements that determine currents measured in 
the cell. The following three phenomena contribute to mass transport 
dynamics in solution phase. 1) Migration – the movement of ions under the 
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influence of an electric field. To remove mass transport contributions from 
migration, a large excess of an inert (non-electroactive) dissociating salt is 
added. These ions become the migration charge carriers, thus releasing any 
charged electroactive species from migration effects. This also increases the 
conductivity of the electrolyte so that cell resistance effects are minimized. 
2) Convection – mass transport resulting from movements of the solution as 
a whole, e.g., by stirring a solution or movements of the electrodes. The 
onset of convection due to density gradients often limits the duration of 
electrochemical experiments in solution phase. 3) Diffusion – mass transport 
driven by a concentration gradient (a gradient of chemical potential). 
Diffusive transport proceeds from regions of high concentration to regions of 
low concentration. Mass transport is governed by the Nernst-Planck 
equation,

vJ jjj
j

jjj CCD
RT

Fz
CD                        (23) 

where J is the flux, D is the diffusion coefficient, C is the concentration, z is 
the charge of species j,  is the electrostatic potential, and v is the solution 
velocity. In an unstirred (quiescent) solution with a large excess of inert 
electrolyte added, only the diffusion term is important, and the Nernst-
Planck equation reduces to Fick’s first law:

jjj CDJ                       (24) 

Mass and charge transport are very important phenomena in dynamic 
electrochemistry and has a strong impact on the responses observed in 
various electrochemical experiments. Fick’s second law permits the 
calculation of concentration changes as a function of time. Fick’s laws 
provides a complete description of diffusional mass transport for any species 
subject to concentration gradients. In the polymer layers studied in this work, 
charge propagation is driven by concentration gradients of oxidised and 
reduced redox centres, and is therefore also of diffusional nature, and Fick’s 
laws are equally valid.  

By solving the resulting differential equations using appropriate boundary 
conditions, analytical solutions for various electrode geometries and 
potential excitation waveforms may be obtained. The equations for 
diffusion-controlled currents given in the next section are examples of this. 
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2.4 Electrochemical Techniques 
The Nernst equation (17) has a thermodynamic origin, and can strictly 
speaking only be applied to equilibrium conditions. In potential controlled 
experiments involving redox couples, it gives an understanding of why a 
reduction (cathodic) or oxidation (anodic) current flows. Current flows in 
order to establish the equilibrium as described by the Nernst equation. For 
example, as a successively larger anodic overpotential is applied, the better 
oxidising agent the electrode becomes, and at some point one of the cell 
components will start to undergo an oxidation reaction. For redox couples 
with a large standard rate constant (relative to the experimental timescale) 
the concentration ratio of the species O and R at the electrode surface (x = 0) 
will adhere to that predicted by Nernst equation at all times, and the system 
is dubbed a Nernstian system, or electrochemically reversible system.
Electrochemical reversibility is a term often used to describe chemically 
reversible systems (which in this context means – reversing the cell current 
reverses the reaction), which also display facile electrode kinetics (at the 
relevant timescale). A chemically irreversible system cannot be 
electrochemically reversible, but can display fast heterogeneous kinetics. 

2.4.1 Potential Step Experiments 

In a potential step experiment the potential is stepped at a time t0 from an 
initial potential Einitial to Efinal. As the reactant is converted to product due to 
the heterogeneous electron-transfer reaction, the reactant is depleted close to 
the electrode surface, and a depletion zone is formed. For an experiment 
involving solution phase reactants, this depletion zone will consist of a thin 
layer of solution close to the electrode surface, but can equally be a film of 
oxidised polymer that is much thinner than the overall polymer film 
thickness. Figure 18 illustrates the excitation function and the temporal 
evolution of the depletion layer. 

Immediately after the potential step, a charging current flows, which 
decays relatively quickly. The charging current flowing after a potential step 
is described by Equation 4 above and carries information about the solution 
resistance, Rs, and the double-layer capacitance, Cdl. The faradaic current 
flowing as a result of the potential step is monitored over time, and the 
results obtained carry information about the rate of diffusion and 
concentration of the reactant. The faradaic current after a potential step for a 
Nernstian system under semi-infinite linear diffusion control is given by the 
Cottrell equation (25), 
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Figure 18. A) The excitation waveform for a potential step experiment. B) 
Simplified illustration of the temporal evolution of the depletion layer under linear 
diffusion conditions after a potential step. The concentration gradient (dCi/dx) gets 
smaller as t increases, explaining the decreasing current (the flux decreases as dCi/dx
gets smaller) over time. 
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where C*
i is the bulk concentration of the species being electrolysed. The 

potential step technique where the current is monitored as a function of time 
is called chronoamperometry. In some experiments it is advantageous to 
monitor charge, instead of current, as a function of time, and this technique 
is referred to as chronocoulometry. Charge is the integral of current and the 
accumulation of charge as a function of time is given by the integrated 
Cottrell equation (26). 

2/1

2/1*2/12)( tCnFADtq ii                        (26) 

The main advantages of chronocoulometry over chronoamperometry is that, 
since the charge is the integral of the current it retains information at long 
times about the value of the current at short times, and is less affected by 
random electrical noise. 

2.4.2 Voltammetry 
In the simplest potential sweep methods, or voltammetric techniques, the 
potential of the working electrode is varied continuously in a linear fashion. 
The current is measured as a function of potential. Cyclic voltammetry is a 
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linear sweep method in which the potential of the working electrode is 
scanned from Ei to a switching potential, Es, where the scan direction is 
reversed. An “electrochemical spectrum” can quickly be obtained indicating 
the potentials at which processes occur, and complications such as 
adsorption can be identified. It also allows processes such as 
electrodeposition to be followed in a convenient manner over time (over 
several cycles). By varying the scan rate the experiment can be carried out 
over different timescales, and the response carries information about 
reversibility of reactions (heterogeneous reactions, coupled reactions), 
diffusional transport (e.g., homogeneous charge transfer), concentration, and 
formal potentials. Figure 19 illustrates the excitation function, and the 
theoretical responses from ideal Nernstian diffusive and thin-film systems. 
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Figure 19: A) Excitation function used in cyclic voltammetry B) Response from an 
ideal reversible diffusive system under linear diffusion control. C) Response from an 
ideal reversible electroactive species immobilized on an electrode surface under 
conditions where complete electrolysis takes place. 

For a reversible reaction under semi-infinite linear diffusion conditions the 
peak current, ip, in a cyclic voltammogram is given by the Randles-Sevcik 
equation,

                       (27) 2/1*2/12/35 )1069.2( iip CADni

for A in cm2, DO in cm2 s-1, Ci
1/2 in mol cm-3, and  in V s-1.

The half-wave potential, E1/2, is the mean of the anodic and cathodic peak 
currents, Epa and Epc. The half-wave potential of a diffusive system is related 
to the formal potential through (28): 
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Often the diffusion coefficients are approximately equal, and then E1/2  Eº'.  
The diagnostic criteria for an electrochemically reversible reaction under 

semi-infinite diffusion control are: 1) the ratio of the anodic and the cathodic 
peak currents, ipa and ipc, is unity 2) Epa and Epc remain constant with varying 
scan rate, and 3) Epa – Epc = 57 mV 4) a linear ip vs 1/2 plot. 

When cyclic voltammetry of a redox polymer-coated electrode is carried 
out on a sufficiently short timescale, i.e., at sufficiently high scan rates, the 
depletion layer will not have time to reach the polymer film/solution 
interface, and the response is under semi-infinite linear diffusion control. 
This is very useful, and allows determination of the product D1/2C from the 
slope of an ip vs 1/2 plot, which is a measure of the charge transport rate. In a 
polymer, C represents the concentration of redox sites trapped in the 
polymeric matrix and D represents the charge transport diffusion coefficient, 
normally denoted DCT. Semi-infinite diffusion conditions applies for scan 
rates greater than 

2
7

l
D

nF
RT CT                                               (29) 

where l is the film thickness in cm.
If sufficiently slow scan rates are used so that the whole polymer film is 

completely oxidised and reduced during each scan, thin-film conditions are 
said to apply. Under such conditions the ratio of oxidised and reduced redox 
centres in the film adheres to that predicted by the Nernst equation. The 
appearance of a cyclic voltammogram recorded under thin film conditions is 
illustrated in figure 19(C), and the voltammetric peak current is given by;  

RT
AFnip 4

22

                       (30) 

where  is the projected surface coverage in mol cm-2. If the fixed redox-site 
concentration is known,  can be replaced with lC, where l is the film 
thickness. The surface coverage can be calculated from the integrated 
charge, Q, under the current wave according to: 

nFA
Q

                        (31)
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Where there are no lateral interactions, and rapid equilibrium is established 
with the electrode (ideal reversible system), between surface confined redox 
centres, the peak current scales linearly with peak current, the theoretically 
expected peak-to-peak separation, Ep, is zero and independent of scan rate, 
and the full-width at half-maximum is 90/n mV.

2.4.3 Electrochemical Impedance Spectroscopy 
Impedance spectroscopy is a powerful technique, which has been 
extensively used to examine the electrochemical properties of surface-
deposited electroactive polymer films.23 In impedance spectroscopy, a small-
amplitude sinusoidal voltage or current perturbation is applied to the system 
at various frequencies, and the response monitored. The results are 
interpreted in terms of equivalent electrical circuits, that is, networks of 
resistors and capacitors, and some times other types of components. Small-
amplitude signals, typically 5 mV or smaller, are used since the current-
potential relationship then is approximately linear rather than exponential. A 
monochromatic purely sinusoidal voltage signal (32) is applied to a cell,

E(t) = E sin t          (32)  I(t) = I sin( t + )           (33) 

where  (= 2 f) is the angular frequency, and the resulting steady-state 
current, I(t), is measured. The current and the voltage can be represented by 

one phasor (rotating vector) each,  and 
, respectively. The two phasors are  

C
=

-jX
C

R = R

= Z

C
=

-jX
C

R = R

= Z

often not in phase, and the two vectors 
will be separated by a phase angle, .
One of the two phasors, usually , is 
taken as a reference signal, and  is 
measured relative to it. Complex 
notation is often used to keep track of the 
vectors, and a phasor diagram showing 
the relationship between the current and 
the voltages in a series RC circuit is 
found in figure 20. The voltage is linked 
to the current through a vector Z = R –
jXC called the impedance.iv

Figure 20: Phasor diagram 
showing the relationship 
between the current and the 
voltages in a series RC circuit. 

iv In complex notation, components along the Y-axis are assigned as imaginary, and are 
multiplied by j = -1. Components along the X-axis are assigned as real.
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In general the impedance can be represented as (34): 

Z( ) = ZRe – jZIm = Z’ + jZ’’                            (34) 

The relation = Z is a generalized version of Ohm’s law. The phase angle 
for a pure resistance is 0, and for a pure capacitance it is /2 = 90 , and for 
mixtures intermediate phase angles are observed. XC is the capacitive
reactance, 1/ C.

In electrochemical impedance experiments one often monitors impedance 
as a function of frequency. The data can be displayed in several different 
ways. In a Bode plot, log |Z| and  are both plotted against log . In a 
complex plane plot, or a Nyquist plot, -Z’’ is plotted against Z’. 

A simple electrochemical experiment is to study the frequency dispersion 
of the impedance of a three-electrode cell with a polished metal electrode as 
the working electrode. This system can be represented by a simple series RC 
circuit, where C now represents the double-layer capacitance, Cdl, and R
equals the solution resistance Rs. At high frequencies the impedance will 
intercept the real axis, and the phase angle is close to zero, indicating a 
mainly resistive current. From the real-axis intercept, Rs can be obtained. 
The capacitance can be obtained from the slope (1/Cdl) of a plot of ZIm vs
1/ . This experiment offers a simple way of determining the interfacial 
capacitance and resistance of both bare and polymer coated electrodes (at 
potentials where no faradaic processes occur). Figure 21 displays Nyquist 
plots of the impedance response of a simple series RC-circuit, a parallel RC 
circuit, and a more complex so-called finite dual transmission rail. 

Rhigh Z’

-Z’’

Z’

C

RlowRhigh

fcrit

2

1

-Z’’A B-Z’’

Figure 21. Complex plane, or Nyquist, plots of A) a simple series RC circuit B) a 
simple parallel RC circuit C) a finite dual transmission rail where Ri << Re.

Transmission rails can been used as equivalent circuits to model the 
impedance response of electroactive polymer films. An “infinite” resistive-
capacitive transmission line models semi-infinite diffusion-conditions well.65
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Diffusion (and migration) gives rise to a line with a 45˚ degree slope in a 
Nyquist plot (region 1 in figure 21C). The frequency dependent impedance 
response of an electrode coated with a thin layer of electroactive polymer 
can be modelled using a finite dual transmission rail.63, , , , ,66 67 68 69 70 When the 
frequency of the AC signal is so low that the concentration gradient hits the 
outer polymer film boundary during the measurement, i.e., the polymer 
film/solution interface, the modulus of the impedance and the phase angle 
increases, and the 45˚ diffusion-migration region changes to a vertical line 
(region 2 in figure 21C). The critical frequency where this change occurs is 
equivalent to the break-point that can be observed in a log - log plot of 
voltammetric peak current vs scan rate, at which the slope changes from 
unity to 1/2, marking the change from finite- to semi-infinite diffusion 
conditions.

Figure 22 shows a finite dual transmission rail. It consists of two resistive 
rails connected by capacitors. In this model, the polymer is viewed as 
consisting of a uniform polymer layer penetrated by electrolyte-filled pores. 
The polymer and the collection pores of the polymer are described by one 
resistance rail each. 

ReWE 

Rs

Clow

Ri

Figure 22: A finite dual transmission rail. Re is the distributed electronic resistance, 
Ri is the distributed ionic resistance of the polymer layer, Rs is the solution 
resistance, and Clow is the low-frequency, or faradaic, capacitance. 

At overpotentials where the ionic resistance of the polymer film, Ri, is much 
smaller than the electronic resistance, Re, the electronic resistance can be 
determined from the low-frequency real-axis intercept from 

)(3 highlowe RRR                        (35) 

where Rhigh is the high frequency x-axis intercept, which equals Rs + Ri. The 
charge transport diffusion coefficient is related to DCT through (36): 
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where l is the thickness of the polymer layer,  is the apparent surface 
coverage, Clow is the low-frequency, or faradaic, capacitance, and C is the 
concentration of redox centres within the film. Impedance spectroscopy has 
the advantage that it can provide potential resolved transport data, e.g.,
diffusion coefficients measured at many different potentials, and allows 
separation of ionic, Ri, and electronic, Re, resistances.66-70

The low-frequency capacitance of a polymer film can be obtained from 
the slope of linear plots of ZIm vs 1/  in the vertical low-frequency region. 
This is a measure of the redox capacity of the material, i.e., its charge 
storage ability. Redox capacity is capacitance per unit volume, and thus the 
film thickness (volume) needs to be known. Often the film thickness is very 
difficult to determine accurately, and the redox capacitance data obtained in 
this work represents capacity per projected electrode area. 

Finally, it should be mentioned that one should be careful in the choice of, 
and assignment of physical meaning to, individual components of equivalent 
circuits. Circuits with more than three components can be put together in 
more than one way to give the same resulting response. By changing 
experimental conditions, and comparing with results from other techniques, 
one can verify the applicability of the chosen equivalent circuit.
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3. Microelectrodes 

Microelectrodes, or ultramicroelectrodes as they are often called, are 
electrodes with a critical dimension, e.g., radius, in the micrometer 
dimensions or smaller.71, ,72 73 Here, they will be referred to simply as 
microelectrodes from now on. Most common is the disk microelectrode, 
which was used in this work for diffusion coefficient and concentration 
determinations in solution phase, and for transient charge transport 
measurements. Spherical, and hemi-spherical microelectrodes are other 
common geometries. Quite different are the band-, and cylindrical- 

microelectrodes, which have one critical 
dimension (width) in the micrometer range 
(0.1 – 25 m), but often its length is in the 
millimetre or centimetre range. Arrays of 
microelectrodes consist of ensembles of 
microelectrodes, or microelectrode arrays,
can be random (disordered arrangements) 
or ordered (periodical arrangement of 
identical electrodes). Microelectrodes have 
several typical attributes including small 
currents, steady-state responses, and short 
response times. 

Figure 23. SEM image of a 
Pt microwire sealed in glass. 
The white scale bar is 20 µm.

3.1 Properties of Microelectrodes 

3.1.1 Response time 
In an electrochemical cell, the resistance depends on the conductivity of the 
medium, and the electrode radius. For a small disk-shaped electrode the cell 
resistance is inversely proportional to the electrode radius, r. The double-
layer capacitance is directly proportional to the area, or r2. This means that 
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the cell constant, which determines the response time of the electrode (see 
Equation 4 above), decreases with r.

3.1.2 Ohmic effects 
When charging and faradaic currents flow through a cell, they generate a 
potential that acts to weaken the applied potential by an amount iR, where i
is the total current, and R is the cell resistance. Microelectrodes significantly 
reduce these ohmic effects because the faradaic currents observed at a 
microelectrode are typically three to six orders of magnitude smaller than at 
conventional millimetre sized electrodes. When a current is flowing through 
a cell for an extended period of time, e.g., in potentiostatic electrodeposition 
experiments, the temperature of the solution can be significantly increased 
due to resistive heating. This problem is also minimized by use of 
microelectrodes. 

3.1.3 Mass Transport and Steady-State Responses at Disk 
Microelectrodes
A distinguishing feature of microelectrodes is the ability to operate in 
different mass-transport regimes. At sufficiently short experimental 
timescales, the thickness of the layer that is depleted of reactant is much 
smaller than the electrode radius, and the electrode appears to be an infinite 
plane. Thus, at short times, semi-infinite linear diffusion dominates mass 
transport to the electrode surface. At longer times, the depletion layer grows 
to thicknesses much larger than the electrode radius, and the diffusion field 
becomes hemi-spherical, or radial, in nature. In this late time regime, the 
current density at a disk microelectrode is non-uniform, because the edge of 
the electrode is the nearest approach for diffusing reactants. Thus, the current 
density is higher at the electrode edges (“edge-effects”).  

The voltammetric peak currents in a cyclic voltammogram recorded using 
a disk microelectrode at high scan rates are thus governed by the Randles-
Sevcik equation (27). At slow scan rates radial diffusion dominates, and a 
sigmoidal response is observed. This is because the rate of electrolysis is 
controlled by mass transport, and the electrogenerated product is transported 
away from the surface at an enhanced rate. The steady-state current, iss, at a 
disk microelectrode is given by: 

                       (37)rCnFDi iiss
*4
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Figure 24 illustrates linear and radial diffusion fields, and the steady state 
responses obtained at relatively long time scales using a disk microelectrode. 
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Figure 24. A) Planar electrode with linear diffusion field, corresponding to the early 
time regime for a microelectrode B) Radial diffusion field at a microelectrode C) A 
steady-state voltammogram recorded at 10 mV s-1 for the [Os(tpy)2]2+ ion dissolved 
in acetonitrile, using a 12.5 µm radius Pt disk microelectrode. The supporting 
electrolyte was 0.1 M [n-Bu4N][BF4]. Both forward and backward scans are shown. 

3.2 Interdigitated Microelectrode Arrays
Interdigitated microband electrode arrays, IDAs, consist of periodically 
arranged ensembles of parallel band microelectrodes. As illustrated in Figure 
25, the electrode fingers, or digits, are arranged in two sets, each set 
connected to a separate back contact. Only the microband array is exposed, 
the rest of the electrode, except the contact pads, are coated with an 

insulating layer, e.g., photoresist or 
silicon nitride. Interdigitated 
microelectrode arrays are common 
platforms for different electrochemical 
sensing applications.74, , ,75 76 77

Wrighton and co-workers 
demonstrated the use of IDAs for in-situ 
conductivity measurements of conducting 
polymers layers78, , ,79 80 81, and for 
measurement of physical diffusion 
coefficients in electrolyte media.82

Murray and co-workers developed 
theory, and demonstrated the use of IDAs 
for the measurement of charge transport 

diffusion coefficients through redox polymer films.83,84 IDAs can be 
operated in generator-collector mode, in which every second band is used to 

Figure 25. An interdigitated 
microband electrode array. 
Only the array of parallel band 
electrodes is exposed. 
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generate a species, which then can be detected on the neighbouring bands. 
This mode was employed in this work to carry out steady-state dual-
electrode voltammetry on polymer coated IDAs. Figure 26 illustrates the 
experimental geometry of a polymer coated electrode array.  
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Figure 26. A) Optical micrograph of a Pt IDA coated with a thin layer of poly-
[Os(bttpy)2]2+ (paper III). The bands and the gaps are 5 µm wide. B) The transistor-
like geometry of a polymer coated IDA in a four-electrode cell. The two sets of 
electrodes of the IDA are used as working electrodes, which can be controlled 
separately, using a bipotentiostat. 

3.2.1 Dual-Electrode Voltammetry 
In dual-electrode voltammetry, steady-state voltammograms of a well-
defined redox couple in a polymer film deposited onto an IDA can be 
recorded. With this approach it is possible to determine the homogeneous 
charge transport coefficient, DCT, independently of the fixed site 
concentration. The IDA is operated in generator-collector mode, i.e., one 
electrode is held at a reducing potential, while the other is scanned slowly to 
oxidising potentials. A successively steeper concentration gradient is 
developed, and the current is increasing until the polymer close to the 
generator electrode is fully oxidised. At this stage the concentration gradient 
is maximized and no further increase in current is possible. The resulting 
voltammogram is sigmoidally-shaped. DCT is related to the limiting current, 
iL, through, 

)1(N
N

Q
dpiD L

CT                         (38) 
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where d is the distance between the electrodes and p is the center-to-center 
width of a two-finger segment, Q is the faradaic charge collected in a slow 
potential scan where exhaustive electrolysis of the film takes place, and N is 
the number of fingers (digits) in the array. The correction factor (N/(N-1))
accounts for the fact that Q includes the charge for polymer coated on the 
outermost halves of the two outermost fingers, which does not contribute to 
any of the redox conduction current.  

3.2.2 In-situ Conductivity Measurements 
In-situ conductivity measurements yields the dc conductivity of the material 
investigated as a function of potential. The measurement is carried out by 
slowly scanning the potential of both electrodes of an IDA together, while a 
small potential difference, Eoffset, is maintained between the electrodes. A 
drain current flows, which is directly proportional to the conductivity. As is 
the case for a solid-state field-effect transistor, the drain current depends on 
the “gate” potential, EG, that is, the applied potential relative the reference 
electrode. This is because the dc conductivity depends on the redox 
composition of the polymer. The data obtained can provide information on 
the nature of conduction in the material (electric-field driven, or 
concentration-gradient driven). By applying Ohm’s law, and dividing the 
appropriate cell constant with the resistance, the conductivity, , in S cm-1 is 
obtained.
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4. Results and Discussion 

4.1 Methoxy-styryl Substituted {Ru(bpy)3} Complexes 
In Paper I, homoleptic and heteroleptic complexes of the type [Ru(bpy)3-

n(L)n]2+ were studied. L is 4-(3-methoxystyryl)-2,2'-bipyridine or 4,4'-di(3-
methoxystyryl)-2,2'-bipyridine. The structure of one of the heteroleptic 
complexes studied is shown below in Figure 27. Alkoxyaryl-containing 
molecules have been reported to undergo oxidative coupling to form 

electronically conducting and 
redox-active polyphenylene 
derivatives.85, , ,86 87 88 This group of 
compounds was created with the 
objective to study their 
electrochemical coupling 
behaviour, and in particular to 
determine if they couple in such a 
way that the effective conjugation is 
increased.

N
N

N
N

N

N
Ru

OMe

OMe
A spectroscopic and 

electrochemical investigation of the 
properties of the monomers was 
carried out, and their 
electrochemical coupling was 
studied.

Figure 27: Structure of complex 4 in 
Paper I: [Ru(bpy)2(4,4'-di(3-
methoxystyryl)-2,2'-bipyridine)]2+.

4.1.1 Characterisation of the Monomers 
Absorption spectroscopy of acetonitrile solutions of the complexes showed 
that the MLCT bands, characteristic of the {Ru(bpy)3} centres, are 
increasingly red shifted as the number of substituents increased. The 
extinction coefficient increased with the red shift.
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Cyclic voltammetry was carried out in order to gauge the effect of the 
substituents on the metal and ligand centred redox potentials. The greater the 
number of n in [Ru(bpy)3-n(L)n]2+ the lower the metal centred redox potential 
is. Surprisingly, the two homoleptic and the two heteroleptic complexes in 
the study, pairwise, have identical Ru2+/3+ half-wave potentials. This 
indicates that the methyl- and methoxystyryl-substituents have similar 
electron donating ability. Interesting is that the MLCT band of the two 
complexes are red-shifted by different amounts, as compared to the mother 
compound [Ru(bpy)3]2+.  This is likely due to that the -orbital energies of 
the substituted ligands are lowered by different amounts. Red shifts of the 
MLCT band of {Ru(bpy)3} complexes have been shown to occur as the 
effective conjugation of the ligands is increased.89

Attempts to accurately determine the ligand reduction potentials using 
cyclic voltammetry were complicated by reductive electropolymerisation. 

4.1.2 Electropolymerisation 
An unusual feature of this group 
of compounds is that they are 
capable of both oxidative and 
reductive electrochemical 
coupling. Upon repeated scanning 
of the potential through the ligand 
reductions, all the monomers 
undergoes reductive 
electropolymerisation, except the 
monomer which only contains a 
single methoxy-styryl group 
(complex 3). Reductive 
electropolymerisation of styryl-
substituted {Ru(bpy)3} complexes 
has been reported previously by 
Leidner et al.90
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Oxidative
electropolymerisation was carried 
out in CH2Cl2. All complexes 
with at least two polymerisable 
groups forms insoluble polymer 

layers on the electrode surface. Both reductively and oxidatively coupled 
polymers were redox active with a reversible Ru2+/3+ wave at approximately 
+0.9 V vs Fc/Fc+. Voltammograms recorded at 200 mV s-1 displays 

Figure 28: Reductive 
electropolymerisation of the 
monosubstituted homoleptic 
complex (1) from a solution of the 
complex in dry CH3CN containing 
0.1 M [n-Bu4N][BF4] onto a 2mm Pt 
disk at a scan rate of 100 mV s-1.
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pronounced diffusional tailing for thin films (  2  10-9 mol cm-2)
indicating relatively slow homogeneous charge transport kinetics. 

Both oxidatively and reductively deposited polymers displayed blue shifts 
in their MLCT maxima, suggesting that the effective conjugation in the 
created polymers is not as extended as in the monomers. 

-25

0

25

-0.5 0.5 1.5

Potential/V vs Fc/Fc+

C
u

rr
en

t 
/ 

A

Figure 29. Oxidative electropolymerisation of complex 4 from a 0.37 mM solution 
of complex (Paper I) in dry CH2Cl2 containing 0.1 M [n-Bu4N][BF4]. A 2 mm 
diameter Pt disk was used as working electrode, and the scan rate was 0.1 V s-1.

In conclusion, monomers which are capable of both oxidative and reductive 
coupling were demonstrated.  Two polymerisable groups on the same 
complex are necessary for electrodeposition to occur. The resulting polymers 
have a less extensive conjugation than the monomer, and the homogeneous 
charge transport kinetics through the polymer layers are relatively slow. 
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4.2 Oligothiophene-{M(tpy)2} Hybrid Materials, M = 
Ru(II), Os(II) 
The polymers studied in Papers II – V are Type III materials, i.e., the metal 
centres are located directly within the conjugated backbone. Oxidative 
electrochemical coupling of pendant thienyl-moieties on {M(tpy)2}
complexes, M = Ru(II), Os(II), leads to deposition of insoluble redox active 
polymer films onto the electrode surface.  

In Paper II the electropolymerisation and characterisation of a bithienyl-
bridged {Ru(tpy)2} polymer was reported.  

In Paper III, the same electrosynthetic strategy was used to produce a 
more stable quaterthienyl-bridged {Os(tpy)2} polymer. The homogeneous 
charge transport was studied in detail using modern transient and steady-
state electrochemical techniques.  

The electropolymerisation dynamics of the same system was investigated 
in Paper IV.

In Paper V, the characterisation and electropolymerisation of the mono-, 
bi-, and terthienyl- substituted monomers was reported, and a comparative 
study of the absolute conductivity of the two quaterthienyl-bridged polymers 
was carried out. 
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m = 3  tttpy                -     , Os(II) 
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polymerisation 
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Figure 30. Structure of the monomers, and proposed structure of the polymers 
studied in this work. 
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4.2.1 General Electrochemical Properties of the Monomers. 
One of the key requirements of a model system for elucidating the effects of 
bridge-redox centre resonance on the overall rate of charge transport is that 
the redox processes be electrochemically reversible at accessible timescales. 
All monomers were characterised by cyclic voltammetry in acetonitrile 
containing 0.1 M [n-Bu4N][BF4]. The terpyridine complexes generally 
display two ligand based reductions, and one metal based oxidation. With 
the exception of [Ru(bttpy)2]2+ the metal based redox processes are 
electrochemically reversible and display peak-to-peak separations of less 
than 90 mV at a scan rate of 100 mV s-1. The response observed for 
[Ru(bttpy)2]2+ is more complex with the ligand and metal oxidation waves 
overlapping significantly. The thienyl-substituents are electron donating and 
lowers the redox potential of the M(II/III) couple with respect to that of the 
[M(tpy)2]2+, M = Ru, Os, parent complexes. The irreversible thienyl based 
oxidation wave appears at successively lower potentials for complexes 
substituted with thiophene, bithiophene, and terthiophene, respectively. The 
terpyridine based reductions appear at slightly less negative potentials than 
those of the [Os(tpy)2]2+ and [Ru(tpy)2]2+ parent complexes, most likely 
reflecting the increased ability of the extended conjugated system in the 
thienyl-substituted ligands to accommodate a higher charge density. Figure 
31 shows a cyclic voltammogram of the [Ru(ttpy)2]2+ ion dissolved in 
acetonitrile.
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Figure 31. Cyclic voltammogram of [Ru(ttpy)2]2+ dissolved in dry CH3CN
containing 0.1 M [n-Bu4N][BF4]. The working electrode was a 1 mm radius Pt disk 
and the scan rate was 0.1 V s-1.
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4.2.2 Oxidative Electropolymerisation 
The oxidative electropolymerisation of the homoleptic oligothienyl 
substituted complexes is expected to result in the formation of linear 
polymers with the -carbons of the outermost thienyl groups of each 
complex linked to the neighbouring complexes outermost -carbons. The 
electropolymerisation of the monomers used here is expected to result in the 
formation of bithienyl-, quaterthienyl-, and hexathienyl-bridged polymers.  
The thienyl-substituted complexes were successfully electropolymerised 
from solutions of the monomers in BF3·OEt2 (Paper V). The thienyl-
substituted Ru monomer was also electropolymerised from acidified CH2Cl2
(Paper I). An important aspect influencing electropolymerisation in these 
systems is the stability of the electrogenerated cation radical. The cation 
radicals of the ttpy ligand are the least stable and experimentally one 
observes that complexes [Os(ttpy)2]2+ and [Ru(ttpy)2]2+ require rigorous 
exclusion of water and other nucleophilic impurities for successful 
electropolymerisation.  

The bithienyl- and terthienyl-substituted complexes were successfully 
electropolymerised from solutions of the monomers in the more nucleophilic 
solvent acetonitrile (Papers III – V). 

Figure 32 illustrates the potentiodynamic electrodeposition of a poly-
[Os(bttpy)2]2+ film onto a platinum electrode. 
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Figure 32. Potentiodynamic electropolymerisation of poly-[Os(bttpy)2]2+ onto a 50 
µm radius Pt disk from a solution of the monomer in 95:5 CH3CN + BF3·OEt2. The 
supporting electrolyte was 0.1 M [n-Bu4N][BF4] and the scan rate was 0.5 V s-1. 3 
scans are shown. The peak currents increase with each scan, indicating the 
accumulation of an electroactive film on the electrode surface. 
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4.2.3 Characterisation of the Polymers 
The polymeric deposits were characterized by UV-Vis absorption 
measurements, SEM imaging, and cyclic voltammetry. The polymers display 
significant red shifts of their MLCT maxima with respect to their 
corresponding monomers, indicating a larger extent of conjugation after 
electrochemical coupling.  

SEM imaging and visual inspection of the polymer coated electrodes 
shows that the polymer films grows increasingly rough with increasing layer 
thickness and polymerisation potential. 

The cyclic voltammetry of the polymers displays reversible ligand 
reductions, metal based oxidation waves, and bridging ligand-based waves. 
Figure 33 displays a cyclic voltammogram of the quaterthienyl-bridged Os 
polymer deposited on a Pt electrode. 
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Figure 33. Cyclic voltammogram of a poly-[Os(bttpy)2]2+ coated 50 µm radius Pt 
disk electrode recorded at 0.5 V s-1. The electrolyte was CH3CN containing 0.1 M 
[n-Bu4N][BF4].

4.2.4 Electropolymerisation Dynamics
Potentiostatic electrodeposition allows a straightforward way of monitoring 
the dependence of the electropolymerisation reaction on deposition potential, 
i.e., thermodynamic driving force, monomer concentration, and deposition 
time. The potentiostatic electropolymerisation of the monomer [Os(bttpy)2

2+]
was studied in Paper IV. The film deposition reaction is first order and 
chronoamperometry results suggest that the dynamics of film formation are 
limited by diffusional mass transport of the monomer. The deposition 
potential influences the morphology of the polymer significantly with 
smoother, more uniform films being produced at low deposition potentials.  
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The polymerisation efficiency was 36 %, which means that approximately 
one out of every three oxidised monomers are incorporated into the 
polymeric film. Also, the polymer film grows faster in the plane of the disk, 
and grows thicker around the edges of the disk. The film topography reflects 
a strong edge effect, i.e., non-uniform current density because the edge of 
the electrode is the nearest approach for diffusing reactants.
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Figure 34. Dependence of the obtained polymer surface coverage on the bulk 
concentration of [Os(bttpy)2]2+.  The electrolyte was CH3CN + BF3OEt2 (95:5) 
containing 0.1 M [n-Bu4N][BF4]. Films were formed onto 12.5 m radius platinum 
microdisk electrodes using potentiostatic deposition at +1.2 V for 30 s.  The data 
points represent the average of at least two independent measurements. 

4.2.5 Homogeneous Charge Transport Through Films of poly-
[Os(bttpy)2]2+

The quaterthienyl-bridged {Os(tpy)2} polymer exhibits close to ideal redox 
properties, which allowed the effects of extensive charge delocalisation and 
the difference in energy of the metal centre and the bridge states on the 
charge transport to be investigated in a detailed way (Paper III). The vast 
majority of charge transport data in literature is reported in terms of the 
product DCT

1/2C, where DCT is the charge transport diffusion coefficient and 
C is the concentration of redox sites in the polymer layer. The transient 
methods cyclic voltammetry and large amplitude potential step 
chronoamperometry allows determination of this product, and was used to 
study homogeneous charge transport through films deposited on 
microelectrodes. In cyclic voltammetry, the data are obtained at discrete 
experimental timescales dictated by the scan rate, and the concentration 
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profile varies continuously throughout the experiment. In contrast, 
chronoamperometry provides a more complete picture of the temporal 
evolution of the diffusion field as the depletion layer approaches the polymer 
film/solution interface. The DCT

1/2C values for film oxidation and reduction 
 are similar, despite the fact that charge compensating counter-ions ingress 
during oxidation suggests that the materials are rapid ion conductors. 
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Figure 35. A log ip vs log  for a poly-[Os(bttpy)2]2+ coated 12.5 µm radius Pt disk 
electrode. The data was obtained by cyclic voltammetry carried out at different scan 
rates in (95:5) CH3CN + BF3·OEt2 containing 0.1 M [n-Bu4N][BF4]. The region with 
a slope of 0.5 indicates that semi-infinite diffusion conditions apply, i.e., the scan 
rate is so high that the depletion layer does not have time to reach the polymer 
film/solution interface during a scan. The product DCT

1/2C was determined from data 
obtained in this scan rate interval. 

Dual-electrode voltammetry at IDAs, operated in generator-collector mode 
can provide insight into homogeneous charge transport dynamics without 
macroscopically changing the redox composition of the film. With this 
approach, it is possible to determine DCT without knowledge of the 
concentration of redox sites in the film. DCT was determined to (2.6  0.5) 
10-6 cm2 s-1 using this approach. This value is two orders of magnitude 
higher than that reported for non-conjugated analogues.

Electrochemical impedance spectroscopy has proven to be a useful tool to 
separate the ionic, Ri, and electronic, Re, resistances in redox polymers and 
conjugated polymers.63,66,67,68,69,70 In this way, an insight into the nature of the 
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rate limiting step can be obtained. The impedance response was measured at 
overpotentials within 200 mV of the formal potential of the Os(II/III) couple, 
and at potentials where the film was fully reduced. A potential dependent 
45  region, characteristic of a diffusion-migration process, was observed. At 
overpotentials more negative than –50 mV and more positive than +100 mV 
this region can be attributed solely to electron transport, but within the 
interval  -50 mV <  < +100 mV the electronic and ionic resistances are of 
similar magnitude. The DCT

1/2C values determined using the dual 
transmission line model and the critical frequency approach of He and 
Chen91 are in good agreement with those obtained using cyclic voltammetry 
and chronoamperometry. 

0.0

50.0

100.0

0.1 0.3 0.5 0.7

E / V vs Fc/Fc+

i /
 

A

0

500

1000

0 500 1000

Z' / 

-Z
'' 

/ 

45.9 kHz

11.9 Hz
3.1 Hz

A B

Figure 36. A) Steady-state voltammogram recorded at 5 mV s-1 using a poly-
[Os(bttpy)2]2+ coated IDA. Only the generator current is shown. B) Nyquist plots of 
the impedance response of two 1 mm Pt disk electrodes coated with poly-
[Os(bttpy)2]2+ films of different thickness. The overpotential was –180 mV. The 
electrolyte was (95:5) CH3CN + BF3·OEt2 containing 0.1 M [n-Bu4N][BF4] in both 
A and B. 

4.2.6 In-Situ Conductivity Studies of poly-[M(bttpy)2]2+, M = 
Ru, Os 
In-situ conductivity measurements were carried out in order to examine the 
influence of the difference in energy between bridge and metal based redox 
processes, EBridge-M,  on the charge transport dynamics in greater detail. The 
quaterthienyl-bridged {Os(tpy)2} and {Ru(tpy)2} polymers investigated here 
display EBridge-M values of +220 mV and –240 mV, respectively. 
Interdigitated (platinum) microelectrode arrays, IDAs, were coated by 
potentiodynamic electrodeposition. The drain current was monitored during 
the deposition step. The conductivity (drain current) of the film increased as 
the gaps between the IDA fingers fills up with polymer. The films were 
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grown until no further increase in conductivity was observed. The limiting 
conductivity obtained from films grown in this way is taken to be the 
absolute conductivity of the material. The maximum conductivity 
determined for the quaterthienyl-bridged polymers was 1.6 × 10-3 S cm-1,
irrespective of the identity of the metal centre. The Os based redox couple in 
poly-[Os(bttpy)2]2+ gives rise to a conductivity which is two orders of 
magnitude higher than that the comparable non-conjugated system poly-
[Os(bpy)2(vpy)2]2+, where vpy is 4-vinylpyridine.  The results obtained also 
indicate that redox conduction rather than electronic conductivity is the 
dominant charge transport mechanism in these electronically segmented 
quaterthienyl-bridged polymers. 
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Figure 37. In-situ conductivity profile of poly-[Os(bttpy)2]2+ in (95:5) CH3CN + 
BF3·OEt2 containing 0.1 M [n-Bu4N][BF4]. The offset voltage was 20 mV and the 
scan rate was 5 mV s-1. Both forward and backward scans are shown. 

4.2.7 Conclusions 
The fast charge transport rates of the Os quaterthienyl-bridged polymer 

suggest that either hole-type superexchange or sequential electron hopping 
between the metal centres and the bridge based states (resonant 
superexchange) provides efficient electronic coupling between adjacent 
osmium centers. Also the bridge states display high electron exchange rates. 
It is clear from this work, and recent examples of systems with similar 

EBridge-M values in literature92,93, that enhanced charge transport rates may be 
obtained by linking metal centers with conjugated bridges. The enhanced 
charge transport rates in these materials are of potential use for 
electrocatalytic and sensing applications. 

The observation that poly-[Os(bttpy)2]2+ film grows faster in the plane of 
a microdisk, and easily grows laterally over distances up to 100 µm, makes 
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these and other conducting polymer systems, which displays diffusion 
controlled growth, attractive for molecular electronics application such as 
interconnect formation. 

59



Acknowledgements

I would like to express my most sincere gratitude to my supervisors Anders 
Hagfeldt, Emad Mukhtar, and Robert Forster for the patience, 
encouregement, and guidance I was given over the past few years. Thanks 
also to my collaboration partners Viviane Aranyos, and Robyn Handel 
without whose synthetic skills this work could not have been done, it was 
good working with you! To Han Vos for all the encouragement and good 
advice over the past years. Thanks goes out also to Edwin Constable and 
Catherine Housecroft. 

To all the staff, and past and present colleagues at the Department of 
Physical Chemistry in Uppsala. In particular, I’d like to thank Martin S., 
Henrik, Håkan Rensmo, Johan, Torbjörn, Egbert, Viviane, and Helena 
Greijer for all the good discussions on work, and life in general. A special 
thanks goes out to Laila, for all your invaluable help over the years. 

To the staff in the School of Chemical Sciences, DCU, and the technical 
staff - Mick, Veronica, Ann, Damien, Maurice, and Ambrose – thanks for all 
your help. To past and present members of the RFRG – Dominic, Conor, 
Edna, Jenni, Darren W., Mary, Lorraine, Sonia, Andrea B., Lynn, Darragh, 
Tommy, and Richard. Thanks to all the DCU chemistry postgrads and 
postdocs I have met over the last few years, Clodagh, Philippe, Shaggy, Ger, 
Dec, Andrea D., Scott, Wesley, Stefania, Bill, Johnny, Karl, Ray, Helen, and 
many more. A special thanks goes out to Marco D., Darren F., Dave, and 
Adrian for all the laughs and your friendship.  

A special thanks goes out to the The Crew, with its Uppsala, Stockholm, 
Malmö, and Sejerø branches – Björn, Gonzo, Ingmari, Anne, Karvel, Johan 
E, Mattias, Anders, Niklas, Kicki, Pelle, Jennie, Toffe, Krille, Martin, Peter 
D, AK, Feffe, Lars, Glenn, Jeppe, and many more… 

Last, but not least, I want to thank my family for their love and support.    

60



References

1  Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Fundamentals and 
Applications, 2nd ed., Wiley: New York, 2001.

2  Hamann, C. H.; Hamnett, A.; Vielstich, W. Electrochemistry, Wiley-VCH: 
Weinheim, 1998

3  See for example Bond, A.M.; Broadening Electrochemical Horizons, Oxford 
University Press Inc., 2002, for a chronology of some important events in the 
history of electrochemistry. 

4  D. B. Hibbert, Introduction to Electrochemistry, Palgrave Macmillan, 1993
5  Sawyer, D. T.; Sobkowiak, A.; Roberts, J. L. Electrochemistry for Chemists,

2nd ed., Wiley: New York, 1995
6  Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265. 
7  Andrieux, C. P.; Hapiot, P.; Saveant, J.-M. Chem. Rev. 1990, 90, 723. 
8  Caruana, D. J.; McCormack, S. P. Electrochem. Comm. 2002, 4, 780. 
9  Sullivan, M. G.; Murray, R. W. 1994, 98, 4343. 
10  Walsh D. A.; Keyes, T. E.; Forster, R. F. J. Electroanal. Chem. 2002, 538, 75. 
11 Solid State Electrochemistry, ed. Bruce, P. G.; Cambridge University Press, 

1995.
12  Mirkin, M. V.; Horrocks, B. R. Anal. Chim. Acta 2000, 406, 119. 
13  Eick, K.; Kahlen, O.; Regener, D.; Gollner, J. Mater. Corr. 2000, 51, 557. 
14  Ulstrup, J.; Zhang, J. D.; Hansen, A. G.; Wackerbarth, H.; Christensen, H. E. 

M. J. Inorg. Biochem. 2003, 96, 28. 
15  Service, R. F.; Science 1998, 280, 1691. 
16  Durst, R. A.; Baumner, A. J.; Murray, R. W.; Buck, R. P.; Andrieux, C. P. 

Pure and Applied Chemistry, 69, 1997, 1317. 
17  Murray, R. W. in “Molecular Design of Electrode Surfaces” – Techniques of 

Chemistry, ed. Murray, R. W., Wiley, New York, 1992, 1 
18  Mortimer, R. J. Electrochim. Acta 1999, 44, 2971. 
19  Bloor, D.; Nature, 1988, 335, 115. 
20  Jager, E. W. H.; Smela, E.; Inganäs, O. Sens. Act. B 1999, 56, 73. 
21  Hoppe, H.; Arnold, N.; Sariciftci, N. S.; Meissner, D. Sol. Energ. Mat. Sol. C.

2003, 80, 105. 
22  Novák, P.; Müller, K.; Santhanam, K. S. V.; Haas, O. Chem. Rev. 1997, 97,

207.
23  Lyons, M. E. G. in Electroactive Polymer Electrochemistry, Part 1: 

Fundamentals, ed. Lyons, M. E. G., Plenum Press, New York, 1994, pp. 1-235 
24  Pickup, P. G. J. Mater. Chem. 1999, 9, 1641 
25  Wolf, M. O. Adv. Mater. 2001, 13, 545. 

61



26  Majda, M. in “Molecular Design of Electrode Surfaces” – Techniques of 
Chemistry, ed. Murray, R. W., Wiley, New York, 1992, 159. 

27  Kelly, D. M.; Vos, J. G. in Electroactive Polymer Electrochemistry, Part 2: 
Methods and Applications, ed. Lyons, M. E. G., Plenum Press, New York, 
1996, pp. 173-232 

28  Roncali, J. Chem. Rev. 1992, 92, 711 
29  McCullough, R. D. Adv. Mater. 1998, 10, 93 
30  Kingsborough, R. P.; Swager, T. M. Progr. Inorg. Chem. 1999, 48, 123. 
31  Chen, J.; Burrell, A. K.; Collis, G. E.; Officer, D. L.; Swiegers, G. F.; Too, C. 

O.; Wallace, G. G. Electrochim. Acta 2002, 47, 2715. 
32  Reddinger, J. L.; Reynolds, J. R. Chem. Mater. 1998, 10, 3. 
33  Zhu, Y.; Wolf, M. O. Chem. Mater. 1999, 11, 2995. 
34  Juris, A; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von Zelewsky, 

A. Coord. Chem. Rev. 1988, 84, 85 
35  Gerloch, M.; Constable, E. C.; Transition Metal Chemistry – The Valence Shell 

in d-Block Chemistry, VCH, Weinheim, Germany, 1994 
36  Balzani, V.; Juris, A.; Venturi, M.; Campagna, S.; Serroni, S. Chem. Rev. 1996,

96, 759 
37  Kober, E. M.; Caspar, J. V.; Sullivan, B. P.; Meyer, T. J. Inorg. Chem. 1988,

27, 4587. 
38  Forster, R. J.; Vos, J. G. Macromolecules, 1990, 23, 4372. 
39  Gaudiello, J. G.; Bradley, P. G.; Norton, K. A.; Woodruff, W. H.; Bard, A. J. 

Inorg. Chem. 1984, 23, 3. 
40  Horwitz, C. P.; Zuo, Q. Inorg. Chem. 1992, 31, 1607. 
41  Eaves, J. G.; Munro, H. S.; Parker, D. 1987, 26, 644. 
42  Ellis, C. D.; Margerum, L. D.; Murray, R. W., Meyer, T. J. Inorg. Chem. 1983,

22, 1283. 
43  Funt, B. L.; Organic Electrochemistry: An Introduction and a Guide, ed. Lund, 

H.; Baizer, M. M.; Marcel Dekker Inc., New York, 3rd ed., 1991, pp. 1337-
1362

44  Ikeda, T.; Schmehl, R.; Denisevich, P.; Willman, K.; Murray, R. W. J. Am. 
Chem. Soc. 1982, 104, 2683. 

45  Niu, L.; Kvarnström, C.; Fröberg, K.; Ivaska, A. Synth. Met. 2001, 122, 425. 
46  Aubert, P.-H.; Groenendaal, L.; Louwet, F.; Lutsen, L.; Vanderzande, D.; 

Zotti, G. Synth. Met. 2002, 126, 193. 
47  Abruna, H. D.; Denisevich, P.; Umana, M.; Meyer, T. J.; Murray, R. W. J. Am. 

Chem. Soc. 1981, 103, 1 
48  Calvert, J. M.; Schmehl, R. H.; Sullivan, B. P.; Facci, J. S.; Meyer, T. J.; 

Murray, R. W. Inorg. Chem. 1983, 22, 2151. 
49  Goldenberg, L. M.; Lacaze, P. C.; Synth. Met. 1993, 58, 271. 
50  Tourillon, G.; Garnier, F.; J. Electroanal. Chem. 1982, 135, 173. 
51  Mirrazaei, R.; Parker, D.; Munro, H. S.; Synth. Met. 1989, 30, 265. 
52  Wang, J.; Keene, F. R.; J. Electroanal. Chem. 1996, 405, 71. 
53  Hillman, A. R.; Mallen, E. F.; J. Electroanal. Chem. 1987, 220, 351. 
54  John, R.; Wallace, G. G. J. Electroanal. Chem. 1991, 306, 157. 
55  Li, F.; Albery, W. J. Electrochim. Acta 1992, 37, 393. 

62



56  Schrebler, R.; Grez, P.; Cury, P.; Veas, C.; Merino, M.; Gomez, H.; Cordova, 
R.; del Valle, M. A. J. Electroanal. Chem. 1997, 430, 77. 

57  Randriamahazaka, H.; Noël, V.; Chevrot, C. J. Electroanal. Chem. 1999, 472,
103.

58  Vos, J. G.; Forster, R. J.; Keyes, T. E.; Interfacial Supramolecular Assemblies,
Wiley: Chichester, 2003

59  Atkins, P.W. Physical Chemistry, Oxford University Press, Oxford, 5th ed., 
1994

60  Miller, R. J. D.; McLendon, G. L.; Nozik, A. J.; Schmickler, W.; Willig, F. 
Surface Electron Transfer Processes, VCH, New York, 1995

61  Chan, M.-S.; Wahl, A. C.; J. Phys. Chem. 1978, 82, 2542. 
62  White, H. S.; Leddy, J.; Bard, A. J.; J. Am. Chem. Soc. 1982, 104, 4811. 
63  Sharp, M.; Åberg, S.; J. Electroanal. Chem. 1998, 449, 137. 
64  Chidsey, C. E. D.; Murray, R. W.; J. Phys. Chem. 1986, 90, 1479. 
65  Raistrick, I. D.; Macdonald, J. R.; Franceschetti, D. R. in Impedance

Spectroscopy ed. Macdonald, J. R.; Wiley, New York, 1987.
66  Albery, W. J.; Elliott, C. M.; Mount, R. M. J. Electroanal. Chem. 1990, 288,

15.
67  Pickup, P. G.; J. Chem. Soc. Faraday Trans. 1990, 86, 3631. 
68  Albery, W. J.; Mount, A. R. J. Chem. Soc. Faraday Trans. 1993, 89, 327. 
69  Fletcher, S. J. Chem. Soc. Faraday Trans. 1993, 89, 311. 
70  Ren, X.; Pickup, P. G. J. Chem. Soc. Faraday Trans. 1993, 89, 321. 
71  Wightman, M. R.; Wipf, D. O. Electroanalytic Chemistry, ed. Bard, A. J.; vol 

15; Marcel Dekker, Inc.; New York, 1989
72  Forster, R. J.; Chem. Soc. Rev. 1994, 23, 289. 
73  Amatore, C. in Physical Electrochemistry: Principles, Methods, and 

Applications ed. Rubinstein, I.; Marcel Dekker, 1995 
74  Wohltjen, H.; Anal. Chem. 1984, 56, 87A 
75  Cullen, D. C.; Sethi, R. S.; Lowe, C. R. Anal. Chim. Acta 1990, 231, 33. 
76  Nishizawa, M.; Matsue, T.; Uchida, I. Anal. Chem. 1992, 64, 2642. 
77  Zamborini, F. P.; Leopold, M. C.; Hicks, J. F.; Kulesza, P. W.; Malik, M. A.; 

Murray, R. W. J. Am. Chem. Soc. 2002, 124, 8958. 
78  Kittlesen, G. P.; White, H. S.; Wrighton, M. S. J. Am. Chem. Soc. 1984, 106,

7389.
79  Paul, E. W.; Ricco, A. J.; Wrighton, M. S. J. Phys. Chem. 1985, 89, 1441. 
80  Thackeray, J. W.; White, H. S.; Wrighton, M. S. J. Phys. Chem. 1985, 89,

5133.
81  Ofer, D.; Crooks, R. M.; Wrighton, M. S. J. Am. Chem. Soc. 1990, 112, 7869. 
82  Licht, S.; Cammarata, V.; Wrighton, M. S. J. Phys. Chem. 1990, 94, 6133. 
83  Chidsey, C. E. D.; Feldman, B. J.; Lundgren, C.; Murray, R. W. Anal. Chem.

1986, 58, 601. 
84  Nishihara, H.; Dalton, F.; Murray, R. W. Anal. Chem. 1991, 63, 2955. 
85  Goldenberg, L. M.; Lacaze, P. C.; Synth. Met. 1993, 58, 271 
86  Rault-Berthelot, J.; Granger, M. M.; Raoult, E.; J. Electroanal. Chem. 2000,

486, 40. 

63



87  Haj Saïd, A.; Dridi, C.; Roudesli, S.; Matoussi Mhalla, F.; Eur. Polym. J.,
2000, 36, 909. 

88   Fabre, B.; Michelet, K.; Simonet, N.; Simonet, J.; J. Electroanal. Chem. 1997,
425, 67. 

89  Boyde, S.; Strouse, G. F.; Jones, Jr.,W. E.; Meyer, T. J. J. Am. Chem. Soc.,
1990, 112, 7395. 

90  Leidner, C. R.; Sullivan, B. P.; Reed, R. A.; White, B. A.; Crimmins, M. T.; 
Murray, R. W.; Meyer, T. J. Inorg. Chem. 1987, 26, 882. 

91  He, P.; Chen, X. J. Electroanal. Chem. 1988, 256, 353. 
92  Zhu, S. S.; Kingsborough, R. P.; Swager, T. M. J. Mater. Chem. 1999, 9, 2123. 
93  Maclean, B. J.; Pickup, P. G. J. Phys. Chem. B 2002, 106, 4658. 

64



Acta Universitatis Upsaliensis
Comprehensive Summaries of Uppsala Dissertations

from the Faculty of Science and Technology
Editor: The Dean of the Faculty of Science and Technology

Distribution:
Uppsala University Library

Box 510, SE-751 20 Uppsala, Sweden
www.uu.se, acta@ub.uu.se

ISSN 1104-232X
ISBN 91-554-5813-0

A doctoral dissertation from the Faculty of Science and Technology, Uppsala
University, is usually a summary of a number of papers. A few copies of the
complete dissertation are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the series Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science and Technology.
(Prior to October, 1993, the series was published under the title “Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science”.)


	Abstract
	List of Papers
	Contents
	Preface
	1. Introduction
	1.1 Historical Background
	1.2 Chemically Modified Electrodes
	1.2.1 Redox Polymers & Loaded Ionomers
	1.2.2  -Conjugated Conducting Polymers
	1.2.3 Hybrid Polythiophene-Transition Metal Materials

	1.3 Polypyridine Complexes of Fe(II), Ru(II), and Os(II)
	1.3.1 Photophysics
	1.3.2 Electrochemistry

	1.4 Electrochemical polymerisation
	1.4.1 Vinyl-Substituted Metal Complexes
	1.4.2 Alkoxyaryl coupling
	1.4.3 Polythiophene and Thienyl-Substituted Metal Complexes

	1.5 Electron Transport Pathways

	2. Electrochemical Concepts and Techniques
	2.1 The Solid/Liquid Interface
	2.1.1 The Electrical Double-Layer
	2.1.2 Faradaic and Non-Faradaic Processes
	2.1.3 Energy Levels in the Solid and in the Solution

	2.2 Electron Transfer Theory & Self Exchange Reactions
	2.2.1 Marcus Theory
	2.2.2 Self-Exchange Reactions
	2.2.3 Redox Capacity and DC Electron Conductivity

	2.3 Dynamic Electrochemistry
	2.3.1 Heterogeneous Electron Transfer
	2.3.2 Mass Transport

	2.4 Electrochemical Techniques
	2.4.1 Potential Step Experiments
	2.4.2 Voltammetry
	2.4.3 Electrochemical Impedance Spectroscopy


	3. Microelectrodes
	3.1 Properties of Microelectrodes
	3.1.1 Response time
	3.1.2 Ohmic effects
	3.1.3 Mass Transport and Steady-State Responses at Disk Microelectrodes

	3.2 Interdigitated Microelectrode Arrays
	3.2.1 Dual-Electrode Voltammetry
	3.2.2 In-situ Conductivity Measurements


	4. Results and Discussion
	4.1 Methoxy-styryl Substituted {Ru(bpy)3} Complexes
	4.1.1 Characterisation of the Monomers
	4.1.2 Electropolymerisation

	4.2 Oligothiophene-{M(tpy)2} Hybrid Materials, M = Ru(II), Os(II)
	4.2.1 General Electrochemical Properties of the Monomers
	4.2.2 Oxidative Electropolymerisation
	4.2.3 Characterisation of the Polymers
	4.2.4 Electropolymerisation Dynamics
	4.2.5 Homogeneous Charge Transport Through Films of poly- [Os(bttpy)2]2+
	4.2.6 In-Situ Conductivity Studies of poly-[M(bttpy)2]2+, M = Ru, Os
	4.2.7 Conclusions


	Acknowledgements
	References

