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ABSTRACT

The development of new materials has greatly expanded the application of energy
conversion technologies. Conducting electroactive polymers, such as polypyrrole and
polythiophenes, containing specific groups represent a new class of electroactive
semiconducting materials with great potential application in a number of areas,
including hydrogen gas generation and photovoltaic devices.

A range of novel conducting electroactive polymers have been synthesized and
characterized in this work. A new electrolytic cell system for hydrogen gas generation
and a new solar cell system for photovoltaic (energy conversion from sunlight to
electricity) applications have been devised.

Conducting electroactive polymers, polypyrrole and polythiophene, containing pendant
group ferrocene or ferrocenophane have been electrochemically synthesized for
hydrogen gas generation. Electrochemically controlled hydrogen production has been
carried out with these new ferrocene or ferrocenophane containing polymer-modified
platinum electrodes. Results show that these coatings catalyze hydrogen gas generation,
which is associated with the presence of the ferrocene or ferrocenophane moiety in the
conducting electroactive polymers. A significant and substantial anodic shift occurs in
the potential for formation of hydrogen gas when using these polymer-modified
platinum electrodes. In addition, the basicity of the ferrocene moiety and the porosity
and the morphology of the conducting polymer have been shown to play significant
roles in the rate of potentiostatic hydrogen gas generation.

V

Photovoltaic devices have also been fabricated by using novel conducting electroactive
polymers electrosynthesised from bis-linked terthiophene and porphyrin substituted bisterthiophene as light harvesters. The electropolymerisation conditions for these
polymers have been investigated and optimised to produce the best photovoltaic device.
In addition, the use of different liquid electrolytes, such as ionic liquids, has been
examined in this work. As compared to the devices described by other research groups,
significant improvement of photovoltaic responses for open circuit voltage (Voc) and
short circuit current (Isc) has been observed using these new types of solar cells. The
porphyrin group in the conducting polymers has been shown to play a significant role in
the improved energy conversion (from sunlight to electricity) for photovoltaic devices.
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CHAPTER I
GENERAL INTRODUCTION

Chapter 1 General Introduction

2

1.1. MOTIVATION

1.1.1. The Combustion of Fossil Fuels

The limited supply of today's main energy sources (oil, coal, uranium) will force us sooner or later - to replace most of the currently used power plants with renewable
energy sources. According to recent predictions [1,2], the inevitable permanent decline
in the global oil production rate is expected to start within the next 10-20 years.

Additionally, the combustion of fossil fuels in the past has already harmful effects on
the delicate balance of nature on our planet. Today, about 20 x 10 Kg of carbon
dioxide (CO2) are emitted into the atmosphere every year, mainly by burning fossil
fuels [3,4,5]. Today's plants are unable to absorb this huge amount of extra C02. As a
result the CO2 concentration in the atmosphere continues to mount adding considerably
to the greenhouse effect, which will increase the global mean surface temperature depending on future emission scenarios and the actual climate sensitivity - by another
0.6-7.0 °C by the year 2100 [4].

Global mean surface temperature has increased by 0.3-0.6 °C since the late 19th century

and the global sea level has risen by 10-25 cm, most likely due to human activities [4].
And the projected sea level rise from the present to the year 2100 is 15-95 cm. The
consequences of this temperature change have already increased the frequency and
severity of natural disasters [5] and are likely to have more devastating effects for
humans and other life forms in all parts of Earth within the next decades.
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Furthermore, global

acceptance

3

of the

greenhouse

effect gains

momentum,

accompanied by a growing awareness of the detrimental effects of local pollutants and
diminishing fossil energy resources; here especially mineral oil and natural gas. The
significance of all these above reasons will then rise considerably favouring the
introduction of various renewable energy sources such as the new clean fuels

(environmental favourable) like for example, hydrogen (generated from water or diluted

inorganic acid aqueous solution), but also others like for example, the direct convers
of solar energy (solar cells) and wind-power systems.

1.1.2. Renewable Energy Sources

Fortunately, we have renewable energy sources which neither run out nor have any
significant harmful effects on our environment. Naturally, power plants that use wind,

wave or tidal energy of water, the heat from the Earth's crust or direct solar radiatio

rely on the local supply of their primary energy source. Thus, the amount of power they
can supply over a longer period often depends on geographical and weather conditions.

It is important to recognise that the installation of these power systems should alway
preferred as long as they supply more energy throughout their lifetime than they have

consumed during their fabrication, installation and maintenance. Although this criteri
is fulfilled for all of them, their prices are not yet low enough. Unless we can soon
develop low cost technologies for renewable energy sources we have to hope that the
world's governments start to consider the "cost" of environmental hazards of the
majority of existing power sources in the planning of future power plants.
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1.1.3.

4

Hydrogen

A number of U.S.A., Canadian, Japanese and European studies present transition and
introduction strategies for hydrogen from renewable energies. Alternatives cover a
number of hydrogen sources and hydrogen production processes sorted for timely
realisation, ranging from:
• Industrial by-product.
• Well understood steam reforming of natural gas or Kvaerner's plasma based
splitting of methane by electricity producing solid carbon.
• Renewable energy based and intensively researched processes such as:
• Decentral synthesis gas generation from domestic biomass (dedicated
crops and organic residuals such as crop, wood and waste).
• Water electrolysis from hydro, wind and solar energy, and international
supply of gaseous hydro-hydrogen by pipeline or liquid hydro-hydrogen
by tanker.
• Photosynthetic processes by direct conversion of sunlight.

Hydrogen is presently used in the energy sector only in industrial application. The
hydrogen originates almost completely from chemical processes as by-product or as
industrial raw material.

When hydrogen is produced as a commercial product, then it is usually generated via

steam reforming of natural gas, via partial oxidation of oil, or via electrolysis of w

or diluted acid aqueous solution. Hydrogen is then either an intermediate product, as i

Chapter 1 General Introduction

5

the case of a m m o n i a synthesis, or it is an auxiliary agent as in the cases of float glass
production, metallurgy, fat hardening, chemicals production, semiconductor industry or
generator cooling. One of the few cases, where hydrogen is used as a commercial
product presently, is the sector of space applications where hydrogen serves as liquid
propulsion fuel.

Since several years, hydrogen is discussed as a component of an electricity-hydrogen
energy system, as clean energy carrier and fuel. Mainly due to cost reasons, partly also
due to the not yet sufficiently advanced state of infrastructure development, hydrogen
has not yet found its way into wider spread energy application.

1.1.4. Solar Cells

1.1.4.1. Inorganic Solar Cells

At present, solar cells comprising an inorganic semiconductor such as mono- and multicrystalline silicon have found markets for small scale devices such as solar panels on
roofs, pocket calculators and harvest up to as much as 24% [7] of the incoming solar

energy which is already close to the theoretically predicted upper limit of 30% [8]. This
illustrates that technologies which allow low fabrication costs - rather than somewhat
higher conversion efficiencies - are now desired. One approach here would be to reduce
the amount of silicon by using thinner films on (cheap) glass substrates. Today, the
production of these solar cells still requires many energy intensive processes at high
temperature (400-1400 °C) and high vacuum conditions with numerous lithographic
steps leading to relatively high manufacturing costs [9].
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1.1.4.2.
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Organic Solar Cells

Considerably much less effort and production energy are necessary if organic
semiconductors are used because of their much simpler processing at much lower
temperatures (20-200 °C) than the inorganic cells.

The main attraction of using organic materials for photovoltaics is primarily due to the
prospect of high throughput manufacture using reel-to-reel or spray deposition.
Additional attractions are the possibilities for ultra thin, flexible devices, which may
integrated into appliances or building materials, and change of colour through chemical
structure. This field has made impressive progress in the last ten years. Solar power
conversion efficiencies of over 2% have now been reported for four distinct classes of
organic solar cell, a growing range of new photovoltaic materials have been studied, and
an increasing number of academic research groups and companies have declared an
interest in 'soft' solar cells [10-12].

The interesting alternative to organic cells is mainly given by the semiconducting
polymers, which combine the opto-electronic properties of conventional semiconductors
with the excellent mechanical and processing properties of polymeric i.e. "plastic"
materials. These materials can be processed from solution at room temperature onto
flexible substrate using simple and cheaper deposition methods like spin or
electrochemical coating. Since the discovery of electro-luminescence in conjugated
polymers [13], this class of materials has been used to build efficient light emitting
diodes [14-16], field transistors [17], optically-pumped LASERs [18,19] and
photovoltaic diodes [20-23].
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H Y D R O G E N GAS GENERATION

1.2.1. Introduction of Molecular Catalysts for Multi-electron Redox
Reactions of Small Gaseous Molecules

In the regime of redox chemistry, the catalysis of multi-electron redox

involving small gaseous molecules (O2, H2, and N2) (Figure 1.1) has bee

nature and certain heterogeneous catalysts. Catalysis of these redox re

extraordinarily challenging from a kinetic point of view. In nature, th

facilitate these transformations. And heterogeneous catalysts have been
effect the same reactions.

H+ H2 02 H20

w i;
Metalloenzymes

NH3 N2

Figure 1.1. Selected redox transformations catalyzed by metalloenzymes.

Many examples of multi-electron redox reactions are found in enzymatic

such as sulfite reductase [25], nitrate reductase [26], cytochrome c oxi

copper oxidases [29], pseudocatalase [30], photosystem II [31], nitroge

hydrogenase [33]. In each of the above case, the enzyme is thought to h

metals at the active site. Mechanisms for these multi-electron transfor

largely obscure and form a major research theme in bioinorganic chemist

8
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In this chapter, w e introduce recent progress toward development of functional,
synthetic models for the simplest multi-electron redox processes involving 2H+ <-> H2.
This two-electron redox reaction, 2H+ -o H2, is kinetically challenging. In nature,
hydrogenase enzymes, which are contained in a variety of bacterial and algal species,

catalyse this kind of transformation in both directions and utilize the electronic en
in hydrogen for redox transformations within the cells of the organism [33]. Many
heterogeneous catalysts promote this 2H+ <-> H2 transformation. The best is platinum
(Pt), which is used to set the standard potential for the normal hydrogen electrode
(NHE).

The major point of this general problem is the fact that when one considers the two-

electron redox reaction as a combination of single-electron/single-proton transfer ste

one of the redox potentials is highly unfavourable, even though the overall two-electr
redox process is thermodynamically favourable. According to Figure 1.2, the reduction
of two protons to dihydrogen occurs at 0.00 V vs. NHE, whereas the reduction of a
single proton to a highly unstable hydrogen atom requires an extra two volts driving

force [35]. For this reason, it is feasible to carry out this reaction by outer-sphere

electron transfer processes at an otherwise inert electrode. Catalysts are required to
facilitate this transformation possibly by raising the energy of the substrate or by
lowering the energy of the transition states and /or intermediates.

-2.1V

-• 1/2H 2
Figure 1.2. Proton reduction to dihydrogen.
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T h e Reduction of Protons

The discovery and understanding of molecular electrode catalysts for the hydrogen

electrode reaction have captured the attention of chemists. Efficient catalysts for thi
reversible two-electron conversion occur naturally in the hydrogenase enzymes; the
mechanism is not yet understood.

At some metal surfaces, the hydrogen electrode reaction is fully reversible. It thus
occurs at the thermodynamic potential (1), determined by the solution pH according to
the Nernst equation specific to this reaction (2):
E,/2 = 0.00 V- 0.059 V x pH (1)
2H+ + le < • H2 (2)

However, at other metal surfaces, an overpotential is required to reduce protons. As
described previously, this kind of overpotential arises from the reduction of a single
proton by one electron, which results in the formation of an unstable hydrogen atom (3),
that occurs at -2.10 V vs. NHE [35].
H+

+ e- • H« (3)

Lowering the barrier of these high-energy pathways allows certain metal surfaces to
catalyse the hydrogen electrode reaction. Presumably, hydrogenase enzymes utilize the
iron or nickel present in the active site to stabilise high-energy intermediates or
destabilise the substrate. One of the long-term goals of research into the hydrogen
electrode reaction has been to synthesise bimetallic complexes, which will show the
same catalytic activity as metal surfaces and hydrogenase enzymes.
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T h e Concept of Hydrogen Production by Proton Reduction

In view of decreasing energy resources, production of hydrogen by proton reduction,

ultimately from acid by some cheap energy source like sunlight is still one of the mos
attractive concepts in the search for an economically and ecologically feasible fuel
provision. Chemical cycles based on the conversion of light into redox energy, stored
suitable molecules, besides many other difficulties, face the problem of transferring
redox energy onto protons.

A solution has been sought in using colloidal Pt as a microheterogeneous electron-

transfer catalyst in solution [36]. It has been well-documented that polychloroplatin

(e.g., PtCU " and PtCl6 ") work as active catalysts after being reduced to the zero-va
state [37-39]. Polypyridyl platinum complexes have been used as catalyst in
photochemical H+ reduction systems, where they are used with an organic/inorganic
0-4-

semiconductor or a Ru(bpy)3

sensitiser [40-42].

An alternative approach consists of binding the proton to be reduced to a Bronstedt ba
M and transferring the redox energy onto the protonated complex with concomitant
opening or weakening of the bond to hydrogen. In Figure 1.3, a cycle based on this
concept is shown [43]. A species M is protonated, giving [MH]+, which is subsequently
reduced to an intermediate MH, which may release hydrogen and re-form directly or reform via M+, the starting complex M. The route designated by steps d and e appears
particularly attractive since it avoids a second-order reaction (of MH) or the

intermediary of hydrogen radicals and partitions the two electrons necessary to form H
from H+ between two separate redox steps.
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Villi

(c)

Ei, +e",

•

[MH]H

•> M H

M+
Figure 1.3. A chemical cycle of hydrogen production by proton reduction [43].

The requirements for such a cycle to work successfully are several folds:

(i) [MH]+ and at least one member of the redox pair M°A (where M of
course may be positively or negatively charged by its own) must possess
sufficient chemical stability to persist in dilute solution.

(ii) M must possess at least two closely spaced oxidation levels.

(iii) M should be strong enough a base to be protonated by moderately strong
to weak acids.

(iv) None of the redox potentials associated with reduction steps e and b in
Figure 1.6 must be too negative; i.e., both M+ and [MH]+ should be easily
reducible species.

Though in principle any base of suitable strength could serve as M, it is evident fr

the above, in particular from condition ii, that M will be preferably a transition-
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complex M L n . M a n y such complexes are k n o w n to be readily and reversibly protonated

by moderate to strong acids [44]. Moreover, the basicity as well as the redox potenti
Ei and E2 and finally the protic/hydridic nature of the hydrogen in MLnH and [MLnH]+,
respectively [45], may be predictably varied by the choice of suitable ligands L and
metals M.

1.2.4. Proton Reduction Catalysts

Spiro et al. [46] and Espenson et al. [47] have developed Co complexes, which could

catalytically evolve dihydrogen at relatively low overpotentials. In these two system
H2 production proceeded in part by a mechanism involving both metal centres in which
two cobalt hydrides eliminate one molecule of dihydrogen. In order to facilitate

hydrogen elimination from two metal hydrides, both Bitterwolf et al. [48] and Mueller
Westerhoff et al. [49] (discussed in the next section) have prepared bridged
bis(metallocenes) in which the two metal hydrides are held in close proximity. These
systems catalytically reduce protons to hydrogen as well, presumably through a
dinuclear elimination of hydrogen from the two linked metal hydrides.

Research work by Collman et al. had demonstrated that ruthenium(III) and osmium(III)
octaethylporphyrin hydrides also eliminate hydrogen by an analogous mechanism [50]
(Figure 1.4). These results suggested that cofacial metallodiporphyrins might act as
efficient electrocatalysts for proton reduction.
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THF
THF
THF
H-HH
H

THF

n

2

I
Ru

THF

THF
Figure 1.4. Schematic illustration for the reductive elimination of dihydrogen from
[Ru(OEP)(thf)H] [50].

Furthermore, Collman et al. [51] was also able to synthesise a cofacial

metallodiporphyrin with the outer faces blocked by axial ligands so that two

could react with the metals only on the inside of the pocket (Figure 1.5). T

metal hydrides would then be in the ideal geometry to eliminate dihydrogen. B
their research work, these complexes proved to be moderate catalysts for the
of protons at mercury pool electrodes in THF [51].

Figure 1.5. Catalytic cycle for proton reduction using cofacial metallodiporphyrins [51].
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Unfortunately, the reduced forms of these catalysts become less basic as their reduction

potentials become more positive. Therefore, stronger acids are needed to carry out thi
kind of catalysis for the compounds having more positive reduction potentials.

According to the Nemst equation, the variation of basicity with reduction potential is
expected. Consequently, though cofacial metallodiporphyrin catalysts for proton

reduction were prepared, the overpotential was not significantly affected by varying t
reduction potential of closely related catalysts. These catalysts are furthermore
handicapped by slow reaction kinetics; apparently solvent molecules competitively
inhibit the reaction site by coordination with the metal centres [51].

1.2.5. [l,l]Ferrocenophanes (FCP): An Effective Catalyst for Hydrogen Evolution

Mueller-Westerhoff et al. [49] reported a useful application of a new type of catalyst
[l,l]ferrocenophanes, in the photoelectrochemical production of hydrogen from
aqueous media in an electrolytic cell. Based on their earlier investigations of the

synthesis [52] and properties [53,54] of the binuclear metallocene [1,1]ferrocenophane

it seems likely that [l,l]ferrocenophane could react with acids such as HBF3OH to form
a diprotonated species. This made them produce p-type semiconductor electrodes
modified with novel polymer materials, which could continuously liberate hydrogen
over extended periods of time under irradiation by visible light [49].

According to Mueller-Westerhoff et al.'s [49] early research work, they explained that
the reaction of FCP with HBF3OH clearly must involve a stepwise double protonation

(Figure 1.6). Because the protonation of metallocenes is reversible, it is likely that

protonation-deprotonation steps occur on either one of the rings before both ferrocene
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are protonated at the same time. A s soon as the diprotonated F C P is formed, an

irreversible regime is entered: the second protonation is rapidly followed by elimin
of a dihydrogen molecule and the resulting bis-ferrocenium system no longer reacts
with the acid.

Hydrogen elimination can only occur because the [1,1]ferrocenophane dication is
energetically easily accessible and the overall reaction is a downhill process [49-

51,55,56]. Reduction of the dication by solutions of standard reducing agents (TiCl2 o

SnCh) leads to recovery of [1,1]ferrocenophane in close to quantitative yields (Figur
1.6). Quantitation studies by Mueller-Westerhoff et al. [52] have confirmed an early
observation [48] that exactly 1 mole of hydrogen is evolved per mole of FCP.

Fe

H
H

Fe

H
2H*y

H

H
-H3 ,

Figure 1.6.

Fe.«

H

H
H

H

H

Fer*H H

H®Fe

F#

Catalysis of H 2 evolution in the system [l,l]ferrocenophane/H+. Double

protonation of [1,1] ferrocenophane leads to a dication with two almost neutral hydrogen
atoms held close together. Elimination of H2 results in the formation of
[l,l]ferrocenophane2+, which can be easily reduced to neutral FCP [49].
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Mueller-Westerhoff et al. [49] investigated a m u c h more efficient w a y of using F C P
containing polymer modified photocathode in a liquid junction solar cell, which not

only achieves very high concentrations of FCP at the surface but also provides the ver

desirable protection of the electrode against attack by the electrolyte. They found t
hydrogen evolution occurred readily on illuminated methylferrocenophane(methylpolystyrene) (MeFCP-MePS) modified p-type silicon electrodes even in dilute
acid media such as 1 M HCIO4 and 1 M HBF4 under irradiation of the electrode by a Xe
arc lamp.

1.2.6. Elimination of Dihydrogen from Dinuclear Chromium Compounds

The mechanism in Figure 1.6 shows that the iron atoms in the parent ferrocenophane are
considered to be iron (II), then protonation can be formally considered to be an

oxidative addition creating an iron (III) hydride. Interaction of a pair of iron (III)

hydrides results in loss of dihydrogen and reduction of the iron (III) to iron (II). T
dihydrogen evolution constitutes a unique example of reductive elimination involving
two metal centres.

Numerous other metal complexes are known to undergo protonation at the metal so it
was of interest to determine whether reductive elimination of dihydrogen might be a
general reaction for protonated dimers of these metal complexes. For example, metalprotonation of arenechromium tricarbonyl complexes has been studied by several
groups [57-61]. JH NMR and IR studies have shown that the metal-protonation is

complete in very strong acids such as trifluoroboric acid and fluorosulfonic acid, b
chromium-bound hydrogen is observed in trifluoroacetic acid. Substitution of a
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triphenylphosphine for a carbonyl on the chromium enhances the metal basicity so that
arenechromium dicarbonyltriphenylphosphine derivatives were found to be completely
protonated in trifluoroacetic acid [59-61].

Bitterwolf et al. [62] investigated the possibility that reductive elimination of
dihydrogen might be a general reaction of basic dinuclear metal derivatives. They

undertook the synthesis of a pair of dinuclear arenechromium carbonyls and subsequent
studies in acid media. Based on their research work, addition of thoroughly degassed

trifluoroboric acid or fluorosulfonic acid to these compounds resulted in the immedi
liberation of dihydrogen gas. However, after elimination of dihydrogen, the doubly
charged intermediate decomposed by disproportionation to give its arsenic analog and
solvated chromium fragment which was proved by the blue colour of the reaction
solutions.

The pattern of the chemistry of the mono- and di-nuclear chromium compounds in acids
parallels that of the ferrocene compounds. Mononuclear compounds undergo
protonation in strongly acidic media to produce stable, metal-protonated species. In
contrast, addition of acids to the dinuclear compounds results in rapid evolution of
dihydrogen. Smart and his co-workers [63] have observed that the dinuclear
molybdenum complex is much less stable towards loss of dihydrogen and formation of
a molybdenum bond than is the monomeric compound.
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Project Outline of Investigations into Hydrogen G a s Generation

From a literature survey, di(methyl-bridged) bis(ferrocenes), known as
[l,l]ferroceneophanes, emerges as amongst the most successful to date. In these
compounds the controlled proximity (ca. 3.4 A) of the two ferrocenes to each other
greatly facilitates an interaction between the two H* ions present on the iron centres
when the ferrocenes are protonated. This interaction appears to cause the spontaneous

reduction of the attached H+ ions to H2(g) thereby effectively eliminating the activati
barrier to that step of the catalysis. However the ferrocenium ions then produced need

be regenerated; this step currently constitutes the greatest energetic barrier to effe
cycling for these catalysts.

Therefore, in order to solve the problem of ferrocenium regeneration, the coating of
electrodes by conducting electroactive polymer films containing ferrocene or
ferrocenophane has been considered in this project because of the useful properties of
the resulting modified electrodes in electrocatalysis. One of the most appealing means
of incorporating molecular electrocatalysts in an electroactive film is the
electropolymerisation of pyrrole with metal complexes attached.

In this project, various ferrocene-based hydrogen-generating catalysts have been
attached (both chemically and physically) to conducting polymers. The resulting
modified electrodes then were studied as a means of: (a) efficiently reducing H+ to H2

even at high current, (b) bring about direct electrochemical regeneration of ferrocene-

based catalysts (thereby minimising high energy pathways in the catalysis), and (c) the
basicity of such catalysts so as to allow their use with more dilute acids.
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The specific aims were:

(i) To prepare and study the hydrogen-generating properties of conducting
polymers containing sulfonated ferrocenes as counter-ion (Chapter 3).

(ii) To prepare and study the hydrogen-generating properties of conducting
polymers containing ferrocene and ferrocenophane (in which the iron atoms
are in similarly ideal proximity to each other) (Chapter 4 and 5).

(iii) To prepare novel monomers of type 3-(ferrocenophane)pyrrole (and their
thiophene analogues) and then to electro-copolymerise these with
unsubstituted monomers so as to produce new electroactive conducting
polymers containing pendant ferrocenophanes (Chapter 5 and 6).

(iv) To elucidate the electrochemical properties of the above innovative
electrodes and study their ability to bring about hydrogen gas generation
when the electrode was immersed in dilute acid solutions (Chapter 5 and 6).
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PHOTOVOLTAIC DEVICES (SOLAR CELLS)

1.3.1. Background

The solar battery is the most likely candidate to replace fossil fuels as an energy so

in the next century. Thus, the Earth's environment would be protected against the green

house effect, acid rain, etc. Commercial photoelectric conversion devices, important in
our social life and industry, are mostly made of inorganic semiconductors (SCs); they

are used as solar batteries to produce electricity from solar irradiation and as vario
sensors to convert light information to an electrical signal. Theses inorganic
semiconductor-based devices are limited by the kind of inorganic compounds;
consequently the development of new devices with respect to new functions and high

cost-performance is also restricted. The creation of new materials is also important f
the future development of photoelectric conversion devices. However, the types of
inorganic SCs are very much limited. Polymeric/organic compound-based SC is also
attracting attention in this respect.

Conductive polymers and organic molecules can be applied to photoelectric conversion

devices which convert photon energy into electricity. After the so-called oil crisis i
1973, polymeric and organic SCs received much attention in the search to produce low-

cost photoelectric conversion devices. This is because devices based on these material

can be produced at low costs. Many polymeric and organic materials are suitable for use
in photoelectric conversion devices and they are easy to fabricate into devices. Thus
they are promising for future photoelectric conversion. A considerable amount of

research has been carried out on these materials in the past two decades. These studie
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are aimed at creating n e w devices for photonics in the 21 st century [64], and also low-

cost solar batteries as a renewable energy source. The later is particularly significa
respect to the protection of the environment [65]. Although the application of these
polymeric and organic materials causes problems in relation to their efficiency,

reliability and long-term stability, they are potentially suitable for practical use i
future.

1.3.2. Photovoltaic Device Structure

The conversion of solar light into electric power requires the generation of both
negative and positive charges as well as a driving force that can push these charges

through an external electric circuit. When connected to the external electric circuit,
electrical device, such as a computer screen or the motor of a water pump, may then
utilise the converted solar energy.

In fact, a solar cell (Figure 1.7) may be seen as a solar-light driven electron pump. T
maximum height the electrons can be pumped is equal to the highest voltage the solar
cell can develop. The maximum current is determined by the pump rate. We suppose
that if the pump can promote 50 electrons/s from the valence band (VB) into the
conduction band (CB), then the highest possible current of electrons flowing through
the external circuit is 50 electrons/s. For example, if the current flow through the

external circuit is reduced by e.g. a load resistor to 40 electrons/s, the remaining 10
electrons/s will drop back into the VB before they can leave the device.
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Figure 1.7.

Device structure of a typical organic solar cell. The organic film m a y

comprise one or more semiconducting layers, a blend or a combination of these.

In real semiconductors, these leakage currents are simply realised by recombination of

the photo-excited charge carriers or using our analogy: the pumped electrons drop back

into their VB. These leakage currents are typically caused by defects or other devia
from the ideal semiconductor structure which give rise to the appearance of allowed
energy levels within the band-gap.

Only if there are virtually no such defects, radiative recombination, which occurs on

much larger time scale, will remain as the only decay channel since it does not requir
the existence of mid-gap levels but can occur directly from band to band.

As a consequence, high photoluminescence- efficiency can be regarded as evidence for
the absence of the faster and therefore more efficient non-radiative recombination
channels. The charge carriers will then have much more time to reach the device
electrode before they recombine under the emission of light. The assumption of the
absence of non-radiative recombination allows predictions for the upper limit for both
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the power conversion efficiency of a semiconductor with a given band-gap and the open
circuit voltage.

1.3.3. Organic Photovoltaic Materials - Conjugated Polymers

In recent decades, there has been considerable interest in the fabrication of photovo
devices using polymeric and organic materials. For example, J.J.M. Halls and R.H.
Friend [12] comprehensively reviewed the development of organic materials for
photoelectrochemical cells. These conjugated solids include crystalline or

polycrystalline films of small molecules, amorphous films of small molecules, films of
conjugated polymers or oligomers processed from solution, and combinations of any of
these with either other organic solids or inorganic materials.

Over the past decade, much work has focused on conjugated polymers, since the
structure and properties of these materials can be readily controlled and they are

considerably cheaper than the inorganic equivalents. All conjugated polymers have a abond backbone of overlapping sp2 hybrid orbitals. The remaining out-of-plane pz

orbitals on the carbon (or nitrogen) atoms overlap with neighbouring pz orbitals to gi
7t-bonds [66]. The optical excitations accessible to visible photons are usually n to
transitions. Therefore, both optical absorption and charge transport are dominated by
partly delocalised n and n* orbitals.

Wallace and co-workers [10] have proposed an explanation for the electronic properties
of conducting polymers compared with inorganic semiconductors. The characteristics of
7t-bonds in the conjugated polymers are the source of the semiconducting properties.

Chapter 1 General Introduction

24

First, the 7i-bonds are delocalised over the entire molecule; and then, the quantum

mechanical overlap of pz orbitals actually produces two orbitals, a bonding (7t) orbita

and an antibonding (n*) orbital. The optical properties of the material are determined
the band gap; the energy difference between the two levels. Most semiconducting
polymers appear to have a band gap that lies in the range 1.5-3 eV, which makes them
ideally suited as optoelectronic devices working in the optical light range.

1.3.4. Principles of operation

Compared with inorganic semiconductors, the charge conduction mechanism appears to
be more complex for conducting polymers. Although the action of an incident photon
on a conducting polymer excites an electron from the valence band into the conduction
band, the resulting electron and hole are bound as an exciton (Figure 1.8) [10]. These
excitons are responsible for many of the electronic properties found in the most
common and efficient polymer-based electronic devices.

Based on recent research work of Wallace et al., the bound exciton can be split at
interfaces (Figure 1.9) [10]. The simplest interface is a conducting polymer-electrode
interface, created at the junction between the electrode and the conducting polymer.

Unfortunately, this kind of exciton-splitting process is not very efficient, caused by
low quality of early polymer photovoltaic devices.

25
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Incident photon

Figure 1.8.

A n exciton, electron-hole pair in photovoltaic polymers, is produced by

an incident photon. [10].

Exciton

V
Hole

Electron

Figure 1.9.

T

Excitons dissociate at interfaces between materials having different

ionisation energies and electron affinities [10].
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N e w conducting species that contained electron-donating and electron-accepting
species [66-73] have been produced to improve the efficiency of the exciton-splitting
process. The junction formed at the donor-acceptor interface is analogous to a
semiconductor heteroj unction, which works very well at separating excitons that arrive
at the junction. At the interface between two different materials, electrostatic forces

result from the differences in electron affinity and ionisation potential. If both elec

affinity and ionisation potential are greater in one material (the electron acceptor) t

the other (the electron donor) then the interfacial electric field drives charge separa
(Figure 1.10) [66]. These local electric fields are strong and may break up
photogenerated excitons, provided that the differences in potential energy are larger
than the exciton binding energy. In a planar heteroj unction, or 'bilayer' device, the
organic donor-acceptor interface separates excitons much more efficiently than the
organic-metal interfaces in a single layer device and with very high purity materials
efficient photovoltaic devices may be made.

•^r

m

LUMO

LUMO

K
HOMO
HOMO

anode

electron
acceptor

electron
donor

cathode

Figure 1.10. Schematic energy-band diagram of a donor-acceptor heterojunction: (1)
photo absorption event, (2) charge separation, (3) transfer to contacts, (4) charge
geminate recombination, and interfacial recombination [66].
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A revolutionary development in organic photovoltaics (and photodetectors) came in the
mid-1990s with the introduction of a dispersed heterojunction, where an electron

accepting and an electron donating material are blended together. If the length scale o
the blend is similar to the exciton diffusion length, then wherever an exciton is

photogenerated in either material, it is likely to diffuse to an interface and break u

continuous paths exist in each material from the interface to the respective electrodes

then the separated charge carriers may travel to the contacts and deliver current to th
external circuit (Figure 1.11) [66]. This effect was reported independently by several
groups [21,23] for a blend of two conjugated polymers. Yu and co-workers reported a
blend of the hole transporter, polyphenylenevinylene (PPV), with a derivative of C6o,
where the C6o acts as the electron transporting component [23]. This was followed by
observations of enhanced quantum efficiencies in heterojunctions made from
conjugated polymers with inorganic nanocrystals [74,75] and organic dye crystals [76].

anode

cathode
—

,

•

Electric field
Figure 1.11. Donor and acceptor materials may be blended together to yield a dispersed
heterojunction [66].
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Unfortunately, only excitons that are formed within ~10 n m of the junction will ever
reach it due to the short lifetime of excitons. This short exciton range limits the

efficiency of these photovoltaic devices. In order to solve this problem, J. J.M. Hal
co-workers [21,69,70] have produced interpenetrating networks of electron-accepting
and electron-donating polymers. With these materials, the number of heteroj unctions

within the polymer blend is greatly increased, and thus increases the probability tha
exciton will encounter a junction and be separated.

1.3.5. Recent Developments

Research into polymeric photovoltaic devices is still at a very early stage, but the

are encouraging. Three classes of conjugated polymers have attracted attention for use
in photovoltaic devices in recent years.

PolyO>phenyIenevinylenes). So far, most success has been achieved by using
photovoltaic devices containing PPVs. As early as 1994, Marks and co-workers
describe the fabrication of PPV-containing photodiodes [77]. Based on their research

work, the PPV layer was obtained by spin coating the sulfonium salt precursor and then

heating the polymer to 150 °C in vacuo. These devices were capable of generating opencircuit voltages of -1.2 V when aluminium and magnesium electrodes were used or
-1.7 V when calcium electrode was used. Quantum efficiency of-1 % was obtained at
low-light intensity (0.1 mW cm"2).
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W h e n it was reported that acetylene can be polymerised as a film

[78] and that the formed polyacetylene (PA) can show high conductivity by doping with
donor or acceptor [79], PA attracted much attention as a candidate to produce a high
cost-performance solar battery. /?-Type PA is formed by doping with an acceptor, such
as halogens (Cb, Br2,12 etc.), Lewis acid, AsF5, etc. and a «-type is formed by doping

with a donor, such as alkali metals. A/w-junction was obtained by the/?- and n-type PA
films. Since the dopants migrate with each other at the p/n interface in a homo /injunction of PA, stability is a problem. Hetero /w-junction devices have been studied
which combine inorganic semiconductor (SC) with PA.

Since PA is not soluble in solvents, it can not be processed as a film after synthesis
Solution-processible poly-(CH3)3Si-cyclooctatetraene has been prepared [80]. This
polymer film was formed on a n-doped silicone by casting its solution, and was then
doped with iodine to facricate a /?«-heterojunction solar cell. Migration of dopants

homojunciton/?w-PA interface is one of the problems of obtaining stable characteristi
By sodium ion implantation a stable /?w-junction PA was fabricated in high density PA

[81]. Another major problem about PA is its stability against 02 oxidation. It degrades

rapidly in air; thus the characteristics are changed drastically. Because of its simp

CH- based structure, PA is still a material for fundamental studies, but its practical
application does not seem to be easy.

Polyanilines. These are perhaps the most versatile of the conducting
electroactive polymers (CEPs) with respect to processing options. Schottky barrier
devices containing polyanilines have also been produced by Chen and Fang [82]. They
used electrochemical method to produce thin films directly onto conductive substrates

Chapter 1 General Introduction

30

such as ITO, and a chemical method to produce a material with the de-doped
emeraldine base (EB) form soluble in solvents such as l-methyl-2-pyrrolidinone.

Polyaniline (PAn) has been widely used in photoelectrochemical cells [83-85]. Early
researchers [83] investigated the photoelectrochemical reduction of chloral (CCI3CHO)
to trichloroethanol (CCI3CH2OH). Shen and Tian [84] used PAn electrodes to induce
the photoelectrochemical reduction of peroxidisulfate. Photocurrents generated at
polyaniline are potential- and electrolyte- dependent [85,86].

Polythiophenes. The photoelectrochemical properties of polythiophenes (PThs)

have also been of interest for some time [87-92]. Their ability to electrodeposit regu
structures with minimal impurities makes it possible to attain high photocurrents
[87,90,91]. The photocurrents have been enhanced by using conjugated linkers to
introduce electron acceptors to the PTh chain [88,92]. T. Yohannes and co-workers
focused their research on poly(3-methylthiophene) (P3MTh) [93]. They showed that
when the photo-electrochemical device is constructed from the reduced state of P3MTh,
the P3MTh functions as a p-type semiconductor where holes or hole-polarons are the
dominant carriers that cause the measured photocurrent.

Figure 1.12 shows the processes that occur when the photo-electrochemical cell is

irradiated with light. In this case, the conducting electroactive polymer (CEP) acts a

photoexcitation centre. Electron/hole pairs are formed at the CEP and these charges are

separated so that electrons are donated to triiodide (I3\ the electron acceptor) and i

(!', the electron donor) is oxidised at the Pt coated ITO coated glass; which is render
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positive due to the external connection to the positive holes generated at the C E P . The
role of the Pt is to act as a catalyst for the T/I3" redox reaction.

31"
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ITO Coated Glass

\

171,
\
\
\

<±>
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3T

E ° = +0.53V

Figure 1.12. Processes occurring within a photo-electrochemical device.

Nanotubes.

Since the discovery of photoinduced charge transfer between

conjugated polymers (as donor) and buckminsterfullerene Ceo and its derivatives (as
acceptor), several efficient photovoltaic systems using a combination of polymer and
fullerene have been fabricated [94,95]. Recently, Uchida and his co-workers applied
nanotubes to a dye-sensitised solar cell [96].

Kymakis and Amaratunga have demonstrated a photovoltaic device based on single
walled carbon nanotubes and a conjugated polymer, poly(3-octylthiophene) [97]. In this
device, poly(3-octylthiophene), acting as the photoexcited electron donors, is blended
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with single walled carbon nanotubes, which act as the electron acceptors. Organic films
were deposited by drop and spin coating from a 10 mg/ml chloroform solution onto

indium-tin oxide (ITO) coated glass. The operation principle of this device is that the
interaction of the carbon nanotubes with the polymer, allows charge separation of the

photogenerated excitons in the polymer and efficient electron transport to the electro
through the nanotubes. The single wall nanotubes doping was found to dramatically
improve the photovoltaic performance of poly(3-octylthiophene) devices revealing a
photocurrent larger than two orders of magnitude compared to that of the pristine
diodes, and a doubling of the open-circuit voltage [97].

1.3.5. Project Outline for Investigation into Photovoltaic Devices

Details of device fabrication and measurement methods for photovoltaic testing can be

found in Chapter 2. The object of Part II of this thesis was to investigate various nov
types of conducting polymers in electrochemical cells.

Chapter 7 reports here investigations into polymers made from commercially available
2,2':5'2"-terthiophene (TTh) (Aldrich) and novel monomer l,2-Bis(3'-(2,2':5',2"terthiophenyl))ethene (BisTTh) (supplied by Massey University, NZ). Homopolymers
and copolymers were successfully electropolymerised from these two monomers. The
electrocopolymerisation conditions for the copolymer were investigated and optimised
to produce the best photovoltaic response.

Since many organic dyes are semiconducting, they can be used in photovoltaic devices
as light harvest. The typical dye used for this purpose in our studies is porphyrin.
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Chapter 8 reports on the studies of the photoelectrochemical behaviour of the copolymer
based on a porphyrin substituted polyterthiophene, rram,-5,15-Bis([2',2".5",2'"terthiophene]-3'yl)-2,8,12,18-tetra-n-butyl-3,7,13,17-tetramethyl porphyrin
(synthesised by Massey University, NZ), in order to enhance the light harvesting
capabilities of the conducting polymer materials. Thus, fr7ms-5,15-Bis([2',2".5",2"'terthiophene]-3 'yl)-2,8,12,18-tetra-n-butyl-3,7,13,17-tetramethyl porphyrin was
copolymerised with 2,2':5'2"-terthiophene (TTh) electrochemically. The
electrocopolymerisation conditions for this copolymer were investigated and optimised
to produce the best photovoltaic response. In addition, the use of different liquid
electrolytes and zinc incorporation after polymer growth were examined for
photovoltaic device testing.

CHAPTER 2

GENERAL EXPERIMENTAL TECHNIQUES
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INTRODUCTION

Advances in conducting electroactive polymers (CEPs) and their application technology
can be attributed largely to the development of instrumental techniques capable of

probing electrode structures and interfaces in greater detail. A variety of in-situ and
situ characterisation techniques and methods have been developed and used for the
studies of conducting polymers. These techniques including conventional

electrochemical characterisation methods as well as newly developed techniques will be
discussed below. These characterisation techniques include:

(1) Electrochemical characterisation techniques, such as cyclic voltammetry
(CV), linear sweep voltammetry (LSV), potentiometry, and amperometry.
(2) Light absorption spectrum characterisation techniques by ultra-violet-visible
(UV-Vis) spectrophotometry.
(3) Surface morphology characterisation techniques by Scanning Electron
Microscopy (SEM).
(4) Electrical conductivity determination by four point probe techniques.
(5) Hydrogen gas generation application techniques
(6) Photovoltaic device characterisation, such as photoelectrochemical cell
fabrication and photovoltaic device testing techniques.

All these methods are discussed in this chapter with a brief explanation on their
theoretical aspects. In addition, some experimental aspects relevant to polymer film
preparation, hydrogen gas generation and its cell designs, and photovoltaic device
response are discussed briefly in this chapter. Detailed experimental procedures for
these processes will be given elsewhere in each corresponding chapter.
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CHARACTERISATION TECHNIQUES

2.2.1. Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV)

Conventional voltammetric techniques [98] involve the measurement of the current
flowing through a working electrode as a function of the applied potential, which is

controlled versus a reference electrode (such as a silver/silver chloride electrode). Th
electrochemical cell usually consists of three electrodes, i.e., the working, auxiliary
reference electrodes. There are several voltammetric techniques, which can be used to
study electrochemical processes [99,100]. These techniques include cyclic voltammetry
(CV), linear sweep voltammetry (LSV), staircase voltammetry (SV), and differential
pulse voltammetry (DPV). Of these voltammetric techniques, cyclic voltammetry is one
of the most extensively used in studying electrode properties and interfaces.

Voltammetry in unstirred solution, where the predominant mode of mass transport is
limited to diffusion, is one of the most useful techniques for the study of
electrochemical reactions [98, 101-108]. Most often, a triangular potential-time (E-t)
waveform with equal positive and negative slopes is used, and usually also the initial

potential (Ejnjtiai) and final potential (Ef,nai) are the same as illustrated in Figure 2
has given rise to the term cyclic voltammetry (CV). However, sometimes the voltage
sweep is continued to include one or more additional E-t half-cycles or includes more
complicated sawtooth-like waveforms to meet special needs. If only the voltammogram

corresponding to the first half-cycle is used for data analysis, the technique is refer

as linear sweep voltammetry (LSV). Significant theoretical contributions to this type of
voltammetry were published in 1955 by Matsuda and Ayabe [109] and in 1964 by
Nicholson and Shain [110].
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Cyclic voltammograms can provide information on the number and reversibility of

different oxidation states of an electroactive species, and can be used for qualitative
investigation of rates of heterogeneous and homogeneous reactions. This technique has
also been widely used for studies of conducting electroactive polymers.

The excitation signal for cyclic voltammetry is a linear potential scan with a triangu
potential versus time waveform (Figure 2.1). The applied potential is usually scanned

linearly between the upper and lower potential limits at a given rate V (or dEldt). The
current (both cathodic and anodic segments) is monitored during the complete
excursions of the applied triangular potential sweep.
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Figure 2.1. The potential waveform
voltammetric experiment.

(a) and resultant current (b) in a cyclic
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The anodic and cathodic peaks do not appear exactly at the same potential. The
potential difference between these peaks depends on the actual electrode process and
the charge transfer rate. For a reversible system, the separation of peak potentials is
estimated to be A E = Ep(a) - EP(C) = 0.058/n (Volt) [99]; where n is the number of
electrons transferred in the redox system. A quasi-reversible system shows a greater
separation in peak potentials than that in a reversible system, i.e. A E > 0.058/n (Volt).
The cyclic voltammograms are also broader, indicating that the rate of charge transfer is
m u c h slower than that in a reversible electrode process. For an irreversible process, a
complete separation of anodic and cathodic peaks would occur in the cyclic
voltammogram, reflecting a slow rate of charge transfer in such an electrode process.

A typical cyclic voltammogram of polypyrrole doped with p-toluene sulfonate
(PPy/pTS) in 1.0 M N a N 0 3 is given in Figure 2.2. This shows the redox process of
PPy/pTS with peak potentials E p ( c ) and Ep(a) appearing at -0.68 and -0.26 V respectively
when scanned between -1.0 V to +0.6 V. The oxidation and reduction of PPy/pTS were
accompanied by cation ( N a + ) expulsion and insertion respectively, so that the overall
charge neutrality of the polymer was maintained, because pTS" was trapped in the
polymer matrix.

It should be noted that cyclic voltammograms could be significantly affected by the
existence of capacitive behaviour within the electrode interfacial region [111]. The
capacitive charging current, ic, is determined by

dQc dE

'-—T-<*-*

=Cdl v

'

(11)
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where Q c is the amount of dielectric charge, Cdi is the capacitance of the double layer in

the interfacial region, and the applied potential scan rate (v) is represented by dE/
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Figure 2.2. Cyclic voltammogram of PPy/pTS in 1.0 M N a N 0 3 at a scan rate of 100
mV s"l. PPy/pTS was grown galvanostatically on a platinum disk electrode (d = 1.5
mm) at a current density of 1.0 mA cm'2 for 5 minutes from a polymerisation solution
containing 0.2 M pyrrole and 0.02 M pTS-Na.

Since Cdi varies with the applied potential, ic is not constant throughout the entire

electrode process. The presence of ic places limitations on the signal to noise ratio.

peak current ip is proportional to v1/2 in a fully reversible electrode process and its

charging current ic is proportional to scan rate (since ic= Cdrv). This will limit the

highest scan rate which can be used because signal to noise ratio would decrease with

the increase in scan rate. It should also be noted that the scan rate is limited by t

time constant T (the product of solution resistance Ru and capacitance Cdi), since thi
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controls h o w rapidly a potential change can occur. Other techniques such as using a

pulse potential or a microelectrode may be needed if steady state voltammetry or high
signal to noise ratios are required.

2.2.2. Chronoamperometry

Chronoamperometry is a widely used technique in studying electrode processes. This

technique is usually carried out in a three-electrode system in which a constant pote

is applied to the working electrode and the current generated is recorded versus time

Chronoamperometry is found to be very useful in studying the polymerisation processes
of conducting electroactive polymers.

The rate of reaction can be measured by monitoring the current that passes through th
working electrode since

•

dQ(t)

n ^
I=

;—
dt

(2.2)

where i is the electrode current, Q(t) the charge consumed in the electrode process.

During the polymerisation of conducting polymer, a continuous rise in current, after
transient, indicates that the reactive species has been deposited on the electrode;

resulting in an increase in the electrode surface area. On the other hand, a decrease
current may be evidence of no deposition or resistive material being deposited. A
typical chronoamperogram is given in Figure 2.3 in which polypyrrole-pTS (PPy/pTS)
was prepared by electrochemically oxidising pyrrole monomer in 0.02 M p-toluene

sulfonate sodium salt solution at an applied constant potential of Eapp = 0.60 V versu
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Ag/AgCl reference electrode. The chronoamperogram of PPy/pTS growth showed a

transient increase of charging current upon applying the potential. The polymer grow
is evidenced by the immediate steady increase of current after the transient.
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Figure 2.3. Chronoamperogram of PPy/pTS growth on a platinum disk electrode (d =
1.5 mm). PPy/pTS was grown from a solution containing 0.2 M pyrrole monomer and
0.02 M pTS-Na at Eapp = 0.60 V versus Ag/AgCl.

2.2.3. Chronopotentiometry

This technique involves the measurement of the potential-time variations at a workin

electrode during a short period of exhaustive electrolysis carried out at a constant

current. The resultant potential (versus a reference electrode) is recorded as a fun

of time. A steady decrease or rise in potential during electrochemical polymerisatio

conducting polymer indicates that the deposited material is of good or poor conducti
respectively. If the potential remains relatively low and stable, the polymer film
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deposited on the electrode is in a conductive form. O n the contrary, if the potential
remains relatively high or even increases with time during growth, this indicates
resistive film deposition or no film deposition at all. Figure 2.4 shows the
chronopotentiogram obtained for PPy/pTS polymerisation at a current density of 1.0

mA cm"2. The steady decrease in potential indicates that the PPy/pTS film had deposited
onto the electrode surface and is conductive.

Figure 2.4. Chronopotentiogram obtained for growth of PPy/pTS conducting polymer
on a platinum disk electrode (d = 1.5 mm) at a current density of 1.0 mA cm"2. The
polymerisation solution contained 0.2 M pyrrole monomer and 0.02 M pTS-Na.

2.2.4.

Electrical Conductivity

One of the most striking properties of conducting polymers is their remarkable ability to
conduct an electric current. The accurate measurement of electrical conductivity is a
major step in understanding CEPs. The conductivity of a conducting polymer, such as a
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piece of polymer membrane, can be measured at least in two different ways - the A S T M

four point probe technique [112] and L. J. van der Pauw four point probe method [113].
Both methods have been employed in this work.

The ASTM method is a standard method applied to all kinds of materials that exhibit
7 1

surface or volume resistivity within the range of 1-10" (S c m " ) . With this method, two
identical electrical connectors are used. The four electrodes on each connector are
arranged in a pattern as shown in Figure 2.5. The polymer film to be tested is placed
contact with the four electrodes and tightly sandwiched with the other connector. A

constant current is then applied between the two outer electrodes, which will generat
potential gradient along the current flow direction. According to Ohm's Law, the
resistance of the material is proportional to the potential drop across the two inner
electrodes. The resistivity of the polymer material can then be calculated according
the cross-sectional area of the polymer film and the resistance obtained.

Sample

Inner electrode

Outer
electrode

Figure 2.5. Top view of the A S T M four-point probe method for the measurement of the
electrical conductivity of a CEP film. The distance between the two inner electrodes

0.2 cm. The sample is sandwiched with another connector. A constant current is applie
through the two outer electrodes.
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According to this method, the surface conductivity and volume conductivity can be
calculated as follows:
wV
Ps=

—

(2.3)

il

where ps is the surface resistivity (CI), 1 is the distance between the two in

(cm), V is the potential drop across the inner electrodes (V), w is the sampl
and i is the current applied (A); or

as =

//
—
wV

1
or

as=

(2.4)
ps

where as is the surface conductivity (S).

If the thickness (h) of the sample is considered (the sample cross-sectional area S = wh),
then the volume resistivity pv (CI cm) is given by:

whV SV

Pv= —r~

=

~~T~ <2-5)

and the volume conductivity of the material av (S cm") is:

//
av=

il
=

whV

(2.6)
SV

v

J

This method is widely used for the measurement of the electrical conductivity of

conducting polymers. It is required that the sample to be tested should have a
thickness and can be cut into a regular shape (such as a strip).
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It should be mentioned that this method is based on a simple pattern of virtually parallel

current stream-lines. The conductivity or resistivity of the polymers measured by th

method might be affected by the uniformity of the actual current distribution across
polymer tested. A more accurate technique for measuring the electrical conductivity
the L. J. van der Pauw four probe method as described below.

Take a flat lamella, completely free of holes and provide it with four small but good

contacts: M, N, O, and P, in an irregular sample (Figure 2.6). If a current between M
and N, written as iMN, is applied, and the potential difference AVPo = VP - Vo is
measured, the resistivity can be defined as:

R,MN,OP

VP-Vo

AVPO

I NO

iMN

VM-VP

AVMp

(2.7)

Analogously w e define

RNO.PM

(2.8)
iMN

iNO

Figure 2.6. The measurement of conducting polymer conductivity by L. J. van der P a u w
four probe method. M, N, O, and P represent the four small connections to the sample.
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This method of measurement is based on the theorem that between

and

RMN,OP

R N O PM

there exists the simple relation:

ltd

exp{-(

%d
)RMN,OP}

+ exp{-(

Pv

)RNO,PM}

= 1

(2.9)

Pv

where d is the thickness of the lamella and pv is the resistivity of the material (

So pv is the only unknown quantity, which is equal to 1/ av. But in practice, pv can
simply obtained from the above equation and is usually expressed as

7tdf(RMN,op + RNO.PM)

Pv

(2.10)

21n2

or
21n2
(2.11)

(Tv

izdf(RMN,op +

RNO.PM)

where/ is a factor which is a function only of the ratio of RMN,OP//RNO,PM as plotted in
Figure 2.7.

/

5

/0"

RMN,OP//RNO,PM

Figure 2.7. Relationship between

RMN,OP//RNO,PM

and factor/for the measurement of

conductivity of polymer membranes using L. J. van der Pauw method [113].
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The L. J. van der P a u w four-probe method can be applied to samples of any irregular
shape such as a conducting polymer thin film or a composite membrane. It provides a

more accurate approach in measuring the electrical conductivity of various conducti
polymers.

2.2.5. Scanning Electron Microscopy (SEM)

The morphology and microstructure of polypyrrole based conducting polymer films

have been investigated using scanning electron microscopy (SEM). The results obtaine
from SEM was analysed to determine the morphological microstructure and surface

smoothness of these films. SEM experiments (e.g. Figure 2.8) were carried out at the
Department of Materials Engineering, University of Wollongong.

Figure 2.8. S E M image of a polypyrrole-p-toluene sulfonate (PPy-pTs) film. The
polymer film was grown galvanostatically at 1 mA cm" from a solution containing 0.5
M pyrrole monomer and 0.02 M p-toluene sulphonic acid sodium salt.
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The images obtained were recorded using the Leica SS440 camera. S E M samples, such
as substrate membranes, polypyrrole free-standing films and supported polypyrrole
films, were coated with a thin layer of gold to make them sufficiently conductive and
then were cut into 0.5 x 0.5 cm pieces. Up to eight samples were installed on a sample
holder. The SEM images were taken at different magnifications, varying between 500
and 30,000, in order to obtain different detailed information on the samples.

2.2.6. Ultra-Violet-Visible Spectrophotometry (UV-Vis)

An absorption spectrum is obtained by the spectroscopic analysis of the light
transmitted by an absorbing medium, which is placed between the light source and the
detector.

2.2.6.1. Absorption Intensity (Beer-Lambert law)

Before the development of an adequate theory, Beer and Lambert had proposed laws of
light absorption. These laws are well-known in their combined form as the BeerLambert law of light absorption which states that the fraction of the incident light

absorbed is proportional to the number of molecules in the path. That is, if a substanc
is dissolved in a solvent, the absorption by the solution will be proportional to its

molecular concentration, provided the solvent itself does not have any absorption in t
region. This law is expressed as:

Absorbance or extinction or optical density = logio(/o//) - eel (2.12)
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where e is the absorption coefficient, c is the concentration and / is the path length. If c

is expressed in gram moles per litre and / in cm, then the absorption coefficient become
a molar extinction coefficient. The absorption intensity is usually expressed in terms
e and the majority of the applications in spectrophotometry are based on the abovementioned equation.

According to the Beer-Lambert law, the optical density of a solution should remain
constant as long as the product of concentration and the path length is constant. For
example, the optical density of a 1 cm layer of an x molar solution should be the same
as that of a 10 cm layer of an x/10 molar solution. But this is not always true. Quite

often, the molar extinction coefficient varies appreciably with the concentration of th
solute. These deviations may be due to one of many possible causes: molecular

association of the solute at high concentrations; ionisation of the solute in the case o

acids, bases and salts; fluorescence of the solute; poor transmission of the solvent etc
is now an accepted rule in spectrophotometry that one should not assume Beer-Lambert
law to hold good for any substance without confirming it. Whenever a
spectrophotometric method is being developed for the quantitative determination of a

substance, one should test the validity of the Beer-Lambert law in the particular solven
over the entire range of concentrations likely to be used.

The absorption intensity of an electronic transition at any wavelength is governed by th
probability of the transition and the size of the absorbing molecule. The absorption
maximum of a band therefore corresponds to the most probable transition in that region
of absorption. The extinction coefficient may be expressed as :

e = kPa (2.13)
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where H s a constant of the order of 10 , P is the probability and a is the area of crosssection of the molecule [114,115]. Assuming that the probability of an electronic
transition is unity, the maximum theoretical extinction coefficient for an average

organic molecule (a = 10 [116]) may be calculated to be of the order of 105. In fact, th
largest extinction coefficients experimentally observed are also of the order of 105.

2.2.6.2. Experimental Methods and Instruments

The basic parts of any type of spectroscopic equipment are the radiation source, the
sample container, the monochromator, the detector and the detector output measuring
instrument. In the ultra-violet and visible regions, the sources are incandescent lamps
discharge tubes. Prism or gratings are used as monochromators. If prisms are used, the
prism material will vary from one region of electronic spectra to the other. Calcium
fluoride or lithium fluoride prisms are used in the vacuum ultra-violet region while

quartz prisms are used in the near ultra-violet region. For visible region, glass prisms
are employed. The eye, the photographic plate and the photoelectric cells are used as

detectors for the visible region and the last two also for the ultra-violet region [117119]. For the past decades, photoelectric spectrophotometers have been widely used and
they have almost completely replaced spectrographs employing photographic plates.
The optical photoelectric spectrophotometer is shown in its simple form in Figure 2.9.

The UV/visible spectra of conducting electroactive polymer films were recorded using a
Shimadzu UV 1601 spectrophotometer (Figure 2.10) [120]. The blazed holographic
grating with self-aligning, energy-optimising deuterium and tungsten-halogen lamps
enhances precision across the UV-VIS spectrum and into the NIR from 190 tol lOOnm.
Spectral data is obtained at constant band pass with a resolution of less than 2nm. The
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design of this instrument gives all these features while maintaining an ultra-narrow
beam of only 1 mm.

Littrow
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Figure 2.9. Optical system in a simple photoelectric spectrophotometer.

Figure 2.10.

Picture of Shimadzu U V 1601 Spectrophotometer.
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2.3. SYNTHESIS OF CONDUCTING ELECTROACTIVE POLYMERS

Conducting electroactive polymers (CEPs) were electrochemically prepared by
employing a three-electrode system, as shown in Figure 2.11, in which either platinum
mesh or RVC was used as the counter electrode and a silver/silver chloride (Ag/AgCl)
or a silver/silver ion (Ag/Ag+) electrode used as the reference electrode. The working

electrodes used varied in size and material according to different experimental purpose
A small electrode such as a platinum disk electrode or a glassy carbon electrode was
used for in situ studies into the electrochemical polymerisation and application for
hydrogen gas generation. Large electrodes such as a platinum plate or an ITO coated
glass were used as working electrodes for the preparation of free-standing CEP films or
making up photoelectrochemical cells. Pt or glassy carbon working electrodes were
polished with 0.5 micron alumina powder to a mirror finish before using it for the
polymerisation of conducting polymers.

Counter E .
Galvanostat /
Potentiostat

MacLab &
Computer

Figure 2.11. Electrochemical polymerisation cell for preparing C E P free-standing film.
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The C E P s were successfully electrodeposited onto a platinum disk electrode or other

electrodes using cyclic voltammetry, galvanostatic method, and potentiostatic method.
A CEP film was electrochemically prepared by depositing the CEP on the platinum
plate (as anode) and then carefully peeling it off.

2.4.

PHOTOVOLTAIC CHARACTERISATION

2.4.1.

Liquid Electrolyte and Device Fabrication

The liquid electrolyte was prepared by dissolving iodine (60mM) and
tetrapropylammonium iodide (50 mM) in a 1:1 (by weight) mixture of propylene

carbonate and ethylene carbonate, or appropriate ionic liquid. This results in a I3VI"
redox couple being formed in solution.

The photoelectrochemical cell consisted of the polymer film electrochemically grown

onto the ITO coated glass (as the anode) [121] and a counter electrode of Pt coated IT
coated glass with a liquid electrolyte containing an I3/T redox couple sandwiched
between them (Figure 2.12).

Liquid electrolyte
ITO coated glass

Pt sputtered
ITO coated glass

Figure 2.12.

Homolymer or copolymer

Schematic diagram of a typical C E P based solar cell.
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The platinum was sputter coated onto ITO coated glass using a Dynavac Magnetron
Sputter Coater (model SC 100MS). The sputtering current was 50 mA under argon

pressure of 2 x 10"3 mbar. The platinum layer deposited was 10 A thick. To avoid shor
circuiting between the two electrodes, to retain the liquid electrolyte, and to keep
constant testing area, thin strips of parafilm were placed around the edges of the

polymer to form a gasket. The electrochemical cell was assembled and held together by
two clips, ensuring that there were no air bubbles trapped in the device.

2.4.2. Device Testing

The photoelectrochemical devices were tested immediately after fabrication in a blac
box containing a broad spectrum halogen lamp (500 W m"2) (Solux MR-16, 4700 K,
Wiko Ltd.). The polymer coated side was faced to the lamp. A multimeter (HP 34401
A) was connected in parallel and a BAS CV27/MacLab/400 (ADInstruments) was
connected to the device in a two-electrode configuration. EChem software
(ADInstruments) was used to run linear sweep voltammetry (LSV) with a lower limit of

-200 mV, an upper limit of 400 mV and a scan rate of 100 mV s"1. This potential range

was scanned first in the dark and then under illumination to record the change in cu
due to the absorption of light. Under open circuit conditions, the maximum voltage

achieved on illumination of each device was then used as the upper limit to determine
the current-voltage (I-V) characteristics over a smaller range with the lower limit

mV. The data from this I-V curve was used to calculate parameters such as fill factor
(FF) and energy conversion efficiency (ECE) of the device.
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The parameters used as measurements of photovoltaic performance are shown in Figure

2.13. The open circuit voltage (Voc) is where the current is zero, and the short circui

current (7SC) is where the voltage is zero. Other characteristics of a photovoltaic de
are given below [10].

Thefillfactor (FF) is given by:

„„_ Voltage at peak power (Vm) x current at peak power (7nn)
t,t,_
open circuit voltage (Voc) x short circuit current (7SC)

(2.14)

The energy conversion efficiency (ECE) is given by:

E C E=

F

PP * 7PP
total power of light radiating on the cell area

(2.15)

or
Voc 7sc X F F
ECE=
*
total power of light radiating on the cell area

(2.16)

Thus, considering the voltage dependence of the I-V curve, the m a x i m u m power is the
maximum product of/and Fthat can be found amongst the data points in Figure 2.13.
This maximum area is larger the more the I-V curve resembles a rectangle with the area
Voc x he- The ratio between these two areas represents a measure of the quality of the
shape of the I-V characteristics (Equation 2.14). Thus:

Pmax = (Ix V)max = Voc xlsc xFF (2.17)
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IPP
a
U
ss_
3

U

Voltage (V)
Figure 2.13. Current-voltage (I-V) characteristics of a photovoltaic device. The
maximum output of the cell is given by the product IPPVPP, where 7PP is the current at
peak power and Vvp is the voltage at peak power. 7Sc is the short circuit current and Voc
the open circuit voltage.

The higher FF the more the I-V characteristics resembles a constant current source with
a maximum voltage and the higher is the electric power that can be extracted. The

voltage/current (VP, Ip) (Figure 2.13) combination that gives the largest power rectangle
is called the maximum power point. Thus, any appliance connected to a solar cell can
utilize the maximum output power only if its supply voltage is around Vp or in other
words: the load resistor R\ = Vp/Ip. Otherwise power would be wasted in heating the

series resistor (V < Vp) or via increased current losses through the ideal diode and shu
resistor (V > Vp).

In order to describe the energy conversion efficiency (ECE) of a solar cell, the
maximum output power Pmax has to be related to the power of the incident light Plight.
Because of the wavelength and intensity dependence [122], power conversion
efficiencies are only meaningful for given spectral distribution and intensity.

PART I

HYDROGEN GENERATION USING NOVEL
CONDUCTING POLYMERS CONTAINING
FERROCENE OR FERROCENOPHANE

CHAPTER 3

PREPARATION, CHARACTERISATION, AND

ELECTROCATALYTIC HYDROGEN GENERATING
PROPERTIES OF
POLYPYRROLE-FERROCENE MONOSULFONATE
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INTRODUCTION

Extensive efforts have been made over many years to develop molecular catalyst
mimic the activity and specificity of enzymes (i.e. artificial enzymes) [123].

challenge in this endeavour is the creation of an enzyme-like catalytic pocket

typically employ suitable and correctly proximate catalytic groups in their ac

These groups stabilise the transition state of the reaction, thereby greatly a

reaction rate. The proximity and structural arrangement of the catalytic group

provides enzymes with high selectivity in their binging of the substrate; i.e.
source of enzymatic "lock-and-key" binging.

Previous attempts to mimic the "proximity effect" in enzymes have involved mol

having "engineered proximities", such as Collmann's co-facial metallodiporphyr

[51]. Angled metalloporphyrins, bimetallic Schiff base complexes, metallo-capp
porphyrins, and carboxylate bridged binuclear complexes have also served as

"Engineered Proximity Catalysts" [12,126-129]. Molecular catalysts of this type
typically require complicated preparative procedures. For redox reactions they
additionally, be cycled using sacrificial reagents.

The most significant and challenging enzymatic systems to mimic are multi-elec

redox processes involving small gaseous molecules (e.g. O2, H2, and N2) [124]. T

two-electron reduction of inorganic acids (H+) to hydrogen gas (H2) is an impor

example of this class of reaction. While it is efficiently catalysed by the hy

enzymes [33,125], the most effective and widely used non-biological catalyst re

platinum metal, which also serves as the standard for electrochemical potentia
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normal hydrogen electrode. A long-standing research goal in this field has been to
discover bio-mimetic molecular catalysts whose activity exceeds that of a platinum
surface [123,124].

Because of the large activation energy for this reaction, highly negative electrochemica
potentials are typically required to bring about the reduction of H+ to H2 on
conventional metal electrodes; the uni-atomic reduction step (H+ + e" -> H; E° ca. -2.10
V) [124] necessary on metal surfaces is particularly energetically unfavourable.

Several biomimetic hydrogen-generating catalysts have been discovered in recent years
[46,47], with the di(methyl-bridged) bis(ferrocenes), also known as
[l.l]ferrocenophanes (1), emerging as amongst the most successful [46-48]. In these

compounds the controlled proximity (ca. 3.4 - 4.8 A) to each other of the two ferrocenes

(Fc = ferrocene) greatly facilitates an interaction between the two H+ ions present on t
iron centres when the ferrocenes are protonated. The attached H+ ions are consequently

spontaneously reduced to H2(g), thereby eliminating the activation barrier of this step i
the catalysis (Scheme 3.1) [52,130]. However since the overall activation energy is
determined by the thermodynamically most-demanding step, regeneration of the
ferrocenium ions (2) produced in the reaction then becomes the greatest impediment to
efficient catalytic cycling [131]. In weakly acidic solution the protonation of the
ferrocene units may also constitute a serious thermodynamic limitation since ferrocene
is too poorly basic to be efficiently protonated under these conditions.
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Conducting electroactive polymers (CEPs) offer a useful means of immobilising and

continuously regenerating redox catalysts if they are attached to the polymer or prese
within it as a counter-ion [132]. More importantly, the process of electrodepositing a
CEP causes the catalytic species to become highly concentrated in a thin, porous layer
on the electrode surface. Proximity effects similar to those seen in enzymes should be
statistically inevitable in such a layer.

la: R = H
(1) 1 b: R = Me
2H+

H 2 (g)

Scheme 3.1. Catalytic cycle of [l.l]ferrocenophane for H 2 generation.

Given the k n o w n capacity of proximate ferrocene groups to catalyze hydrogen
formation from acids, we were interested to see whether a CEP which incorporates high
local concentrations of a monomeric ferrocene species would do the same. A series of
platinum electrodes were therefore coated with conducting polypyrrole (PPy) [131]
containing ferrocene sulfonate (FCSO3") [133] counter-ions and tested for hydrogen
generation in 1.0 M H2S04/H20 solution. Several previous studies have examined the
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use of doped conducting polymers in hydrogen generation from aqueous acids; but none
of these systems approached the activity of platinum metal in this reaction however
[134-137].

The formation of polypyrrole can be achieved according to equation (3.1):

R2

Ri

u?

^

NI
H

R2

Ri

A"

30

+

(3.1)

n

I
H

where A " is the counter-ion to be incorporated into the polymer. The properties of the
CEP can be tailored by varying the nature of the substituents Ri and/or R2 and/or
varying the nature of the counter-ion A". In this case Rl and/or R2 and/or A" could be
ferrocene-containing moieties.

This chapter reports significant results achieved from polypyrrole doped with ferrocene
monosulfonate (3); that is Rl = R2 = H and A" = ferrocene monosulfonate (FMS) in
equation (3.1). Coating of a platinum electrode with polypyrrole-ferrocene
monosulfonate, PPy-FMS, shifted the decomposition potential of hydrogen in 1.0 M
H2S04 to more anodic values and substantially increased the rate of hydrogen
production under potentiostatic conditions.

(3)
Ferrocene monosulfonate
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EXPERIMENTAL

3.2.1. Reagents

The following chemicals were used as received unless stated otherwise:

(Ajax), ferrocene (Fluka), acetic anhydride (Fluka), aqueous ammonia (Aja

(Ajax), pyrrole (Merck and pre-distilled before use), sodium nitrate (Si

toluenesulfonic acid (sodium salt) (Merck), and hydrochloric acid (Ajax)
monosulfonate was synthesised according to a published method [133].

3.2.2. Polymerisation methods

All electrochemical experiments were performed using a set-up comprisin
PAR Model 363 Potentiostat/Galvanostat, Bioanalytical Systems CV27

Voltammograph, ADInstruments MacLab/400, Macintosh computer and ADInstr

software (EChem v 1.3.2 and Chart v 3.3.7). A three-electrode system co

platinum (Pt) disk working electrode, a platinum mesh auxiliary electro
Ag/AgCl (3M NaCl) reference electrode was used.

i

PPy-FMS was successfully electrodeposited on a platinum disk (0.017 cm area)
electrode by potentiodynamic, galvanostatic and potentiostatic methods

monomer solutions containing pyrrole (0.1 - 0.5 M) and ferrocene monosu

- 0.02 M). The following electrochemical conditions were used: (1) Pote

growth was performed at 100 mV s"1 between -0.8 V and +0.8 V, (2) galva
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growth was achieved using a current density of 1.0 m A c m , and (3) potentiostatic
growth was carried out at +0.60 V.

3.2.3. Characterisation

Post-polymerisation cyclic voltammetry (CV) was performed at 100 mV s"1 in a 1.0 M
NaN03/H20 solution. Cyclic voltammetry was also performed at platinum, and PPyFMS modified platinum and other electrodes in 0.1 M K4Fe(CN)6/1.0 M NaN03 at 100
mV s to determine their electrochemical areas. The electrochemical area was
calculated using Equation (3.2) [98]:

* 1/2 1/2 1/2 /-. -^

iP = 0.4463nFAC 0 (nF/RT) v

D0

(3-2)

where ip is the peak current (amps), n is the electrons per molecule oxidized or reduc
2 *

F is Faraday's constant (C), A is the area (cm ), C 0 is the bulk concentration (mol c m
3 -1 -1

), R is the gas constant (J mol

K ), T is the absolute temperature (°K), v is the scan

-1 2 -1

rate (V s ), and D 0 is the diffusion coefficient (cm s ).

Conductivity measurements were carried out using a four-point probe connected to a
HP34401A multimeter and constant-current source system. Freshly prepared polymer
films (7-33 urn thick) were used.

Elemental analysis was carried out by the Campbell Microanalytical Laboratory,
University of Otago, New Zealand.

Chapter 3

65

UV-visible spectra were obtained using a Shimadzu U V 1 6 0 1 spectrophotometer with
scanning over the range 300-1100 nm.

Scanning electron microscopy (SEM) examination was carried out using a Leica-stereo
SS 440 SEM.

3.2.4. Hydrogen gas generation

The bare platinum and PPy-FMS coated platinum electrodes were tested in 1.0 M
H2SO4 by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) at different
scan rates (20, 50, and 100 mV s"1) for hydrogen gas generation. The cyclic
voltammograms and linear sweep voltammograms were used to determine the
decomposition potential [138] for hydrogen gas generation at these two substrates.

Further tests were done under potentiostatic conditions to determine the current val

(for hydrogen production) obtaining during hydrogen generation over more than twelve
hours.

Comparative studies were done on platinum electrodes coated with polypyrrole-nitrate
(PPy-N03) and polypyrrole-p-toluene sulfonate (PPy-pTs). CV and LSV of these
polymers were performed in 1.0 M H2S04 to determine the decomposition potential for
hydrogen gas generation.
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3.3.

Results and discussion

3.3.1.

A m m o n i u m salt of ferrocene monosulfonate ( F M S )

3.3.1.1.

Synthetic procedure:

^

>

Fe

H 2 S0 4 (98%)
•
25-33 °C

SOjNa

SO3H
-**

Fe

Fe

NH 4 OH

^

Sulfuric acid (100%, 4.9 g) was added at 25-33 C to a slurry of ferrocene (37 g)
in acetic anhydride (200 m L )

This reaction mass was agitated overnight.
Filter

Un-reacted ferrocene (21.5 g)
The acetic anhydridefiltratewas poured into water (1000 m L ) and heated to 80

Filter an additional amount of ferrocene (4.3 g)

The dilute acetic acid solution was evaporated on a steam bath.
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The residue was slurried in an excess of aqueous ammonia,
and clarified by filtration and evaporated to dryness.

•

The residue (10.2 g) was dissolved in absolute methanol.

•

The solution was clarified byfiltrationand again evaporated.

•

A n a m m o n i u m salt of monosulfonic acid of ferrocene (8.0 g) was obtained.

(The yield of ammonium ferrocene monosulfonate (FMS) was 15%.)

3.3.1.2. Electrochemical reversibility of ferrocene monosulfonate (FMS)

The cyclic voltammetry of the ammonium salt of ferrocene monosulfonate was
performed in concentrations of 5-20 mM in water, using 0.1 M NaN03 as supporting
electrolyte. Electrochemical reversibility of monosulfonated ferrocene was studied in
the potential range of 0 - 0.60 V. One pair of well-defined and stable redox peaks (A

and B) were observed for this ferrocene derivative in solution (Figure 3.1). The forma
potential, taken as an average of anodic and cathodic peaks, was E = (Epa + Epc)/2 =

0.420 V for this compound. This is typical for the reversible oxidation of the ferroce
moiety. The above value agrees with the redox potentials reported for ferrocene and
substituted ferrocene derivatives [49,139].
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Figure 3.1. Cyclic voltammogram of a platinum disk electrode in 15 mM ammonium
ferrocene monosulfonate/0.1 M NaNO3/H20 solution. Range: -800 mV to +800 mV.
Scan rate: 100 mVs"1.

Electrochemical reversibility was judged not only on the basis of AEp but also on the

ratio of anodic to cathodic peak currents. An analysis of cyclic voltammograms, varying
both scan rate (v), from 20 to 500 mV s"1, and concentration (c), between 5 and 15 mM,
produces symmetrical redox waves for ferrocene monosulfonate with the ratio between
anodic peak current (ip,a), and cathodic peak current (ipc), ip,a/ip,c, being almost unity
independent of the scan rate and concentration (Figure 3.2a). In addition it was found

that ip>a is linearly proportional to v1/2 (Figure 3.2b). This confirms that the ferrocen
monosulfonate undergoes a one-electron oxidation/reduction process.
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Ratio ip,a/ip,c as a function of scan rate.
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Electrosynthesis of polypyrrole-ferrocene monosulfonate (PPy-FMS)

3.3.2.1. Potentiodynamic polymerisation of PPy-FMS

Polypyrrole-ferrocene monosulfonate (PPy-FMS) was successfully electrodeposited on a
platinum disk electrode (0.017 cm area) by cyclic voltammetry performed at 100 mV s"
1

between -0.8 V and +0.8 V. Figure 3.3 displays the cyclic voltammograms during film

growth from an aqueous monomer solution containing pyrrole (0.5M)/FMS (0.02M).
Repeated scans over the range from -800 to 800 mV led to the growth of a polymer film

on the platinum (Pt) electrode. Evidence for this is given by the continuous increase
peak currents with increasing number of cycles, indicative of the CEP growth. By

comparison with Figure 3.1, the two sets of redox peaks can be identified as belonging
to the polymer backbone (labelled A/B) and the ferrocene moiety (labelled C/D). The

increasing peak current for the ferrocene moiety shows that the ferrocene monosulfona
was being incorporated into the film.

Further evidence of ferrocene incorporation could be seen from the cyclic
voltammograms of the modified platinum electrode in 1.0 M NaN03/H20. A typical
cyclic voltammogram of PPy-FMS modified platinum is shown in Figure 3.4. In
confirmation of the results obtained from the CV of growth (Figure 3.3), two sets of
redox couples were evident: A (Ep(a) = -0.420 V)/B (Ep(c) = -0.480 V) being the redox
couple of the polymer backbone and C (Ep(a) = 0.530 V)/D (Ep(c) = 0.450 V) being the
redox couple of the ferrocene moiety. This is in accordance with the ferrocene
monosulfonate redox couple (labelled A/B) (Ep(a) - 0.520 V, Ep(c) = 0.320 V)
determined by cyclic voltammetry in Figure 3.1.
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Figure 3.3.

Potentiodynamic growth of polypyrrole-ferrocene monosulfonate at a

platinum disk electrode from a solution containing pyrrole (0.5 MYFMS (0.02 M)/H
Range: -800 mV to +800 mV. Scan rate: 100 mV s"1.

200

- ••!•

E(V)

Figure 3.4. Cyclic voltammogram of polypyrrole-ferrocene monosulfonate (grown by
cyclic voltammetry) modified platinum disk electrode in 1.0 M NaN03/H20 solution.
Range: -800 mV to +700 mV. Scan rate: 100 mV s"1.
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Galvanostatic polymerisation of P P y - F M S

Polypyrrole-ferrocene

monosulfonate,

PPy-FMS,

could

also

be

successfully

electrodeposited on a Pt disk electrode (0.017 cm2 area) by using constant current. A
typical chronopotentiogram obtained during the galvanostatic growth (1.0 mA cm'2) of

polypyrrole-ferrocene monosulfonate is shown in Figure 3.5. After the initial transien
the potential continued to decrease during polymer growth, which indicated that the
deposited polymer was conductive. After 10 minutes, the potential obtained during
growth was 0.54 V.

Figure 3.5.

Chronopotentiogram of polypyrrole-ferrocene monosulfonate growth at a

platinum disk electrode from a monomer solution containing pyrrole (0.5 M)/FMS (0.02
M)/H20. Current density: 1.0 mA cm"2. Time of growth: 10 minutes.
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Potentiostatic polymerisation of P P y - F M S

^••3«X*<3*

From the cyclic voltammogram of growth and chronopotentiogram of growth, a

potential of 0.60 V was selected for subsequent potentiostatic growth of PPy-FMS on a
platinum electrode, which was performed in an aqueous monomer solution containing
pyrrole (0.5 M) and ammonium ferrocene monosulfonate (FMS) (0.02 M). A typical
chronoamperogram for PPy-FMS growth at a platinum electrode is shown in Figure 3.6.

It depicts an increasing current flow after the initial transient, indicative of con
polymer deposition on the substrate.
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Figure 3.6.

Chronoamperogram of polypyrrole-ferrocene monosulfonate growth at a

platinum disk electrode from a monomer solution containing pyrrole (0.5 MVFMS (0.02
M)/H20. Constant potential: +0.60 V. Time of growth: 10 minutes.
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Characterisation of polypyrrole-ferrocene monosulfonate

3.3.3.1. Post-polymerisation cyclic voltammetry of PPy-FMS

Figure 3.7 displays the post-polymerisation cyclic voltammogram of a PPy-FMS coated
platinum disk electrode in 1.0 M NaN03/H20 solution. It shows a continuous slow
decrease in the peak currents of both the ferrocene moiety and polymer backbone. The
decrease of redox peaks C/D means that the association between the polypyrrole
backbone and the ferrocene moiety was weak. Some of the FMS dopant was clearly
replaced by NO3" during this redox process. This de-doping can be explained by

equations (3.3) and (3.4). The decrease in the polymer backbone peaks (A/B) is due to
little over-oxidation of polypyrrole.

Figure 3.7.

Cyclic voltammograms of polypyrrole-ferrocene monosulfonate (grown

by CV) modified platinum disk electrode in 1.0 M NaN03/H20 solution. Range: -800
mV to +800 mV. Scan rate: 100 mV s*1. Number of cycles: 10.
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UV/visible spectroscopy of P P y - F M S

The UV/visible spectra of the PPy-FMS film electrodeposited on indium tin oxide (ITO)
coated glass were recorded (Figure 3.8). In the oxidised state, the spectrum of

(Figure 3.8(a)) exhibited two peaks at 320 nm and 440nm, and a free carrier tai

extended from 600 nm to longer wavelengths. The free carrier tail indicated that

polymer was conductive. It's spectrum was similar to that obtained from polypyrr

pTS in the oxidised state. After being reduced at -0.8 V in 1.0 M NaN03/H20 for 1
minutes (Figure 3.8(b)), the two peaks at 320 nm and 440 nm were lower, and the

carrier tail was much less distinct. This is in keeping with a loss of conductiv

J*J»)J»J

Electrical conductivity of P P y - F M S

The conductivity of polypyrrole-ferrocene monosulfonate was found to be 15.2 S cm" .

This is very close to the conductivity (16.1 S cm"1) of polypyrrole-pTS grown un
similar conditions.
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Figure 3.8.

UV/visible spectra of P P y - F M S grown galvanostatically on an ITO

coated glass electrode: (a) oxidised state, (b) reduced state.

J B«J 9 J»^•

Elemental analysis of P P y - F M S

The elemental analysis (10.21% N only from pyrrole unit and 9.7 % Fe only from
ferrocene moiety) suggests that polypyrrole-ferrocene monosulfonate (PPy-FMS) has a
ratio of four pyrrole units : one ferrocene monosulfonate counter-anion. This evidence
confirms that ferrocene monosulfonate is incorporated in the film,

J • —' »J »«3 •

Scanning electron microscopy ( S E M ) of P P y - F M S

The scanning electron micrograph (Figure 3.9) of the solution side of PPy-FMS
displayed a morphology that was rougher than that of PPy-pTS (Figure 2.8, grown under
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similar conditions). The microporous structure of P P y - F M S m a y provide a greater
surface area, which may be of advantage in electrocatalysis.
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Figure 3.9. Scanning electron micrograph of polypyrrole-ferrocene monosulfonate
grown from 0.5 M pyrrole/0.02 M ammonium ferrocene monosulfonate (FMS)/H20.

3.3.4.

Electrocatalytic Hydrogen Gas Generation

3.3.4.1.

Decomposition potential of hydrogen generation

Several platinum disk electrodes were tested for hydrogen gas generation in 1.0 M
H2S04/H20 before and after potentiostatic coating with polypyrrole-ferrocene
monosulfonate as described above. The anode in these experiments was a platinum
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mesh electrode. Initial studies examined the most positive potential at which hydrogen
gas generation was observed (i.e. the decomposition potential for hydrogen gas
generation) [138].

Figure 3.10 shows the typical linear sweep voltammogram for hydrogen gas generation
at an uncoated platinum disk electrode in 1.0 M H2S04/H20. It indicates that in
sweeping the uncoated platinum electrode from +600 mV to negative potential,
hydrogen production commenced at -0.240 V (point A in Figure 3.10). After being
coated by polypyrrole-ferrocene monosulfonate, however, the modified platinum
electrode displayed a weakly defined ferrocene reduction peak at 0.435 V (point C in

Figure 3.11) followed thereafter by hydrogen generation from at least -0.040 V (point B
in Figure 3.11). Gas bubbles could be seen to form on the coating surface if this
polypyrrole-ferrocene monosulfonate electrode was poised at a potential more negative
than -0.040 V.

Comparative studies in the same cell using polypyrrole coatings containing nitrate (PPy
N03) or /?-toluensulfonate (PPy-pTS) counter-ions showed decomposition potentials of
-0.252 V and -0.248 V respectively, with a typical linear sweep voltammogram shown

in Figure 3.12 (c). Thus, a significant and substantial anodic shift occurs in the poten
for hydrogen gas generation when a platinum electrode is coated with polypyrroleferrocene monosulfonate. This shift (200 mV) is of the same order as that achieved in
the best known molecular systems obtained under photo-assisted conditions (using a ptype silicon electrode coated with a non-conducting styrene polymer containing pendant
[l,l]ferrocenophanes in 1.0 M HC104/H20) [49]. Figure 3.12 indicates that ferrocene
must be incorporated in the coating to obtain this potential shift.
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Figure 3.10. Current-voltage plot (vs. Ag/AgCl) in 1.0 M H 2 S04/H 2 0 of the uncoated
platinum disk electrode (scan rate: 100 mV s"1).
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Figure 3.11. Current-voltage plot (vs. Ag/AgCl) in 1.0 M H2S04/H20 of the PPy-FMS
modified platinum disk electrode (scan rate: 100 mV s'1).
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Figure 3.12. Current-voltage plot (vs. Ag/AgCl) in 1.0 M H 2 S 0 4 of a Pt disk electrode:

(a) before coating, (b) after coating with PPy-FMS, (c) after coating with PPy-pTS (sc
rate: 100 mV s"1). The point C marks the decomposition potential for hydrogen
generation at PPy-pTS as it was swept from positive (+600 mV) to negative potential.

The interesting feature of the L S V of P P y - F M S coated Pt in 1.0 M

H 2 S 0 4 is the

existence of a peak (A) in the current (Figure 3.11 & 3.12). The peak current is

dependent on scan rate as shown in Figure 3.13. The faster the scan rate, the greater t
peak current. This feature is reminiscent of an adsorption peak, however the peak
current is ca. 100 times larger than the adsorption peak normally expected on the

underlying bare Pt electrode. Moreover, integration of curves (a) and (b) in Figure 3.1
between peaks -0.20 V and +0.30 V indicates that different charges are consumed.

Thus, the coated electrode appears to deactivate itself after producing an initial, sca
dependent quantity of hydrogen gas. This is presumably due to the gas becoming

trapped in the coating, thereby, preventing access of the 1.0 M H2S04 to the catalytica
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active sites within the polymer. A s w e shall see in later chapters, peak A-type maxima

are a characteristic feature of the LSVs of this class of electrocatalyst. At potenti
negative of ca. -0.20 V, catalytic hydrogen generation may occur at the underlying
platinum electrode resulting in the sharply increased currents in this region.

u.uu

(b)
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-0.30
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0.40

Potential (v)
Figure 3.13. Current-voltage plot (vs. Ag/AgCl) in 1.0 M H2S04 of polypyrroleferrocene monosulfonate modified platinum disk electrode at different scan rate: (a)
mV s"1, and (b) 20 mVs"1.

3.3.4.2. Optimisation of PPy-FMS coatings

While uncoated platinum produces hydrogen at potentials more negative than -0.24 V
(vs. Ag/AgCl) in 1.0 M H2S04, PPy-FMS coated platinum electrodes generate hydrogen
at less negative potentials The anodic shift in the hydrogen decomposition potential

however, strongly dependent on the method and conditions of coating. Studies indicate
that a concentration > 20 mM FMS in the coating solution was necessary for
consistency in the hydrogen decomposition potential of the modified electrodes when
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other variables were kept constant. The optimal coating voltage was +0.6 V (Figure
3.14). The greatest anodic shift in the hydrogen decomposition potential was obtained
by coating for 30 minutes at +0.6 V; i.e. after the consumption of 100 mC of charge on
platinum disk electrode (0.017 cm2) (Figure 3.15). The data shown in Figures 3.11-3.13
were obtained using a platinum electrode coated in this way.
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Figure 3.14. Hydrogen decomposition potential as a function of the potential of coating
growth under otherwise invariant conditions. Coating solution: Pyrrole (0.5 M)/FMS
(0.02 M)/H20.
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Figure 3.15. Hydrogen decomposition potential as a function of the time of coating
growth under otherwise invariant conditions. Coating solution: Pyrrole (0.5 M)/FMS
(0.02 M)/H20. Constant potential: +0.60 V.
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Potentiostatic hydrogen generation

3.3.4.3.1.

Hydrogen generation at -0.15 V and -0.44 V by platinum disk electrode

Further tests examined the rate of hydrogen production by platinum disk electrodes
before and after potentiostatic coating with polypyrrole-ferrocene monosulfonate (PPyF M S ) . A custom designed plastic cell (Figure 3.16) was used in these experiments to
ensure precise invariance in the positions of the electrodes. The potentials of -0.15 V
and -0.44 V was chosen for these experiments. At the former potential, bare platinum
does not catalyse hydrogen gas formation. The latter potential is more than 0.20 V
cathodic of the decomposition potential on bare platinum.

Reference electrode
(Ag/AgCl, ( 3 M NaCl))
Auxiliary electrode
(Platinum mesh)

Salt bridge
(3MNaCl)

Platinum/Polymer
1.0MH2SO4

Working electrode
(Platinum disk electrode)

Figure 3.16. Custom designed cell for hydrogen generation by platinum disk electrode.
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W h e n poised at -0.15 V , the PPy-FMS-coated platinum disk electrode generally
produced zero current. This is to be expected from the linear sweep voltammogram

(section 3.3.4.1) that indicate that the coating itself trapped some hydrogen gas, ther
blocking further reaction. We examined several prospective methods to remove this gas.
Vigorous stirring or agitation of the solution had been proved singularly unsuccessful
did mild heating. The capacitance currents associated with switching the apparatus on
sometimes set the PPy-FMS-coated electrode off. When left for long time periods at 0.15 V (over one hour), the PPy-FMS-coated electrode was found to occasionally
commence gas generation entirely spontaneously. Figure 3.17 illustrates one such
occasion. As can be seen, the currents in these cases are extremely volatile and apt to
start and shut off suddenly and without any warning. Whereas the bare platinum
electrode, of course, produced no such intermittent bursts of current under any
circumstances and always kept zero current that means no gas generation at -0.15 V.
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Figure 3.17. Current produced at -0.15 V by a PPy-FMS-coated platinum disk
electrode immersed in a solution of 1.0 M H2SO4.

The intermittence of hydrogen generation by PPy-FMS-coated platinum at -0.15 V
disappeared entirely when the electrode was poised at -0.44 V. The more negative
potential presumably causes faster gas production, preventing trapping of the bubbles
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within the coating. Agitation due to gas generation at the underlying platinum

presumably releases the initially trapped gas and ensures on-going efficiency in cata
by the coating.

Figure 3.18 illustrates representative data obtained at -0.44 V using a platinum disk
electrode whose electrochemical area was determined to be 0.017 cm . The current at

the uncoated platinum electrode (curve (a)) can be seen to decline sharply in the ini

period of operation; this is typical of freshly cleaned platinum. After 12 hours, a s
current of 0.130 mA for hydrogen generation was obtained. Under otherwise identical
conditions, the same electrode produced a current of 0.930 mA (H2 generation) after

coating with PPy-FMS (to 100 mC charge as described in section 3.3.4.2) and operating

for 12 hours (curve (b)); i.e. an eight-fold greater rate. Comparable studies after c
the electrode with PPy-pTS (100 mC) produced a current of 0.120 mA after 12 hours
(curve (c)), which is similar to that observed for the bare Pt electrode.
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Figure 3.18.

Current-time plot (vs. Ag/AgCl) of a platinum electrode (0.0177 c m )

poised at -0.440 V in 1.0 M H2S04: (a) before coating, (b) after coating with PPy-FMS
(100 mC), and (c) after coating with PPy-pTS (lOOmC).
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Because of the volume of gas produced at -0.44 V , the experimental arrangement
employed to obtain Figure 3.18 was different to that used in Figure 3.17. The absolute
currents in the two figures can therefore not be compared directly. However the
experimental arrangement was maintained exactly invariant for further experiments at 0.44V described in later chapters. That data is entirely comparable.

To normalise for the effect of electrochemical area, the rate of hydrogen production per
unit electrochemical area was also examined. The likely electrochemical area of the
platinum electrode before and after coating with PPy-FMS (100 mC) was determined by
comparing peak currents using cyclic voltammetry (100 mV s"1) in 0.1 M Fe(CN)6371.0
M NaN03/H20 solution. The electrochemical areas were established using equation
(3.2) to be 0.0177 cm2 (uncoated platinum electrode) (Figure 3.19a) and 0.0335 cm2
(PPy-FMS modified Pt electrode) (Figure 3.19b), respectively.

By this measure, the current densities after 12 hours of hydrogen generation at -0.44 V
before and after coating with PPy-FMS were estimated to be ca. 7.33 mA cm"2
(uncoated platinum) (Figure 3.20(a)) and ca. 26.20 mA cm" (coated platinum) (Figure
3.20(b)). The PPy-FMS coated platinum electrode consequently displayed a 3.6-fold
greater rate of hydrogen generation per unit electrochemical area than that of the
uncoated platinum electrode. The PPy-pTS coated platinum electrode (0.0212 cm2), by
contrast, displayed a current density 20% lower than that of the underlying bare
platinum electrode (Figure 3.20(c)). As no other non-ferrocene containing dopant
enhanced the hydrogen generation, this suggests that the ferrocene moiety had an
electro-catalytic effect on hydrogen generation.
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Figure 3.19a. Cyclic voltammogram at the bare platinum electrode in 0.1
K3[Fe(CN)6]/1.0 M NaN03/H20 solution. Range: 0 to +600 mV. Scan rate: 100
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Figure 3.19b. Cyclic voltammogram at the PPy-FMS modified platinum electr

0.1 M K3[Fe(CN)6]/1.0 M NaN03/H20 solution. Range: 0 to +600 mV. Scan rate:

mVs"1.
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Figure 3.20.

Current density vs. time plot of a platinum electrode having an

electrochemical area of 0.0177 c m 2 poised at -0.440 V (vs. Ag/AgCl) in 1.0 M H 2 S 0 4 :
(a) before coating, (b) after coating with PPy-FMS (100 m C ) , and (c) after coating with
PPy-pTS (lOOmC).

3.3.4.3.2.

Hydrogen generation at -0.440 V by platinum mesh electrode

Several platinum mesh electrodes were also tested for hydrogen gas generation over an
extended period of time (12 hours) in H 2 S 0 4 / H 2 0 before and after potentiostatic coating
as described above. A custom designed glass cell (Figure 3.21) was used in these
experiments to ensure precise invariance in the positions of the electrodes and to allow
collection and measurement of the gases produced. In this cell, there were two gas
collection outlets, one for oxygen (0 2 , anodic product) and the other for hydrogen (H2,
cathodic product). A potential of-0.440 V (SCE) was employed for these experiments.
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Figure 3.21.
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Set up of custom designed glass cell for hydrogen generation using

platinum mesh electrode before and after coating with PPy-FMS at -0.440 V.

Figure 3.22 illustrates representative data using a platinum mesh electrode whose
electrochemical area was established to be 2.30 cm2 (vide infra). As can be seen in
Figure 3.22(a), the current at the uncoated platinum mesh electrode declined sharply in
the first hour of operation, from 124.00 mA to 60.75 mA (almost half of the initial

current value). After 3 hours, the current was stable for the rest of the operating time.
After 12 hours, a steady current of 34.00 mA was obtained. Comparative studies after
coating the electrode with PPy-FMS is shown in Figure 3.22(b). It can be seen that the
current at this PPy-FMS coated platinum mesh electrode declined in the first 3 hours,
from 150.25 mA to 125.00 mA (i.e. by only 16.5% of the initial current value). Then it
remained stable for the rest of the experiment. After 12 hours, a current of 124.50 mA

was obtained; i.e. a 4.7-fold greater rate than that of uncoated platinum mesh electrod
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Studies also examined the effect of electrochemical area on the rate of hydrogen
production. Using equation (3.2), the electrochemical areas were established to be 2.30
cm2 for uncoated platinum mesh electrode and 3.27 cm2 for PPy-FMS (controlled
charge 10 C during PPy-FMS growth: unoptimised) coated platinum mesh electrode. By

this measure, the current densities after 12 hours of hydrogen generation before and af
coating with PPy-FMS were estimated to be 14.78 mA cm"2 (uncoated platinum mesh)
and 38.07 mA cm"2 (PPy-FMS coated platinum mesh) (Figure 3.23). The PPy-FMS
coated platinum mesh electrode consequently displayed a 2.6-fold greater rate of
hydrogen gas production per unit electrochemical area than that obtained from the
uncoated platinum mesh electrode. This result again confirmed that PPy-FMS had an
electro-catalytic effect on hydrogen generation.

3.3.4.3.3. Conclusions: Potentiostatic hydrogen generation

The above experiments were carried out multiple times with comparable results (within
5% limit, average 37.45 mA cm"2) were obtained after 12 hours in all cases. The
volumes of hydrogen gas collected were typically within 10% of the quantity expected
from the cumulative charge passing through the working electrode.

GC-MS of the gas collected over the cathode indicated it to be pure hydrogen within the
limits of instrumental detection; and besides C02, N2, and 02 from the air (< 1%), other
possible oxidative side-products (such as S02 or S03) were not observed. When
performed in a 1.0 M D2S04 in D20, mass spectrometry indicated the exclusive

formation of D2 (> 99%) after one hour. The limiting current for the ferrocene oxidation
(Ep

a

= 0.520 V) in cyclic voltammetry before and after gas generation also remained

essentially invariant, indicating minimal decomposition of the coating during operation
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Figure 3.22.

Current vs. time plot of a platinum mesh electrode having an

electrochemical area of 2.30 cm2 poised at -0.440 V (vs. Ag/AgCl) in 1.0 M H2S04: (
before coating, and (b) after coating with PPy-FMS.
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Figure 3.23.

Current density vs. time plot of a platinum mesh electrode poised at -

0.440 V (vs. Ag/AgCl) in 1.0 M H2S04: (a) before coating, and (b) after coating wit
PPy-FMS (3.27 cm2).
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3.3.4.4.

Studies involving mixed dopants in P P y - F M S / p T S

In order to study the influence of the ferrocene monosulfonate (FMS or FCSO3") dopant
on the rate of hydrogen production by a PPy-FMS coated platinum electrode, a series of
coatings containing mixtures of ferrocene monosulfonate and/?-toluene sulfonate (pTS")
were prepared.

PPy-FMS/pTS coatings were electrodeposited to a charge of 100.0 mC on a
representative 0.0177 cm2 platinum disk electrode by potentiostatic growth at +0.60 V
from coating solutions containing pyrrole (0.50 M), ammonium ferrocene
monosulfonate (0.00 - 0.02 M), and sodium p-toluene sulfonate (0.00 - 0.02 M) in
water. Post-polymerisation cyclic voltammetry of the coated electrodes in aqueous 1.0
M NaN03 indicated two sets of redox couples, associated with the polypyrrole
backbone (Ep = -0.08/-0.10 V) and the ferrocene monosulfonate counter-ion (Ep =
+0.51/+0.43 V)(vs. Ag/AgCl). The relative concentration of the FMS dopant present in
each coating was established by elemental analysis and SEM measurements.

In order to measure the relative catalytic rate, each modified electrode was poised, un
invariant conditions, at -0.44 V in 1 M H2S04 for 1 h in a reaction cell. To avoid
inconsistencies in the signal due to bubble formation, the average rate of catalysis
during the 59th and 60th minutes of operation was determined (Figure 3.24) and plotted
against the concentration of FMS within the coating (Figure 3.25). The resulting data
(Table 3.1) was found to be second-order in [FcS03~] at low FcS03" doping levels but
independent of [FcS03~] at higher levels of FcS03~ doping. An analysis of all likely
mechanisms for the catalysis is discussed in the next section.
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Figure 3.24. Data employed in Table 3.1. Current after 59-60 m i n under invariant
conditions, of a 0.0177 cm2 platinum disk electrode maintained at -0.44 V in 1 M
H2S04 after coating with polypyrrole containing mixed FcS037pTs" dopants; coating 15 in Table 3.1. This data is not directly comparable with that in Figure 3.18.

Table 3.1.
Dopant mixture in coating

Ratio of ferrocene: [FcSO/]

solution4

pyrrole in coatings

(MY

(Fc: py) b

1 0.02 M FcSOj

1:4.17 » 0.230

Current

Reaction rate

(mA) d after 1 (M $

4

h at -0.44 V
2.02

1.010

0.680

2 0.02 M FcSCh & 0.01 M pTS 1 : 8.38 * 0.120

1.04

0.755

0.508

3 0.01 M F c S O j A 0.01 M p T S

1 :17.0 « 0.059

0.52

0.343

0.231

4 0.01 M FcSOi & 0.02 M pTS 1:34.0 =0.029

0.26

0.180

0.121

5 0.02 M pTS

0.00

0.125

0.084

0:1.00 =0.000

y

a

All coatings were deposited to 100.0 m C on a 0.0177 cm 2 platinum disk and tested under invariant

conditions.
b

from elemental analysis of the coatings.

d

average current during 5th and 60th minutes of operation at -0.44 V in 1 M H2S04.

e

the electrode coatings have a radius of 0.7 mm and a thickness of 5 urn, giving a volume of 7.7 *
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{ratio Ferrocene: Pyrrole)
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Figure 3.25. Reaction rate as a function of ferrocene monosulfonate concentration
within polypyrrole coatings containing various mixtures of FCSO3" and pTS" dopants
after 1 h at -0.44 V in 1 M H 2 S 0 4 . The points (•) on the graph depict the data from
Table 3.1. The curve depicts data generated by the rate expression in equation 3.5.
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Mechanism of hydrogen gas generation

N o other c o m m o n dopants w e had examined, including the electron-shuttle Fe(CN) 6 ",
produced polypyrrole coatings which were catalytically active. Moreover, the catalytic
property of the polypyrrole-ferrocene monosulfonate coating is clearly more specific
than that of uncoated platinum metal.

Using elemental analysis data and S E M measurements, an estimate was made of the
local concentration of ferrocene monosulfonate in the coatings. The combined weight
of the optimally deposited PPy-FcS0 3 coating on three identical, circular, platinum disk
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electrodes (radii 0.7 m m each) was analytically weighed as 0.01 m g . The coatings
contain 9.7% Fe by weight. Scanning Electron Microscopy (Figure 3.26) indicated a
coating thickness of 5 um (100 mC). The [FCSO3"] is therefore suggested to be ca. 2.02
±0.12 mol dm" , which corresponds to an average ferrocene-ferrocene proximity of ca.
13.2 A. Given that the optimum ferrocene-ferrocene proximity for catalysis appears to
be ca. 3.4 - 4.8 A [139-141], a statistically significant proportion of the ferrocenes
coating appear to be correctly proximate, or are able to become correctly proximate
during the time that they bear an activated hydrogen atom.

Figure 3.26. S E M measurement of polypyrrole-ferrocene monosulfonate (100 m C )
deposited on a Pt disk electrode using constant potential, +0.60 V.

To establish the catalytic mechanism in the PPy-FcS03 coating, a kinetic analysis was

performed on the data shown in the Figure 3.25. The rate expression (3.5) that best fit
the empirical results (R = 0.998) in Figure 3.25 is:
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1
rate of H 2 generation = —
2

knK2[lf]2[FcSOif
+0.084
2

(3.5)

2

1 + K [FcS03']

where k„ = 1.48 M"1 s"1, K = 1.04 M"1, n = 2 or 3,
and 0.084 M s"1 = the underlying rate when [FcS03"] = 0.

Equation (3.5) can be qualitatively interpreted as follows: at small values of [FcSOs

the denominator is essentially constant, so that the overall rate of catalysis is de

on the numerator and therefore proportional to [FCSO3'] . At large values of [FCSO3"]

the denominator is effectively a multiple of [FCSO3"] , so that the overall is propo

to the relative value of kn and K and independent of [FCSO3"]; i.e. it is due to the pr

equilibrium step 1 in Figure 3.27. No other possible mechanism fits the observed dat

An analysis of all likely mechanisms for the catalysis (Figure 3.27) revealed only t
reaction steps displaying a possible second order dependence on [FcS03"]; i.e. steps
and 3 in Figure 3.27.

FcS03" + H+ <

k

» FcS03-H (rate limiting at high [FcS03"]) (step 1)

FcS03-H + FcS03-H

kl

» 2 FcS03 + H2 (rate limiting at low [FcS03"]) (step 2)

FcS03 —-—• FcS03" (rapid) (step 4)

or

FcS03" + H+ «

k

> FcS03-H (rate limiting at high [FcS03"]) (step 1)

FcS03-H —-—• FcS03-H" (rapid) (step 5)
FcS03-H" + FcS03-H"

ks

» 2FcS03" + H2 (rate limiting at low [FcS03"]) (step 3)
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Figure 3.27. Possible mechanisms for the hydrogen generation catalysis by Pt/PPyFCSO3 (cat = FCSO3"). Pathways involving bimolecular reaction steps are s h o w n in
black.

3.3.4.6. Catalysis in a two-electrode water electrolysis at a range of
potentials a n d temperatures

T o assess whether the results described in previous sections were representative of the
full voltage and temperature range of water electrolysis and proton exchange m e m b r a n e
fuel cells, w e examined the rate of hydrogen generation by a two-electrode system in 1.0
M H 2 S 0 4 up to -3.0 V and at 2 0 ° C and 80 ° C using a coated and uncoated platinum
mesh electrode of the type described in 3.3.4.3.2. A s s h o w n in Figure 3.28, for any one
temperature, the coated electrode w a s superior over the entire potential range. Indeed,
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the performance of P P y - F M S coated platinum at 20 °C almost equalled that of the bare
platinum at 80 °C.
Pt coated with catalyst (20 °C)
BarePt(20°C)

0

\

10000 20000 30000 40000 50000 60000 70000 80000

Reaction Rate per Unit Area of Substrate

Figure 3.28.

Polarization curves for water electrolysis by a platinum working

electrode before and after coating with P P y - F M S at 20 °C and 80 °C in a two-electrode
system (counter electrode = platinum mesh). Data points were collected after 1 h of
operation at each of the experiments.

Considering that the PPy-FMS-coated electrode had an electrochemical area 50%
greater than the uncoated underlying platinum. It is apparent that the same enhanced
current densities seen earlier are also observed here over the full range of operating
potentials and at two representative temperatures.

This result is quite astounding given that the oxygen-producing electrode is generally
regarded as, by far, the more energetically demanding in water electrolysis. A suitable
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oxygen-generating electrocatalyst of similar type, applied to the counter electrode,
therefore offers the prospect of immense, perhaps even monumental, energy savings.

3.3.4.7. Summary

The results described in this chapter are highly significant since they indicate that
enzyme-like proximities need not be engineered into discrete molecules to achieve
biomimetic catalysis. Instead, concentration of suitably active, monomeric catalytic
groups within a conducting electroactive polymer may produce a statistical distribution
of proximities, some of which are ideal or close to ideal. "Statistical Proximity"
catalysts of this type offer a cheaper and more readily available alternative, which is
demonstrably capable of producing highly active and selective enzyme mimics. This
strategy eliminates the need to synthesize complicated bi- and multi-metallic mimics of
the enzyme active site; monomeric species in sufficiently high concentrations may work
equally effectively provided they are sufficiently active.

3.4 CONCLUSIONS

The homopolymer, polypyrrole-ferrocene monosulfonate, has been successfully electrosynthesised by cyclic voltammetry, galvanostatic, and potantiostatic methods. The postpolymerisation cyclic voltammograms of polypyrrole-ferrocene monosulfonate displays
both the ferrocene moiety redox couple and the polymer backbone redox couple.

A significant and substantial anodic shift occurs in the decomposition potential for
hydrogen gas generation when a platinum electrode is coated with polypyrrole-ferrocene
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monosulfonate. B y comparison, polypyrrole containing other anions (non-ferrocene
containing dopant, such as pTS", NO3", or Fe(CN)64", etc.) cannot favourably shift the
decomposition potential for hydrogen generation. The catalytic effect appears to be only
achieved in the presence of the ferrocene moiety, as in the polypyrrole-ferrocene
monosulfonate conducting electroactive polymer. Over an extended period of operation
(12 hours) at -0.44 V, polypyrrole-ferrocene monosulfonate coated platinum electrodes
display substantially greater rates of hydrogen gas production per unit electrochemical
area than the uncoated platinum mesh electrode. At -0.15 V, the PPy-FMS coating
intermittently catalyses hydrogen gas production; bare Pt does not do so at all.

Comparative studies indicate that ferrocene monosulfonate in high local concentrations
within a readily oxidisable polypyrrole layer on a platinum substrate is responsible for
the observed electro-catalytic generation of hydrogen. The concentration of suitably
active, monomeric catalytic groups within a conducting electroactive polymer may
produce a statistical distribution of proximities, some of which are ideal or close to
ideal. "Statistical Proximity" catalysts of this type offer a cheaper and more readily
available alternative, which is demonstrably capable of producing highly active and
selective enzyme mimics.

The incorporation of monomeric complexes of this type in conducting polymer layers
on electrode surfaces therefore constitutes an important new approach in the
development of artificial enzymes for catalysing redox reactions which might be
extended to other small gas molecules.

CHAPTER 4

PREPARATION, CHARACTERISATION,
BIO-SENSING PROPERTIES, AND
ELECTROCATALYTIC HYDROGEN GENERATING
PROPERTIES OF FERROCENYLPROPYL
AND -BUTYL POLYPYRROLES
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INTRODUCTION

A wide variety of heterocycles bearing tethered ferrocene (Fc) groups have been
prepared and electropolymerised to form conducting electroactive polymers (CEP's).
Materials of this type [145,146] have proved useful in a range of applications and
studies including, inter alia, as: (a) metal-ion [147-152] and bio-sensors [153], (b)

electroactive Langmuir-Blodgett films [154], (c) free-standing redox-active films [155]
(d) redox-conducting CEP's [156], and (e) as systems suitable to study monomer
adsorption on platinum electrodes [157]. The utility of the covalent tether in these

materials lies in the ability of the polymer to retain the ferrocene moiety even afte

sustained potential cycling. While conducting electroactive polymers can be doped wit

substituted, anionic ferrocenes, these are typically lost by diffusion during cycling
[131].
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The synthesis of pyrrole monomers containing an JV-tethered ferrocene group is

generally readily accomplished. However the synthesis of pyrroles tethered at their 3
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position is more troublesome because of the low propensity of pyrrole to undergo such
substitution. In 1988, Skotheim and co-workers [158] established the first general
procedure for tethering a ferrocene group to the 3-position of pyrrole using an alkylbased linker. Their five-step process to monomer 6 employed an TV-bound (/-Pr^Si
blocking group to prevent substitution at the pyrrole 2-position. Since ferrocene is not
readily converted to a mono-anionic salt using traditional reactions such as lithiation
[159], ferrocenecarbaldehyde had to be used as a reactant. However, this produces the
hexanol tether which may be unstable to elimination reactions. A complete description
of the synthesis of 6 and its intermediates by this method, as well as characterization
details of certain intermediates has also, to the best of our knowledge, never been
published.

In 1995, Zotti and Berlin reported a modification of this procedure in which the hexyllinked monomer 7 was prepared [156]. Their synthesis involved the use of
bromohexylferrocene as a reactant. Recent developments in ferrocene chemistry have
now, however, produced a new and rather convenient source of mono-anionic ferrocene,
tri(w-butyl)stannylferrocene (Bu3SnFc) [160]. When treated with butyl lithium,
Bu3SnFc forms exclusively the monolithiated salt, which readily undergoes metathesis

with alkyl halides, providing a simple, one-step route to alkyl-tethered ferrocenes [159]

This chapter describes a modification of Skotheim's procedure for the synthesis of a 3ferrocenylalkyl-pyrrole using Bu3SnFc. In particular, the preparation, electrochemistry
and properties of the monomers JV-(3-ferrocenylpropyl)pyrrole 4 and 3-(4ferrocenylbutyl)pyrrole 5 and their homo- and co-polymers, polypyrrole-co-4 / 5 and
poly-5 are discussed. The utility of polypyrrole-co-4 as a sensor of the redox active

Chapter 4

104

enzyme Cytochrome C is demonstrated. The catalytic properties of the polymers
(polypyrrole-co-4, polypyrrole-co-5 and poly-5) in the generation of hydrogen
M H2SO4 are also studied.

4.2. EXPERIMENTAL

4.2.1. General

Organic reactions were performed under an inert atmosphere using Schlenk techn
Tetrahydrofuran (THF) was distilled over sodium benzophenone ketyl. Nuclear
Magnetic Resonance (NMR) spectra were recorded in chloroform-Ji employing an

internal tetramethylsilane reference. *H and 13C NMR spectra were recorded at 2
on a Bruker AC200 instrument operating at a proton frequency of 200 MHz. Mass

spectra (APCI) were recorded on a VG Platform instrument. Elemental analyses w

carried out at the University of Otago, New Zealand. N-(triisopropylsilyl)pyrro

[161,162], tri-«-butyl stannyl ferrocene (FcSnBu3) [160], and A^-(3-bromopropyl)

8 [163] were prepared as described previously. The syntheses and purifications
compounds 9 and 10 are modifications of previously described procedures
[161,162,164].

4.2.2. Electrochemistry

Electrochemical experiments were performed using an arrangement incorporating
following instruments: an EG&G PAR Model 363 Potentiostat/Galvanostat,
Bioanalytical Systems CV27 Voltammograph, ADInstruments MacLab/400, and a
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Macintosh computer containing ADInstruments software (EChem v 1.3.2 and Chart v
3.3.7). A three-electrode system comprising a platinum-disk working electrode, a
platinum-mesh auxiliary electrode and Ag/AgCl (3M NaCl) (in aqueous solution) or

Ag/Ag+ (in organic solution) reference electrode was used. Post-polymerisation cyclic
voltammetry (CV) was carried out in 1.0 M NaN03 (as supporting electrolyte) solution
at a scan rate of 100 mV s'1.

The following chemicals were used as received: sodium nitrate (Sigma),
tetrabutylammonium perchlorate (TBAP) (Fluka), potassium chloride (Analar, BDH),
Tris-HCl (Sigma), Cytochrome C (Sigma), acetonitrile (APS), dichloromethane (APS)
and sulfuric acid (Ajax). Pyrrole was obtained from Merck and distilled before use.
Indium tin oxide (ITO) coated glass was purchased from Delta Technologies, USA.

4.2.3. Characterization Techniques

The UV/visible spectra of films grown on ITO coated glass electrodes were recorded
using a Shimadzu UV 1601 spectrophotometer. Conductivity measurements were
carried out using a four-point probe connected to a HP34401A multimeter and constantcurrent source system. The electrochemically prepared polymers were tested using
freshly prepared polymer films (7-33 um thick). Scanning electron microscopy (SEM)
was carried out using a Leica-Stereo 440 SEM.
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4.2.4. 7V-(3-Ferrocenylpropyl)pyrrole (4)

Tri-«-butyl stannyl ferrocene (FcSnBu3)(l g; 0.0021 mol) was dissolved under inert
atmosphere in anhydrous tetrahydrofuran (THF)(10 mL) and the mixture cooled to -78
°C. «-Butyl lithium (1.45 mL of 1.6 M in hexane) was added and the mixture was

allowed to stir. The progress of the reaction was followed by thin layer chromatograp
(TLC) (Si02 with hexane as eluent; Rf of ferrocene (Fc) = 0.7, Rf of FcSnBu3 = 0.75).

After ca. 15 min, all the tri-«-butyl stannyl ferrocene had reacted. To this mixture,
(3-bromopropyl)pyrrole (8) (0.434 g; 0.0023 mol) was added dropwise. After stirring
for 30 min at -78 °C, the solution was warmed to room temperature and stirred
overnight. Following evaporation to dryness, the red oil obtained was taken up in a

small quantity of hexane and loaded onto an alumina column (basic, activity III; 8 cm

length x 3.5 cm radius). The column was eluted with hexane until the unreacted starti

materials were filtered off as a yellow band. The eluting solvent was then changed to

carbon tetrachloride and the product was collected (in several fractions) as a yello
band. TLC experiments (Si02 with CC14 eluent) indicated that the first fractions

contained an unidentified contaminant (Rf = 0.55); these were therefore discarded. Th
remaining fractions were pure according to TLC (Rf = 0.5) and were therefore
combined and evaporated to dryness giving the product as a yellow solid. The solid

was recrystallized from methanol at -78 °C as microcrystalline yellow needles, mp 60.
°C, yield: 0.50 g (81%). Anal. Calc. for Ci7Hi9NFe-0.5MeOH: C, 68.0; H, 6.8; N, 4.5.
Found: C, 67.8; H, 6.5; N, 4.7. 'H NMR (CDC13): 8 6.71 (m, 2H, pyrrole-H), 6.20 (m,
2H, pyrrole-H), 4.15 (s, 5H, Fc-H), 4.10 (s, 4H, Fc-H), 3.93 (t {3J = 8 Hz}, 2H, N-CH2), 2.36 (t {3J = 8 Hz}, 2H, -CHj-Fc), 2.03 (pentet {3J = 6 Hz}, 2H, -CH2-CH2-CH2-).
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C N M R (CDC1 3 ): 5 120.4, 107.9, 68.6, 68.1, 67.3, 49.0, 32.6, 26.6. M S (APCI) 294.2

[M+l].

4.2.5. 3-Bromo-A-(triisopropylsilyl)pyrrole (9)

This compound was prepared as described in reference [162]. Scale: N-

(triisopropylsilyl)pyrrole (17.4 g; 0.078 mol), THF (200 mL) Af-bromosuccinimide

(13.89 g; 0.078 mol). Compound 9, thus obtained, was distilled as a colorless oi
94-98 °C (0.05 mmHg)(Lit. [18,19] 100 °C/0.1 mmHg), yield: 18.0 g (76%). While

sufficiently pure for use in the next step, HPLC of this product indicated the pr

several impurities (<10%). Pure 9 could be obtained by preparative HPLC (Waters Cj

Econosphere; isocratic MeOH; monitored at X 230 nm); the first elution band in ea

separation was collected. Anal. Calc. for Ci3H24NSiBr: C, 51.7; H, 8.0; N, 4.6. Fou
C, 51.9; H, 8.1; N, 4.5. *H NMR (CDC13): 8 6.73 (t, 1 H, Ar-H), 6.68 (t, 1 H, Ar-H),
6.28 (t, 1 H, Ar-H), 1.48 (p, 3 H, Si-CH), 1.05 (d, 18 H, Si-Me). ,3C NMR (CDC13): 8
124.6,123.3, 113.0,18.1,11.5. MS (APCI) 302.0, 304.0 [M+l].

4.2.6. 3-(4-Bromobutyl)-AHtriisopropylsilyl)pyrroIe (10)

3-Bromo-N-(triisopropylsilyl)pyrrole (5.23 g; 0.0173 mol) was dissolved in anhyd

THF (200 mL) under inert atmosphere. «-Butyl lithium (12.9 mL of 2.68 M in hexanes;

0.0346 mol) was added with rapid stirring. After stirring for 10 min, 1,4-dibromo

(22.4 g; 0.104 mol) was added all at once and the mixture was stirred for a furth
The resulting solution was washed with 3 x 50 mL water. The combined aqueous
phases were washed with 3 x 80 mL hexane. The combined organic phases were then
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dried over M g S 0 4 ,filteredand evaporated to an orange oil. The oil was distilled under
vacuum (heated slowly to 100 °C at 0.05 mmHg) to remove excess 1,4-dibromobutane

and unreacted 9. The distillation residue was then dissolved in hexane and filtere
(using hexane as solvent) through a silica plug. The washings were evaporated to a

colorless oil which contained mainly 10 and was used in the subsequent step. Furthe
purification of this product could be carried out using rotating thin layer
chromatography (Si02 with CCU as eluent)(the second UV-active band was collected),

followed by fractional distillation as a pale yellow oil, bp 118 °C (0.05 mmHg); yie
5.0 g (81%). According to analytical HPLC (Waters Ci8-Econosil; isocratic MeOH; X
230 nm), the product thus obtained was ca. 95% pure. Complete purification was
achieved using preparative HPLC (Waters Cig-Econosil; 85% MeOH : 15% water with

a gradient to 90% MeOH : 10% water; X 230 nm)(the first band was collected). Pure 1
is a colourless oil which discolors if stood overnight at ambient temperature but

colorless if stored at -18 °C under N2. Anal. Calc. for Ci7H32NSiBr: C, 57.0; H, 9.0;
3.9. Found: C, 57.4; H, 9.7; N, 4.2. !H NMR (CDCI3): 8 6.65 (m, 1 H, ArH), 6.52 (br
1H, ArH), 6.17 (br s, 1H, ArH), 3.41 (f {3J = 6Hz}, 2H, Br-CH,-), 2.58 (t {3J = 6Hz},
2H, pyrrole-CHr), 1.87 (p {3J = 6Hz}, 2H, -CH2-CH2-Br), 1.75 (p {3J = 6Hz}, 2H, CHrCH2-CH2-Br), 1.39 (h {3J = 5Hz}, 3H, Si-CH), 1.08 (d, 18 H, Me). 13C NMR
(CDC13): 8 124.1, 121.2, 110.6, 34.0, 32.5, 29.5, 26.1, 17.9, 11.7. MS (APCI) 358.1,
360.1 [M+l].

4.2.7. 3-(4-Ferrocenylbutyl)-A^-(triisopropylsilyl)pyrrole (11)

Tri-n-butyl stannyl ferrocene (FcSnBu3)(2.3 g; 0.0048 mol) was dissolved in anhydr

THF (30 mL) under inert atmosphere and the mixture cooled to -78 °C. w-Butyl lithiu
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(3.3 m L of 1.6 M in hexane) was added and the mixture was allowed to stir. The
progress of the reaction was followed by Thin Layer Chromatography (TLC)(Si02 with

hexane as eluent; Rf of ferrocene (Fc) = 0.7, Rf of FcSnBu3 = 0.75). After ca. 15 m

all of the tri-«-butyl stannyl ferrocene had reacted. To this mixture, 10 (1.73 g;

mol) was added dropwise. After stirring for 30 min at -78 °C, the solution was all
to warm to room temperature and stirred for 2 h. The mixture was evaporated to

dryness. The orange-red oil obtained was taken up in a small quantity of hexane and
loaded onto an alumina column (basic, activity III; 12 cm length x 3.5 cm radius).

During elution with hexane, the first yellow band (unreacted ferrocene and tri-«-b

ferrocene) was discarded. The second band was collected in ten fractions of ca. 10
each. TLC experiments (Si02 with CCU eluent) indicated that the first fraction

contained a small quantity of an unidentified contaminant (Rf = 0.80); it was disca
The remaining fractions were pure according to TLC (Rf = 0.75). During evaporation

of the combined fractions, the product precipitated as yellow microcrystalline nee

These were collected by filtration and recrystallized by evaporation of a CCI4 sol

The needles were filtered, washed with cold CC14 and dried (60 °C, 0.01 mmHg, 2 h),
mp 60 °C, yield: 1.31 g (58%). Anal. Calc. for C27H4iNSiFe: C, 70.0; H, 8.9; N, 3.0.

Found: C, 69.6; H, 8.4; N, 2.9. 'H NMR (CDCI3): 8 6.65 (m, 1 H, ArH), 6.47 (br s, 1H,
ArH), 6.07 (br s, 1H, ArH), 4.07 (s, 5 H, Fc-H), 4.01 (m, 4 H, Fc-H), 2.45 (t {3J = 6Hz},
2H, Fc-CHr), 2.36 (t {3J = 6Hz}, 2H, pyrrole-CHr), 1.50 (br s, 4H, -CHj,-), 1.45 (br s,
3H, -CHr), 1.39 (h {3J = 5Hz}, 3H, Si-CH), 1.08 (d, 18 H, Me). 13C NMR (CDC13): 8
123.9, 121.0, 110.7, 69.8, 68.6, 68.2, 67.1, 31.0, 30.7, 29.4, 26.9, 17.9, 11.7. MS
(APCI) 464.3 [M+l].

Chapter 4

110

4.2.8. 3-(4-Ferrocenylbutyl)pyrrole (5)

3-(4-Ferrocenylbutyl)-A/-(triisopropylsilyl)pyrrole (0.89 g; 0.0019 mol) was dissol
anhydrous THF (50 mL) under inert atmosphere and tetrabutylammonium fluoride (0.66

g, 1.3-fold excess) was added. The mixture was stirred for 30 min, during which time
TLC experiments (Si02 with CCU eluent) indicated the progressive conversion of 11

(Rf = 0.75) to 5 (Rf = 0.35). The mixture was evaporated to dryness under a stream o
nitrogen and chromatographed on an alumina column (basic, activity III; 5 cm length
3.5 cm radius). The column was eluted with hexane until unreacted starting material
had been washed off in a yellow band. The eluent was then changed to CCI4 and the

product was collected as a fast-moving yellow band. The solutions thus obtained were

filtered and evaporated to yield a brown oil which solidified overnight to form bro
crystals, mp 44.5 °C, yield: 0.34 g (58%). Anal. Calc. for Ci8H2iNFe: C, 70.4; H, 6.9;
N, 4.6. Found: C, 70.2; H, 7.0; N, 4.7. lH NMR (CDCI3): 8 7.92 (br s, 1H, N-H), 6.67
(s, 2H, pyrrole-H), 6.51 (s, 2H, pyrrole-H), 6.03 (s, 2H, pyrrole-H), 4.03 (s, 5H, Fc-H),
3.98 (s, 4H, Fc-H), 2.46 (t {3J = 8 Hz, 2H, Fc-CFL;-), 2.28 (t {3J = 8 Hz}, 2H, -CHr
pyrrole), 1.53 (m, 4H, -CHrCH^-CHrCHr). 13CNMR (CDCI3): 8117.7, 114.9, 108.6,
68.6, 68.2, 67.0, 31.1, 31.0, 29.4, 27.5. MS (APCI) 308.2 [M+l].

4.2.9. Electrochemical Polymerisations

Homo- and co-polymers were electrodeposited as thin films on a platinum disk

electrode (0.017 cm2 area) by potentiodynamic, potentiostatic and galvanostatic meth
from the following dichloromethane monomer solutions:
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Poly(Py-co-4): monomer 4 (10 m M ) , pyrrole (10 m M ) and tetrabutylammonium
perchlorate (TBAP)(0.1M).

Poly-5: monomer 5 (10 mM) and TBAP (0.1 M).

Poly(Py-co-5): monomer 5 (10 mM), pyrrole (10 mM), and TBAP (0.1 M).

The following electrochemical conditions were used:

Potentiodynamic growth: A scan rate of 100 mV s" between -0.8 V and +1.0 V to gro
poly(Py-co-4), -1.0 V and +0.7 V to grow poly-5, and -0.8 V and +0.7 V to grow
poly(Py-co-5) was used.

Potentiostatic growth: A constant potential of+0.9 V to grow poly(Py-co-4), +0.6
grow poly-5, and +0.7 V to grow poly(Py-co-5) was applied.

Galvanostatic growth: A current density of 1.0 mA cm"2 was applied for all polym
formed.

4.2.10. Cytochrome C Electrochemistry

Cyclic voltammetry was performed in aqueous solutions of KC1 (0.1 M) and Tris-HCl
(20 mM) buffer (pH 6.8) containing different concentrations (0.05 - 0.20 mM) of
Cytochrome C. A scan rate of 100 mV s"1 was used.
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4.2.11. Hydrogen Gas Generation in 1.0 M H 2 S O 4

The bare platinum and poly(Py-co-4), Poly-5, and poly(Py-co-5) modified platinum
electrodes were tested in 1.0 M H2S04 to determine the decomposition potential for
hydrogen generation by cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
at 100 mV s"1. Further tests were done under potentiostatic conditions (-0.44 V) to
determine the rate of hydrogen generation over a long-term period of more than twelve
hours.

4.2.12. X-Ray Structure Determination of 11

The X-ray structure determination was carried out by Dr. Brian Skelton and Prof. Allan
White (University of Western Australia). Crystals of 11 were grown by slow
evaporation of a carbon tetrachloride solution. A full sphere of CCD area-detector
diffractometer data was measured (Bruker AXS instrument, co-scans, 20max = 68°;
monochromatic Mo Ka radiation, X = 0.71073 A; Tea. 153 K). 19 511 Reflections were

observed; these merged to 9 734 independent reflections (Rint - 0.019) after 'empirical
multiscan absorption correction. 7 966 Reflections having F > Aa(F) were considered
'observed' and used in the full matrix least squares refinement, refining anisotropic
thermal parameter forms for the non-hydrogen atoms together with (x, v, z, Uiso)u.
Conventional residuals R, Rw on \F\ at convergence were 0.033, 0.039 (reflection
weights:

(G2(F)

+ 0.0004F2)"1). Neutral atom complex scattering factors were

employed within the context of the Xtal 3.7 program system [165]. Pertinent details are

listed below. Full details of atomic parameters and derivative geometries are deposite
with the CCDC(# 182789).
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Crystal data. C 2 7H 41 FeNSi, M=

463.6. Triclinic, space group PI ( Q , No. 2), a =

8.5350(6), 6 = 9.5365(6), c = 17.489(1) A, a = 93.023(1), p = 95.589(1), y 113.624(1)°, V= 1291.4(3) A3. Dc (2 = 2)== 1.192 g cm"3. nMo = 6.4 cm"1; specimen:
0.40 x 0.15 x 0.08 mm; Tminmax = 0.75, 0.86. |Apmax| = 0.69(3) e A"3.

4.3. RESULTS AND DISCUSSION

4.3.1. Synthesis of Monomers 4 and 5

Monomer 4 was prepared in a two-step process (Scheme 4.1). The reaction of pyrro
with 2,5-dimethoxytetrahydrofuran and 3-bromopropylamine hydrobromide yields 8

according to the previously reported procedure [161]. When treated with a mixture
Bu3SnFc and BuLi at -78 °C, the propyl-tethered monomer 4 is formed cleanly.
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5

was

prepared

in

a five-step process

from

pyrrole.

N-

(triisopropylsilyl)pyrrole was prepared from pyrrole [161,162]. Using the published
procedures, 9 was obtained in ca. 90% purity [161,162,164]. Complete purification
required preparative HPLC to separate residual 3,3'-dibromo side-product [161,162].
The reaction of 9 with BuLi and Br(CH2)4Br according to the published procedure
produced 10 [164]. However the product obtained in this reaction was contaminated
with 3-(«-butyl)-Af-(triisopropylsilyl)pyrrole and unreacted 3-bromo-JV(triisopropylsilyl)pyrrole. Purification of 10 required extensive preparative HPLC
separations. However a workably pure product could be obtained using rotating thinlayer chromatography. To form 11, a mixture of Bu3SnFc and BuLi was prepared at 78 °C and monitored until the formation of mono-lithioferrocene was complete. When
treated with 10, butyl-tethered 11 was formed. Crystals of 11 were subjected to an X-

ray crystal structure determination (Figure 4.1; Table 4.1); this verified the expect
constitution of this molecule. Monomer 5 was prepared by stirring 11 in the presence
B114NF [156].

Table 4.1. Selected bond lengths (A) and angles (°) of 11.

Bond lengths Bond Angles
N(l)-Si(l)

1.775(1)

N(l)-Si(l)-C(122)

109.14(6)

Si(l)-C(112)

1.887(1)

N(l)-Si(l)-C(132)

105.94(5)

Si(l)-C(122)

1.887(2)

N(l)-Si(l)-C(112)

107.00(5)

Si(l)-C(132)

1.887(1)

C(34)-C(101)-Fe

126.80(8)

C(101)-C(34)

1.496(1)

C(102)-C(101)-C(34) 127.7(1)

C(33)-C(34)

1.523(2)

C(105)-C(101)-C(34) 125.1(1)

C(32)-C(33)

1.528(2)

C(31)-C(3)-C(2)

128.7(9)

C(31)-C(32)

1.516(1)

C(31)-C(3)-C(4)

124.8(1)
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775

Molecular projection of 11, showing 5 0 % probability amplitude

displacement ellipsoids for the non-hydrogen atoms of 11. Hydrogen atoms have been
assigned arbitrary radii of 0.1 A.

4.3.2. Co-polymerisation of Ar-(3-ferrocenylpropyI)pyrrole (4) with Pyrrole

M o n o m e r 4, JV-(3-ferrocenylpropyl)pyrrole undergoes one reversible redox process
(labelled A/B in Figure 4.2) at E° +0.220 V due to the ferrocene moiety (measured in
dichloromethane containing 0.1 M tetrabutylammonium perchlorate; Ag/Ag+ reference
electrode). Under otherwise identical conditions (ferrocene 10 mM/TBAP 0.1
M/DCM), the redox potential of free ferrocene was +0.275 V.
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Despite varying the anodic limit for reversal of scan from +0.60 V to +2.00 V , a
conductive electroactive film could not be grown. Nor could a clear current maximum
be observed for the oxidation of the pyrrole unit. As the homopolymer could not be
grown, copolymerisation of iV-(3-ferrocenylpropyl)pyrrole with pyrrole was
investigated.

E(V)

Figure 4.2. Cyclic voltammogram of A/-(3-ferrocenylpropyl)pyrrole (4) at a platinum
disk working electrode. Reference electrode: Ag/Ag+. Scan rate: 100 mV s"1. Monomer
solution: monomer 4 lOmM/TBAP 0.1 M/DCM.

Poly(pyrrole-co-V-(3-ferrocenylpropyl)pyrrole)

(poly(Py-co-4))

could

be

electrodeposited on platinum disk electrodes using potentiodynamic, potentiostatic, or
galvanostatic procedures. The cyclic voltammograms obtained during potentiodynamic
growth (Figure 4.3) display the expected increase in current with increasing number of
potential cycles; this is consistent with growth of a conducting electroactive polymer
(CEP). The redox couple A/B in Figure 4.3 is due to the ferrocene group; and pyrrole
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oxidation commences at +0.80 V. Under identical conditions in the absence of 4, free
pyrrole is oxidized at +1.05 V. The ferrocene moiety in 4 therefore diminishes the
potential required for the polymerisation [166]. Previous studies suggest that the
ferrocene moiety catalyses the oxidation of the pyrrole moiety.

Figure 4.3. Potentiodynamic growth of the copolymer of 4 with pyrrole at a Pt working
electrode. Auxiliary electrode: Pt mesh. Reference electrode: Ag/Ag+. Scan rate: 100
m V s"1. Polymerisation solution: 4 (10 mMVPyrrole (10 m M ) / T B A P (0.1 M Y D C M .

From the first cycle of the cyclic voltammogram of growth, a potential of+0.90 V was
selected for subsequent potentiostatic growth. The chronoamperogram (Figure 4.4)
indicated that, after the initial transient, the current increased with time as the
copolymer was deposited.

A chronopotentiogram (Figure 4.5) was obtained during the galvanostatic growth of
poly(Py-co-4) (1.0 m A

cm" 2 for 5 mins). After the initial transient the potential

decreased during copolymer growth; the deposited polymer was therefore conductive.
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After 5 min, the potential was +0.92 V. This compares with +1.05 V obtained under
identical conditions for the polymerisation of pyrrole alone, indicating that the ferrocene
moiety lowered the potential required for polymerisation by this technique [166].

0.10

0.00
100

200

300

400

500

600

700

Time (second)
Figure 4.4. Chronoamperogram of copolymer growth of 4 with pyrrole at a Pt working
electrode from the monomer solution: 4 (10 mM)/Pyrrole (10 m M ) / T B A P (0.1
M ) / D C M . Constant potential: +0.90 V.
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Figure 4.5. Chronopotentiogram of copolymer growth of 4 with pyrrole at a Pt working
electrode from the same monomer solution as in Figure 4.4. Constant current density:
0.50 m A cm"2.
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4.3.3. Characterization of poly(Py-co-4)

After copolymer growth, the poly(Py-co-4) coated Pt disk electrodes were characterize
by cyclic voltammetry in aqueous 1.0 M NaN03. A typical post-polymerisation cyclic
voltammogram is shown in Figure 4.6, which reveals two redox couples. Comparison
with the cyclic voltammogram of polypyrrole-perchlorate indicates that the redox
couple (labelled A/B) is due to the copolymer backbone and the other redox couple
(labelled C/D) can be assigned to the ferrocene moiety. The redox potential of the
ferrocene moiety in the copolymer, poly(Py-co-4), is +0.31 V; that of ferrocenium
hexafluorophosphate under otherwise identical conditions is +0.28 V. The redox
potential of the ferrocene moiety in the copolymer is therefore shifted by +0.03 V
relative to free ferrocene.

E(V)
Figure 4.6. Post-polymerisation cyclic voltammogram of poly(Py-co-4) grown
potentiostatically on a Pt disk working electrode. Reference electrode: Ag/AgCl (3 M
NaCl). Scan rate: lOOmV s'1. Supporting electrolyte: NaN03 (1.0 M).
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After electrodeposition on ITO coated glass, the UV/visible spectra of the copolymer
poly(Py-co-4) were recorded (Figure 4.7). In the oxidized state, the spectrum of
poly(Py-co-4) (Figure 4.7a) displays two sharp peaks at 510 nm and 340 nm, as well as

a free carrier tail from 610 nm to longer wavelengths. The latter feature confirms th
the copolymer is conductive. After being reduced at -1.0 V in 0.1 M TBAP/CH3CN for

30 min (Figure 4.7b), the band at 510 nm is lost and the free carrier tail becomes muc

less distinct. This indicates that a loss of conductivity clearly occurs when poly(Py
4) is reduced.
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Figure 4.7 UV/visible spectra of poly(Py-co-4) grown galvanostatically on an ITO
coated glass working electrode: (a) in its oxidized state, (b) in its reduced state.

The conductivity of poly(Py-co-4) film (grown galvanostatically onto ITO glass and
peeled off) was measured using the four-point probe technique and found to be 23.2 S
cm'1. This is 38% higher than the conductivity of polypyrrole grown under similar
conditions (16.8 S cm"1).
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The scanning electron micrograph of the solution side of poly(Py-co-4) (Figure 4.8)

indicated a cauliflower morphology similar to that of polypyrroles grown under simila
conditions. Elemental analysis (6.47% N which only from pyrrole unit, 11.78% CI
which only from CIO4", 3.3% Fe which only from ferrocene moiety) indicates that the

poly(Py-co-4) has the composition of 7 units of pyrrole : 1 unit of monomer 4 : 6 unit
of CIO4", which would explain why poly(Py-co-4) has a similar morphology to
polypyrrole.

Figure 4.8.

Scanning

electron

micrograph

(SEM)

of

poly(pyrrole-co-iV-(3-

ferrocenylpropyl)pyrrole), poly(Py-co-4).

4.3.4. Cytochrome C Electrochemistry of po!y(Py-co-4)

Access to the redox centre within Cytochrome C was investigated using the platinum
disk electrode modified with poly(Py-co-4) in the buffer solution (KC1 0.1 M/Tris-HCl
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0.02 M ) with different concentrations of Cytochrome C.

The ferrocene oxidation

response (peak A) within the copolymer was found to be enhanced by the presence of
Cytochrome C in the sample solution, whereas the polymer backbone oxidation
response was diminished (peak C) (Figure 4.9) because of Cytochrome C adsorption to
the copolymer. The ferrocene oxidation response of poly(Py-co-4) (peak A) was
anodically shifted to +0.550 V (peak A') when the concentration of Cytochrome C was
increased above 0.15 mM. This shift was reversible on reducing the concentration of
Cytochrome C. It might be that a critical thickness of Cytochrome C was formed,

electron transfer was inhibited and an anodic shift in potential was required to en

electron transfer. The reduction of the ferrocene moiety (peak B) was less affected
the presence of Cytochrome C.

E(V)

Figure 4.9. Cyclic voltammograms of poly(Py-co-4) modified Pt disk electrode in the
presence of Cytochrome C. Buffer solution: KC1 (0.1 M)/Tris-HCl (20 mM) at pH 6.8.

Concentration of Cytochrome C: (1) 0, (2) 0.05 mM, (3) 0.01 mM, (4) 0.15 mM, and (5)
0.20 mM. Scan rate: lOOmV s"1. poly(Py-co-4) was grown at 1.0 mA cm"2 for 1 min.
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Nevertheless, the anodic peak current (I^a) increased linearly with increasing
concentration (c) of Cytochrome C according to the equation lPA = 358.2c + 8.46, R

=

0.9918 (Figure 4.10). Cytochrome C cannot be sensed using a conventional polypyrrole
film because the coating is insulating at its E°. However, the tethered ferrocene
moieties in poly(Py-co-4) can mediate the responses noted above. The mechanism of
this catalytic oxidation must be as follows:

Fc —> Fc

+ e"

(1)

Cyt.c + F c + ^ Fc + Cyt.c+

(2)

100
80
1

P<*

60
y = 358.2x + 8.46

("A)

R 2 = 0.9918

40
20

0.00

0.05

0.10
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Concentration of Cyt.C ( m M )

Figure 4.10. Linear regression of anodic peak current (Ip>a) vs. concentration
(c) of Cytochrome C.
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4.3.5. Homo-polymerisation of 3-(4-ferrocenylbutyl)pyrrole (5)

Monomer 5 undergoes one, reversible redox process at E° +0.120 V due to the ferrocene
moiety (measured in dichloromethane containing 0.1 M tetrabutylammonium
perchlorate; Ag/Ag+ reference electrode). Under identical conditions, the redox
potential of free ferrocene was +0.275 V. Therefore, the redox potential of the
ferrocene moiety in monomer 5 is shifted by -0.155 V relative to free ferrocene in 0.1
M TBAP/DCM solution.

Poly(3-(4-ferrocenylbutyl)pyrrole) (Poly-5) was successfully electrodeposited on
platinum disk electrodes using potentiodynamic, potentiostatic, or galvanostatic
procedures. Figure 4.11 depicts the cyclic voltammograms obtained during
potentiodynamic growth. These cyclic voltammograms show the expected increase in
current with increasing cycles, indicative of conducting electroactive polymer (CEP)
growth. The redox couple (labelled A/B) can be assigned to the combination of both
the ferrocene moiety and the polymer backbone. From the first cycle in Figure 4.11,
pyrrole moiety oxidation commenced at +0.65 V. Comparative studies indicate that
oxidation of pure pyrrole commenced at +1.05 V under similar conditions to those
employed in the experiment. Therefore, the ferrocene moiety in monomer 5 lowered
the potential required for the electro-polymerisation [166]. Both monomer 4 and 5
therefore indicated that the ferrocene moiety had a catalytic effect on the potential
needed for polymerisation.

The cyclicvoltammograms of Poly-5 polymerisation indicate that a potential of+0.70 V
is ideal for potentiostatic growth. A typical chronoamperogram (Figure 4.12) displays
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an increasing current with time (after the initial transient) during deposition this homopolymer, Poly-5.

The chronopotentiogram (Figure 4.13) of galvanostatic growth (1.0 mA cm" for 5 min)
displayed a gradual decrease in potential after the initial transient, indicating CEP
growth. After 10 min, a potential of+0.62 V was obtained. This value is much lower
than the potential (+1.05 V) obtained at a similar stage during the growth of
polypyrrole, again confirming the catalytic effect of the ferrocene moiety in monomer
on the electro-polymerisation [136].

20th cycle

0.1

First cycle

-0.1

B
-0.8

0.4

•0.4
E(V)

Figure 4.11.

Potentiodynamic growth of Poly-5 on a Pt working electrode. Auxiliary

electrode: Pt mesh. Reference electrode: Ag/Ag+. Range: -1.0 V to +0.7 V. Scan rate:
100 mV s"1. Polymerisation solution: monomer 5(10 mM)/TBAP (0.1 MVDCM.
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Figure 4.12. Chronoamperogram of poly-2 growth at a platinum working electrode
the monomer solution: monomer 5 (10 mM)/TBAP (0.1 M)/DCM. Constant potential:
+0.70 V.

0.8

0.6

••a 0.41

a
o

0.2

0

40

2:00

3:20

4:40

6:00

7:20

8:40

Time (minute)

Figure 4.13. Chronopotentiogram of poly-2 growth at a platinum working electrod
from the same monomer solution. Constant current density: 1.0 mA cm"2.
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4.3.6. Characterization of Poly-5

The post-polymerisation cyclic voltammetry of Poly-5 was performed in aqueous 1.0 M
NaN03 solution at a scan rate of 100 mV s" (Figure 4.14). It displayed only the redox

couple (labelled A/B) associated with the ferrocene moiety. The redox potential of th
ferrocene moiety in the homo-polymer, Poly-5, is +0.33 V; that of ferrocenium
hexafluorophosphate under otherwise identical conditions is +0.28 V. The redox
potential of the ferrocene moiety in the homo-polymer is therefore shifted by +0.05 V

relative to free ferrocene. The Poly-5 backbone displayed no electroactivity in aqueo
solution. However, in organic solution (0.1 M TBAP/CH3CN Poly-5 displayed the
redox couple labelled A/B (Figure 4.15) which can be assigned to the combination of
both the ferrocene moiety and the polymer backbone.

E(V)

Figure 4.14. Post-polymerisation cyclic voltammogram of Poly-5 modified Pt disk
electrode. Scan rate: 100 mV s"1. Supporting electrolyte: NaN03 (1.0 M).
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0.04

0.08

E(V)
Figure 4.15. Post-polymerisation cyclic voltammogram of Poly-5 modified Pt
electrode. Scan rate: 100 mV s"1. Supporting electrolyte: 0.1 M TBAP/CH3CN.

When electrodeposited on ITO coated glass, Poly-5 produced the UV/visible spectrum

shown in Figure 4.16. In the oxidized state (Figure 4.16(a)), the spectrum exhibited a
sharp peak at 340mn, a broad peak at 510 nm and a free carrier tail that extends from
620 nm to longer wavelengths, which is indicative of conductivity. After reduction at

1.0 V for 1 hour (Figure 4.16(b)), the band at 510 nm is lost and the free carrier tai
less distinct; indicating a loss of conductivity.

The electrical conductivity of Poly-5 films measured by the four-point probe method
was found to be 17.1 S cm"1. This is similar to the conductivity (16.8 S cm"1) of

polypyrrole grown under similar conditions, but lower than that of poly(Py-co-4) (23.1
S cm"1).
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The scanning electron micrograph ( S E M ) of the solution side of Poly-5 depicts a cloudlike morphology (Figure 4.17) different from that of polypyrrole. Elemental analysis
indicated 6.40%> N and 5.24% CI which translated to a composition of 3 units of
monomer 5 : 1 unit of C104".
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Figure 4.16.

UV/visible spectra of Poly-5 grown galvanostatically on an ITO coated

glass electrode: (a) in its oxidized state, (b) after reduction at -1.0 V for 1 hour.

Figure 4.17.

(Poly-2).

Scanning electron micrograph of Poly(3-(4-ferrocenylbutyl)pyrrole)
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4.3.7. Co-polymerisation of 3-(4-ferrocenylbutyl)pyrrole (5) with Pyrrole

Poly(pyrrole-co-3-(4-ferrocenylbutyl)pyrrole) (poly(Py-co-5)) was successfully
electrodeposited on a platinum electrode using potentiodynamic, potentiostatic, or
galvanostatic procedures. The cyclic voltammograms during growth (Figure 4.18)
displayed an increase in current with increasing cycles, indicative of CEP growth. The
CVs are different from those of Poly-5 growth. By comparison with the CV of ferrocene
and polypyrrole, the redox couple (labelled A/B) can be assigned to the ferrocene

moiety redox potentials, and peak C (not observed in Figure 4.11) can be assigned to the
oxidation of copolymer backbone. The first cycle in Figure 4.18 indicates that the
oxidation of the pyrrole moiety commenced at +0.65 V, like that of
homopolymerisation. However, under identical conditions, pyrrole alone commenced
oxidation at +1.05 V, which is much more anodic than that for monomer 5. As in the
other polymerisations, the ferrocene moiety in monomer 5 lowered the potential
required for electro-copolymerisation to form poly(Py-co-5) [166]. The ferrocene

moiety appears to exert a catalytic effect on polymerisation and copolymerisation in th
case as well.

From the cyclic voltammogram of growth, a potential of +0.70 V was selected for
potentiostatic growth. The chronoamperogram (Figure 4.19) showed that the current
increased with time after the initial transient during the growth of poly(Py-co-5).

A chronopotentiogram (Figure 4.20) was obtained during galvanostatic growth (1.0 mA
cm"2 for 10 min). After the initial transient, the potential decreased during copolymer
growth indicating that the deposited film was conductive. After 10 min, the potential
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was +0.69 V. Under identical conditions pyrrole alone produced a potential of+1.05

This is consistent with the CV growth results and possible catalytic action by the
oxidised ferrocene substituent.

160-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

E(V)
Figure 4.18. Potentiodynamic growth of the copolymer of poly(Py-c0-5) at a Pt
working electrode. Auxiliary electrode: Pt mesh. Reference electrode: Ag/Ag+. Scan
rate: 100 mV s'1. Polymerisation solution: 5 (10 mM)/pyrrole (10 mM)/TBAP (0.1
M)/DCM.
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Figure 4.19. Chronoamperogram of the growth of poly(Py-co-5) at a platinum wor
electrode from the monomer solution: monomer 5 (10 mMVpyrrole (10 mMVTBAP
(0.1 M)/DCM. Constant potential: +0.70 V.
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Figure 4.20. Chronopotentiogram of the growth of poly(Py-co-5) at a Pt working

electrode from the same monomer solution as in Figure 4.19. Constant current d
1.0 mA cm"2.
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4.3.8. Characterization of Poly(Py-co-5)

The cyclic voltammogram of poly(Py-co-5) in aqueous 1.0 M NaN03 (Figure 4.21)
displayed two redox couples: one (labelled A/B) was associated with the copolymer

backbone redox potentials and the other (labelled C/D) was due to the ferrocene moiet
The redox potential of the ferrocene moiety is +0.29 V; that of ferrocenium
hexafluorophosphate under otherwise identical conditions is +0.28 V. The redox

potential of the ferrocene moiety in the copolymer, poly(Py-co-5), is therefore simila
free ferrocene.

E(V)
Figure 4.21. Post-polymerisation cyclic voltammogram of poly(Py-co-5) modified Pt
disk electrode. Scan rate: 100 mV s"1. Supporting electrolyte: NaN03 (1.0 M).

The UV/visible spectra of poly(Py-co-5), electrodeposited on ITO coated glass, were
recorded in Figure 4.22. In its oxidized state (Figure 4.22a), the spectrum exhibited
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sharp peaks at 340 n m and 500 n m , as well as a free carrier tail from 620 n m to longer
wavelength. The free carrier tail confirmed that this copolymer was conductive. After
the copolymer was reduced at -1.0 V for 1 hour (Figure 4.22b), the band at 500 nm was

lost and the free carrier tail was much less distinct. This is in keeping with the los
polymer conductivity.
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Figure 4.22. UV/visible spectra of poly(Py-co-5) grown galvanostatically on an ITO
coated glass electrode: (a) in its oxidized state, (b) after reduction at -1.0 V for 1

The electrical conductivity of poly(Py-co-5) films measured using the four-point probe
method was found to be 30.7 S cm"1. This is double that of polypyrrole (16.8 S cm"1)

grown under similar conditions, and 30 percent higher than the conductivity of poly(Py
co-4) (23.2 S cm"1).

The scanning electron micrograph of the solution side of poly(Py-co-5) (Figure 4.23)
indicated a cauliflower morphology similar to that of polypyrrole or poly(Py-co-4).
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Elemental analysis (5.91% N , 10.76% CI, 6.1% Fe) indicates that poly(Py-co-5) has a
composition of 3 units of Py : 1 unit of monomer 5 : 3 units of CIO4". This again
confirms the growth of the copolymer, poly(Py-co-5).

Figure 4.23. Scanning electron micrograph ( S E M ) of poly(Py-co-5).

4.3.9. Cytochrome C Electrochemistry of Poly-5 and Poly(Py-a>-5)

Access to the redox centre within Cytochrome C was investigated using the platinum
disk electrode modified with Poly-5 or poly(Py-co-5) in the buffer solution (KC1 0.1
M/Tris-HCl 0.02 M) with different concentrations of Cytochrome C. For the homopolymer Poly-5, there was no clear increase in the ferrocene oxidation response when

increasing the concentration of Cytochrome C. The ferrocene oxidation response withi
the copolymer poly(Py-co-5) was however found to be enhanced by the presence of
Cytochrome C in the sample solution, whereas the polymer backbone oxidation
response was diminished because of the adsorption by Cytochrome C to the copolymer.

A non-linear relationship existed between the ferrocene anodic peak current (Ip,a) a
the concentration of Cytochrome C.
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4.3.10.

Electrocatalytic Hydrogen Gas Generation

4.3.10.1. Hydrogen decomposition potential

Several platinum disk electrodes were tested for hydrogen gas generation in 1.0 M

H2SO4 acid solution before and after potentiostatic coating with each of poly(Py-c0-4
poly-5, or poly(Py-co-5). The anode in these experiments was a platinum mesh
electrode and the reference electrode was Ag/AgCl (3.0 M NaCl). Initial studies
examined the most positive potential at which hydrogen generation was observed (i.e.
the decomposition potential for hydrogen generation) [138].

Figure 4.24 shows the linear sweep voltammogram for hydrogen generation at an
uncoated platinum disk electrode in 1.0 M H2S04 (swept from positive 600 mV to
negative potential). Hydrogen production can be seen to commence at -0.240 V (point
A in Figure 4.24). After coating with poly(Py-co-4) (Figure 4.25), the modified
platinum electrode displayed a clearly defined ferrocene reduction peak at +0.150 V
(point A) followed thereafter by hydrogen generation from ca. -0.025 V (point B). Gas
bubbles could be seen to form slowly on the copolymer surface if the poly(Py-co-4)
modified electrode was poised at a potential more negative than -0.025 V.

Poly-5 and poly(Py-co-5) modified platinum disk electrodes were tested in the same
way. Figure 4.26 and Figure 4.27 show typical linear sweep voltammograms for

hydrogen generation at Poly-5 and poly(Py-co-S) coated platinum disk electrodes in 1.
M H2S04 (swept from positive 600 mV to negative potential). For the homo polymer,

Poly-5, the LSV indicated a clearly defined ferrocene reduction peak at +0.250 V (poi
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A in Figure 4.26) followed thereafter by hydrogen generation at potentials negative of
ca. -0.000 V (point B in Figure 4.26). For the copolymer, poly(Py-co-5), a clearly
defined ferrocene reduction peak was observed at +0.170 V (point A in Figure 4.27)
followed thereafter by hydrogen generation below ca. -0.040 V (point B in Figure
4.27). Small gas bubbles could be seen to form on Poly-5 or poly(Py-co-5) if either of
these two modified electrodes was poised at a potential more negative than the
decomposition potentials described above.

As observed for the PPy-FMS coatings described in Chapter 3, the LSVs of poly(Py-co4), Poly-5, and poly(Py-co-5) exhibit distinct scan-dependent peaks at -0.210 V, -0.340

V, and -0.300 V respectively (points C in Figures 4.25-4.27). Interestingly, the absolut
peak current of Poly-5 (1.0 mA) at 100 mV s"1 is substantially greater than that of
poly(Py-co-4) and poly(Py-eo-5) (both 0.4 mA). At first sight, one may be tempted to

directly correlate the currents with the relatively greater proportion of ferrocene pre
in Poly-5. However a closer analysis reveals a more subtle connection between the peak
currents at C and the quantities of ferrocene in the coatings. poly(Py-co-4) contains a
tethered ferrocene moiety on every eighth pyrrole on average, while poly(Py-co-5)
contains one on every fourth pyrrole. In PPy-FMS (Chapter 3), there is one for every
fourth pyrrole; the comparative peak current in that case was only 0.2 mA and the peak
occurs at -0.200 V. The peak currents at C in Figures 4.25-4.27 probably depend more
strongly on the morphology and porosity of the polymer involved. This determines
when bubble formation within the polymer cuts off the ferrocene active sites from the
surrounding electrolyte. The presence of relatively more ferrocene catalytic sites in
Poly-5 > poly(Py-co-5) = PPy-FMS > poly(Py-co-4) does however explain the
movement of the peak to more negative potentials: the active sites are less quickly
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isolated by trapped bubbles. A s for PPy-FMS, at the potentials 0.1 V more negative of
C, hydrogen generation rapidly starts increasing again, possibly due to catalysis by the
underlying platinum.
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Figure 4.24. Current-voltage plot (vs. Ag/AgCl) in 1.0 M H 2 S 0 4 / H 2 0 of the uncoated
platinum disk electrode (scan rate: 100 m V s"1).
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Figure 4.25. Current-voltage plot (vs. Ag/AgCl) in 1.0 M

H 2 S04/H 2 0 of the

poly(Py-co-4) modified platinum disk electrode (scan rate: 100 m V s"1).
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Figure 4.26. Current-voltage plot (vs. Ag/AgCl) in 1.0 M H 2 S04/H 2 0 of the Poly-5
modified platinum disk electrode (scan rate: 100 mV s").
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Figure 4.27. Current-voltage plot (vs. Ag/AgCl) in 1.0 M H 2 S0 4 /H 2 0 of the poly(Pyco-5) modified platinum disk electrode (scan rate: 100 m V s").
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A significant and substantial anodic shift therefore occurs in the potential for hyd
gas generation when a platinum electrode is coated with poly(Py-co-4), Poly-5, or

poly(Py-co-5). This shift (> 200 mV) is of the same order as that achieved by PPy-FMS
(Chapter 3). As polypyrrole containing other dopants such as pTS, N03", and Fe(CN)63"

(Figure 4.28) does not exhibit the same shift, it is clear that ferrocene moieties ar
required.
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Figure 4.28 Current-voltage plot (vs. SCE) in 1.0 M H2S04 of a platinum disk electrode

(a) before coating, (b) after coating with PPy-pTS, (c) after coating with poly(Py-co

(d) after coating with Poly-5, (e) after coating with poly(Py-co-5) (scan rate: 100 m
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Potentiostatic hydrogen generation

Further tests examined the rate of hydrogen production at -0.44 V over an extended
period of time (more than 12 hours) by platinum disk electrodes before and after
potentiostatic coating with poly(Py-co-4), Poly-4, and poly(Py-co-5). The plastic cell
described in Figure 3.16 (Chapter 3) was also used in these experiments. The positions
of the electrodes were kept invariant and identical to those in Figure 3.18 in these

experiments. The data obtained is therefore directly comparable to that given in Figure
3.18 (Chapter 3).
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Time (minute)

Figure 4.29.

500

800

J

Current-time plot of a platinum electrode (0.0177 c m 2 ) poised at -0.440

V (vs. Ag/AgCl) in 1.0 M H2S04: (a) before coating, (b) after coating with poly(Py-co4), (c) after coating with Poly-5, and (d) after coating with poly(Py-co-5) (100 mC).
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Figure 4.29 illustrates representative data using a platinum disk electrode whose
electrochemical area was 0.0177 cm2. As has already been seen, the current at the

uncoated platinum electrode declined sharply in the initial period of operation (Figu
4.29(a)). After 12 hours, a steady current of 0.130 mA for hydrogen generation was
obtained. Under otherwise identical conditions, the same electrode produced a current
of 0.430 mA (H2 generation) after coating with poly(Py-co-4) (100 mC, controlled

current charge during polymer growth) and operating for 12 hours (Figure 4.29(b)); i.e
a 3.3-fold greater rate. Poly-5 and poly(Py-co-5) modified Pt electrodes (100 mC)
produced very similar current values of 0.386 mA (Poly-5) and 0.390 mA (poly(Py-co5)) after 12 hours (Figure 4.29 (c) and (d)); i.e. about a 3.0-fold greater rate.

As noted in Chapter 3, comparable studies after coating the electrode with PPy-pTS
(grown to 100 mC) produced a current of 0.120 mA after 12 hours. This again confirms
that the ferrocene groups within the polypyrrole produce the catalytic effect.

To normalise for the effect of electrochemical area, the rate of hydrogen production
unit electrochemical area was also examined. The electrochemical area of the platinum
electrode before and after coating with poly(Py-co-4), Poly-5, or poly(Py-co-5) (100
mC) was estimated by comparing peak currents using cyclic voltammetry (100 mV s"1)
in 0.1 M K3Fe(CN)6371.0 M NaN03/H20 solution. The electrochemical areas
established using equation (3.2) (Chapter 3) were 0.0177 cm2 (uncoated platinum
electrode), 0.0265 cm2 (poly(Py-eo-4), 100 mC), 0.0237 cm2 (Poly-5, 100 mC), and
0.0250 cm2 (poly(Py-co-5), 100 mC), respectively.

By this measure, the current densities after 12 hours of hydrogen generation in 1.0 M
H2S04 aqueous solution before and after coating with either poly(Py-co-4), Poly-5, or

143

Chapter 4

poly(Py-co-5) (100 m C ) were estimated to be 7.33 m A cm"2 (uncoated platinum)
(Figure 4.30(a)), 16.23 m A cm" 2 (poly(Py-co-4) coating) (Figure 4.30(b)), 15.82 m A
cm"2 (Poly-5 coating) (Figure 4.30(c)), and 15.40 m A cm"2 (poly(Py-co-5) coating)
(Figure 4.30(d)). The poly(Py-co-4) modified Pt electrode consequently displayed a 2.2fold greater rate of hydrogen generation per unit electrochemical area than that of the
bare platinum electrode. Poly-5 and poly(Py-co-5) modified Pt electrodes produced a
2.1-fold greater rate of hydrogen generation per unit electrochemical area under
identical experimental conditions.
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Figure 4.30.

Current

density-time

plot of a platinum

electrode

having

an

electrochemical area of 0.0177 c m 2 poised at -0.440 V (vs. Ag/AgCl) in 1.0 M H 2 S 0 4 :
(a) before coating, (b) after coating poly(Py-co-4) (100 m C , 0.0265 cm 2 ), (c) after
coating Poly-5 (lOOmC, 0.0237 cm 2 ), and (d) after coating poly(Py-co-5) (100 m C ,
0.0250 cm 2 ).
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Despite the large proportion of ferrocene in Poly-5 (1 Fc : 1 pyrrole), its rate of

hydrogen production per electrochemical area was similar to that of poly(Py-co-4) (1 F
: 8 pyrrole) and poly(Py-co-5) (1 Fc : 4 pyrrole) (Table 4.1). All of these were less

that of PPy-FMS (Figure 3.20, Chapter 3). This indicates that the concentration of the

ferrocene moiety in the polypyrrole coating is not the only determinant of its catalyt

activity. The basicity and related electronic state of the ferrocene is also an importa
factor. Changes in the protonation equilibrium of the ferrocene moiety influence the

rate; FMS is probably more completely protonated than th e neutral, tethered ferrocenes.

The ferrocene moiety in Poly-5 is most likely less completely protonated than those in

poly(Py-co-4) and poly(Py-co-5), as attested by the large anodic shift (+0.05 V) in it

redox potential relative to free ferrocene (section 4.3.6). poly(Py-c0-4) and poly(Py-co
5) display smaller shifts (+0.03 V and +0.01 V respectively). The ferrocene in Poly-5

clearly less electron rich than in the copolymers, presumably because of competition fo
the available backbone electron density by the many other ferrocenes present.

Alternatively, the ferrocene groups in Poly-5 are simply too close together. It is nota
that the directly bridged analogue [0,0] ferrocenophane does not catalyse hydrogen
generation for this and other (electronic) reasons.

Table 4.1.

Comparison of hydrogen production rates at different electrodes.

Ratio of

Current density ( m A cm"2)

Polymer

Fc : pyrrole

(after 12 h at -0.44 V in 1.0 M H 2 S0 4 )

PPy-FMS

1 :4

26.20

poly(Py-co-4)

1 :8

16.23

Poly-5

1: 1

15.82

poly(Py-co-5)

1 :4

15.40
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M e c h a n i s m of hydrogen gas generation

As in Chapter 3, a catalytic mechanism like that shown in Scheme 4.2 can be
postulated. The equilibrium 12 •o-13 will clearly lie strongly in favour of 12 [143,144]
and vary according to the basicity of the ferrocene moiety.

The tethered ferrocene unit in Poly-5 is clearly less readily oxidisable than free
ferrocene (Table 4.2). This means that its corresponding ferrocenium ion must be more
poorly stabilized than free ferrocenium; i.e. the polymer backbone has a net electron
withdrawing effect. This is consistent with the relatively poor catalytic properties of
Poly-5 being due to a lower basicity of the ferrocene moiety. The neutral, tethered
ferrocenes in poly(Py-co-4) and poly(Py-eo-5) are presumably more electron rich (and
therefore also more basic), but still less readily protonated than FMS.

Table 4.2. Comparison of shifts in redox potential of neutral ferrocene
moiety relative to free ferrocene.

Polymer

Shift in redox potential (V)

poly(Py-c0-4)

+0.03

Poly-5

+0.05

poly(Py-c0-5)

+0.01
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R

R.
Fe

Fe +

12

15

H 2 (g)
IT
(or pyrrole+-H)
R

R

H4 — Fe

H — Fe +

13

14
Scheme 4.2.

4.4.

CONCLUSIONS

The homopolymer, Poly-5, and copolymers, poly(Py-co-4), and poly(Py-co-5), have

been successfully electrosynthesised by cyclic voltammetry, galvanostatic, a

potentiostatic methods. The post-polymerisation cyclicvoltammograms and eleme
analyses have confirmed the growth of the homopolymer and copolymers. The
copolymers, poly(Py-co-4), and poly(Py-co-5), have similar conductivities to
polypyrrole. The CV responses of poly(Py-co-4) in the presence of Cytochrome

KC1 (0.1 M)/Tris-HCl (20mM) (pH 6.8) solution suggest that this material has
potential application as a biosensor.
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A substantial anodic shift occurs in the decomposition potential for hydrogen generation
when a platinum electrode is coated with any of Poly-5, poly(Py-co-4), or poly(Py-co5). Comparative studies indicate that this is associated with the presence of ferrocene
moieties in polypyrrole conducting electroactive polymers. Over an extended period of
operation (> 12 hours), Poly-5-, poly(Py-co-4)-, and poly(Py-co-5)-coated platinum disk
electrodes display a > 2.0-fold greater rate of hydrogen gas production per unit
electrochemical area than the uncoated platinum disk electrode.

The basicity of the ferrocene moiety and the porosity and morphology of the conducting
polymer have been shown to play significant roles in the potentiostatic rate of hydrogen
generation at -0.44 V.

CHAPTER 5

PREPARATION, CHARACTERISATION, AND
ELECTROCATALYTIC HYDROGEN GENERATING

PROPERTIES OF [l,l]FERROCENOPHANE-PRO
AND -BUTYL POLYPYRROLES
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INTRODUCTION

When hydrogen gas is produced as a commercial product, it is usually ge

steam reforming of natural gas, by partial oxidation of oil or by elect
The hydrogen is then used either as an intermediate product, as in the

synthesis, or as an auxiliary agent, as in the cases of float glass prod

fat hardening, chemicals production, semiconductor industry or generato

In previous work we have demonstrated that ferrocene-containing electro

conducting polymers may act as potent electro-catalysts for hydrogen ga
when they are deposited on the surface of platinum electrodes.

The origin of the electro-catalytic effect in the former case appears t

propensity of ferrocene to form highly activated, iron-bound atomic hyd

protonated. When suitably proximate, two such species may eliminate hyd

gas leaving the corresponding ferrocenium ions. The role of the conducti

the process is multi-fold: (i) its formation generates high concentrati

active species at the electrode surface, thereby creating the proximity

above, (ii) the nature of the conducting electroactive polymers allow i

reduction of the resulting ferrocenium ions, thereby creating a catalyti

the conducting electroactive polymers effectively increase the electroc

the substrate, thereby increasing the production rate at which hydrogen
occurs under potentiostatic conditions.
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While previous work examined the variations in the ferrocene species within the

electroactive conducting polymers, such as PPy-FMS (ferrocene species a

(Ch. 3), Poly-5 (tethered ferrocenes in a homopolymer) (Ch. 4), and Pol

Poly(Py-co-4) (tethered ferrocenes in copolymers) (Ch. 4), a comparison

known electrocatalyst [1,1]ferrocenophane (1) has not been investigated

In complexes such as the [1,1]ferrocenophane (1), the proximity of the

to each other (ca. 3.6 A - 4.8 A during twisting) facilitates an intera
iron-bound H+ ions which causes their spontaneous reduction to H2. The

interaction eliminates the activation barrier for H2 production. Howeve

bis(ferrocenium) ions (2) produced then need to be continuously regener

catalytic cycling to occur. In this chapter, we studied the catalytic h

generation properties of the ferrocenophane when it is tethered to elec

conducting polypyrrole copolymers. A comparison of the catalytic effect
made.

5.2. EXPERIMENTAL

5.2.1. General

Manipulations involving air-sensitive compounds were performed under in

atmosphere using the Schlenk technique. Nuclear Magnetic Resonance (NMR
were recorded in chloroform-Ji employing an internal tetramethylsilane
1 "X 1

Tetrahydrofuran (THF) was distilled off sodium benzophenone ketyl.

C and H N M R

spectra were recorded at 20 °C on a Bruker AC 200 instrument operating
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Mass spectra (APCI) were recorded on a V G Platform instrument. Elemental analyses
were performed at the University of Otago, New Zealand. The following compounds
were prepared as described previously: [1.1]ferrocenophane (1) [52], l-(3Bromopropyl)pyrrole (8) [163], 3-(l-Bromo-4-butyl)-l-(triisopropylsilyl)pyrrole (10)

[161,162,164], 3-(l-[l.l]ferrocenophane-4-butyl)-l-(triisopropylsilyl)pyrrole (16) [52

3-(l-[l.l]ferrocenophane-4-butyl)pyrrole (17) [52], and l-(2-(l-[l.l]ferrocenophane)

N-propyl)pyrrole (18) [52]. Synthesis of the following compounds is based on literat
procedures and the work done in Chapter 4.

1- (CH 2 ) 4
1- (CH2)4
R

Fe

Fe

(1) (R = H)

Br(CH2)4

; A XN
(CH 2 ) 3 -1
(18)

^*K

(CH 2 ) 3 -Br

(8)

5.2.2. Electrochemistry

Electrochemical experiments were performed using an arrangement incorporating the
following instruments: an EG&G PAR Model 363 Potentiostat/Galvanostat,
Bioanalytical Systems CV27 Voltammograph, ADInstruments MacLab/400, and a
Macintosh computer containing ADInstruments software (EChem v 1.3.2 and Chart v
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3.3.7). A three-electrode system comprising a platinum-disk working electrode, a
platinum-mesh auxiliary electrode and Ag/AgCl (3M NaCl) (in aqueous solution) or

Ag/Ag+ (in organic solution) reference electrode was used. Post-polymerisation cyclic
voltammetry (CV) was carried out in 1.0 M NaN03 (as supporting electrolyte) solution
at a scan rate of 100 mV s"1.

The following chemicals were used as received: sodium nitrate (Sigma),
tetrabutylammonium perchlorate (TBAP) (Fluka), potassium chloride (Analar, BDH),
acetonitrile (APS), dichloromethane (APS) and sulfuric acid (Ajax). Pyrrole was

obtained from Merck and distilled before use. Indium tin oxide (ITO) coated glass was
purchased from Delta Technologies, USA.

5.2.3. Characterization Techniques

Conductivity measurements were carried out using a four-point probe connected to a
HP34401A multimeter and constant-current source system. The electrochemically
prepared polymers were tested using freshly prepared polymer films (7-33 um thick).
Polymer samples were also subjected to elemental analysis (Otago University, New
Zealand).

The UV/visible spectra of films grown on ITO coated glass electrodes were recorded
using a Shimadzu UV 1601 spectrophotometer.

Scanning electron microscopy (SEM) examination was carried out on the polymer film
using a Leica-Stereo 440 SEM.
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5.2A. 3-(l-[1.1 ]Ferrocenophane-but-4-y 1)-l-(triisopropylsilyl)pyrrole (16)

[l.l]Ferrocenophane (1) (0.859 g; 0.002 mol) was dissolved in anhydrous THF (50 mL
under inert atmosphere and cooled to -78 °C. w-Butyl lithium (1.53 mL of 1.6 M in

hexane) was then added and the solution allowed to warm to room temperature. During

this time the solution progressively adopted the deep red colour of l"Li+. After st

for ca. 15 min at room temperature, the intensity of the red colour of the solution
increasing and the solution was again cooled to -78 °C. 3-(l-Bromo-4-butyl)-l-

(triisopropylsilyl)pyrrole (10) (1.01 g; 0.003 mol) was added dropwise and the sol

was stirred at -78 °C until it became a pale yellow colour (ca. 10 min). The result
mixture was warmed to room temperature and then evaporated to dryness under a
stream of nitrogen. The residue was dissolved in degassed hexane (5 mL) and

chromatographed, using hexane as eluent, on a short column of Alumina (basic, activ
III; 5 cm length x 3.5 cm radius), which had been degassed using the technique
described previously [42]. The first yellow band which eluted was unreacted
[l.ljferrocenophane. After its collection, the eluting solvent was changed to CCI4

the chromatography allowed to proceed as fast as the column allowed. The yellow ban
which then eluted was evaporated to dryness, giving the product as a yellow-orange

yield: 1.3 g (97%). Attempts to crystallise the product as a solid were unsuccessful

Anal. Calc. for C39H5iNSiFe2: C, 69.5; H, 7.6; N, 2.1. Found: C, 69.2; H, 7.6; N, 2.0
'H NMR (CDCI3): 8 6.64 (br s, 1H, ArH), 6.43 (br s, 1H, ArH), 6.05 (br s, 1H, ArH),
4.58 (br m, 4H, o-Cp-H), 4.19 (br m, 8H, Cp-H), 4.11 (s, 2H, m-Cp-H), 4.05 (s, 2H, mCp-H), 3.61 (br d, 3H, Cp-CH-Cp), 3.52 (m, 2H, Cp-CH2-Cp), 2.33 (t {3J = 6Hz}, 2H,
pyrrole-CH2-), 1.50 (br s, 2H, Cp-CH(Cp)-CH2-), 1.39 (br m, 7H, -CH2-(4H) & Si-
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C H - (3H)), 1.05 (d {2J = 6Hz}, 18 H, Me).
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13

C N M R (CDC1 3 ): 8 126.4, 123.8, 120.9,

110.6, 92.1, 87.0, 70.3, 69.9, 68.9, 68.6, 67.5, 67.1, 66.9, 43.8, 37.8, 31.5, 31.2,
26.3, 25.9, 22.6, 17.9, 14.1, 11.7, 1.0. MS (APCI) 672.1, 674.1 [M+l].

5.2.7. 3-(l-[l.l]Ferrocenophane-4-butyl)pyrrole (17)

A solution of 3-(l-[l.l]ferrocenophane-4-butyl)-l-(triisopropylsilyl)pyrrole (16

g; 0.0012 mol) in anhydrous THF (50 mL) was stirred under inert atmosphere while
solid tetra-«-butylammonium fluoride hydrate (0.40 g; 1.3 fold excess) was added
once. The mixture was allowed to stir for 10 min, after which a TLC (Si02 with
CH2C12 eluant; Rf of 17 = 0.85, Rf of 16 = 0.95) indicated complete reaction. The

mixture was then allowed to evaporate under a stream of flowing nitrogen. The red

remaining was dissolved in degassed CCI4 (5 mL) and transferred to an alumina col
(basic, activity III; 3 cm length x 4 cm radius), which had been degassed [52]. The
column was eluted with degassed CCI4 until the unreacted 16 had eluted as a pale
yellow band. The eluting solvent was then changed to 1:1 CCl4:CH2Cl2 (200 mL) and
then to pure CH2C12, after which the product eluted as a band which was coloured
bright yellow. It was collected in a Schlenk flask under inert atmosphere and

evaporated under a stream of nitrogen. During this process the product precipitat
microcrystalline yellow solid, mp 141-142 °C, yield: 0.47 g (76%). Anal. Calc. for
C30H3iNFe2: C, 69.7; H, 6.0; N, 2.7. Found: C, 69.0; H, 6.0; N, 2.7. !H NMR

(CDCI3): 8 7.94 (br s, 1H, NH), 6.68 (br s, 1H, ArH), 6.48 (s, 1H, ArH), 6.00 (s, 1H,
ArH), 4.59 (m, 4H, o-Cp-H), 4.18 (m, 8H, Cp-H), 4.11 (s, 4H, m-Cp-H), 3.64 (q {4J =
2.4 Hz}, 1H, Cp-CH-Cp), 3.53 (d {2J = 4.6 Hz}, 3H, Cp-CH2-Cp), 2.33 (t {3J = 9 Hz},
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2H, pyrrole-CH2-), 1.57 (m, 2H, -CH 2 -), 1.37 (t {3J = 9 Hz}, 2H, -CH 2 -, 1.03 (m, 2H, CH2-). 13C NMR (CDC13): 8 124.6, 117.4, 108.5, 91.6, 86.4, 69.9, 69.8, 69.7, 68.3,
67.1, 66.9, 43.8, 37.7, 31.3, 26.7, 26.4, 25.9. MS (APCI) 516.1, 518.1 [M+l].

5.2.8. l-(3-(l-[l.l]Ferrocenophane)-l-AT-propyl)pyrrole (18)

[l.l]Ferrocenophane (1) (0.818 g; 0.002 mol) was dissolved in anhydrous THF (100
mL) under inert atmosphere and cooled to -78 °C. n-Butyl lithium (1.65 mL of 1.6

in hexane) was added with stirring and the solution warmed to room temperature. A
stirred until the deeply red colour of l"Li+ stopped intensifying (ca. 10 min at

temperature), the solution was again cooled to -78 °C. l-(3-Bromopropyl)pyrrole (
(0.512 g) was then added dropwise and the solution was stirred (at -78 °C) until
pale yellow colour (ca. 5 min). It was then warmed to room temperature and
evaporated to dryness under a stream of nitrogen. The residue was dissolved in

degassed CCI4 (5 mL) and chromatographed on an alumina column (basic, activity II

30 cm length x 3 cm radius; eluant CCI4), which had been degassed by the technique
described previously [5

2]. The second yellow band was collected and evaporated under nitrogen; the produ

precipitated as a microcrystalline yellow solid during evaporation, mp 116 °C, yi
0.54 g (52%). Anal. Calc. for C29H29NFe2: C, 69.2; H, 5.8; N, 2.8. Found: C, 69.2; H,
5.7; N, 2.7. *H NMR (CDCI3): 8 6.49 (m, 2H, pyrrole-H), 6.08 (m, 2H, pyrrole-H),
4.57 (s, 4H, o-Cp-H), 4.18 (s, 8H, Cp-H), 4.11 (s, 2H, m-Cp-H), 4.05 (s, 2H, m-Cp-H),
3.73 (t {3J = 6 Hz}, 1H, Cp-C(H)-Cp), 3.63 (t {3J = 6 Hz}, 2H, N-CH2-), 3.53 (d {2J = 6
Hz}, 2H, Cp-CH2-Cp), 1.42 (br m, 4H, N-CH2-CH2-CH2-) 13C NMR (CDCI3): 8
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120.3,107.6, 90.8, 86.5, 70.0, 68.7, 68.2,67.2,49.5, 40.3,27.3, 26.3. M S (APCI) 502.0
[M-l], 518.0 [M=0].

5.2.9. Electrochemical Polymerisations

Copolymers were electrodeposited as thin films on a platinum disk electrode (0.017

area) by potentiodynamic, potentiostatic and galvanostatic methods from the follow
dichloromethane (DCM) coating solutions:

Poly(pyrrole-co-17): monomer 17 (10 mM), pyrrole (10 mM) and tetrabutylammonium
perchlorate (TBAP)(0.1M).

Poly(pyrrole-co-18): monomer 18 (10 mM), pyrrole (10 mM), and tetrabutylammonium
perchlorate (TBAP)(0.1M).

The following electrochemical conditions were used:

Potentiodynamic growth: A scan rate of 100 mV s"1 between -1.0 V and +1.0 V to grow
Poly(pyrrole-eo-17), and between -0.8 V and +0.8 V to grow Poly(pyrrole-co-18).

Potentiostatic growth: A constant potential of+0.9 V was applied to grow Poly(pyrr
co-\l), and a constant potential of+0.7 V was applied to grow Poly(pyrrole-co-18).

Galvanostatic growth: A current density of 1.0 mA cm"2 was applied to grow the
copolymers, Poly(pyrrole-co-17) and Poly(pyrrole-co-18).
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5.3.

RESULTS A N D DISCUSSION

5.3.1. Synthesis of Monomers 17 and 18

Monomer 17 was prepared in a five-step process from pyrrole (Figure 5.1(a)). N(triisopropylsilyl)pyrrole was prepared from pyrrole [162,164]. Using the procedure
described in Chapter 4, 9 was obtained. The reaction of 9 with BuLi and Br(CH 2 ) 4 Br
according to the earlier procedure produced 10 [161]. T o form 16, a mixture of Li+1"
and BuLi was prepared at -78 °C. W h e n treated with monomer 10, monomer 16 is
produced [52]. Finally, monomer 17 was prepared by stirring monomer 16 under inert
atmosphere in the presence of tetrabutylammonium fluoride hydrate (TBAFH).

NaH
(/-Pr)3SiCl
Si(iPr)3

(i) BuLi
(ii) Br(CH 2 ) 4 Br

Br(CH 2 ),

1-(CH 2 ) 4

1-(CH 2 ) 4

BmNF

//

(17)

Figure 5.1(a).

Li+1"
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Monomer 18 was prepared in a two-step process (Figure 5.1). The reaction of pyrrole

with 2,5-dimethoxytetrahydrofuran and 3-bromopropylamine hydrobromide yields 8

according to the previously reported procedure [163]. When treated with the lit
of monomer 1 at -78 °C, the monomer 18 is formed cleanly [52].

NH2(CH2)3BrHBr //
MeO

OMe

*N
(CH2)3Br
(8)
Li+r

N'
(CH2)3-1
(18)

Figure 5.1(b).
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5.3.2. Copolymerisation of m o n o m e r 17 with pyrrole, Poly(Py-c0-17)

Monomer 17, 3-(l-[l.l]ferrocenophane-4-butyl)pyrrole, undergoes two reversible redox
processes (labelled A/B and C/D in Figure 5.2) due to the ferrocenophane moiety
(measured in dichloromethane containing monomer 17 (10 mM) and TBAP (0.1 M);

Ag/Ag+ reference electrode). It displays two oxidation waves at Eai = 0.250 V (peak A)

and E^ = 0.480 V (peak C), which indicates that the oxidation of the first ferrocenyl
moiety makes subsequent removal of an electron from the other more difficult. The

difference between these two oxidation potentials (AE = Ea2 - Eai = 0.23 V) is indic

of the extent of the interaction between two ferrocenyl units in monomer 17. However,
only one big reduction wave (peak B) is seen due to the combination of the two
reduction processes with a small reduction shoulder (point D).

E(V)

Figure 5.2. Cyclic voltammogram of 3-(l-[l.l]ferrocenophane-4-butyl)pyrrole (17) at
platinum disk working electrode. Reference electrode: Ag/Ag+. Scan rate: 100 mV s" .
Monomer solution: monomer 17 (10 mM)/TBAP (0.1 MVDCM.
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Despite varying the anodic limit for reversal of scan up to + 2.0 V , a conductive
electroactive film could not be grown on a platinum disk electrode. Nor could a clear
current maximum be observed for the oxidation of the pyrrole unit. Therefore,
copolymerisation of 3-(l-[l.l]ferrocenophane-4-butyl)pyrrole (3) with pyrrole was
studied.

Poly(pyrrole-co-3-(l-[l.l]ferrocenophane-4-butyl)pyrrole) (poly(Py-co-17)) was
successfully electrodeposited on platinum disk electrodes using potentiodynamic,
potentiostatic, or galvanostatic methods. The cyclic voltammograms obtained during
potentiodynamic growth are displayed in Figure 5.3. The usual increase in current with
increasing number of potential cycles (cycle 1 to cycle 20) was observed; this is
consistent with growth of a conducting electroactive polymer (CEP). The two oxidation
waves (peak A and B in Figure 5.3) due to the ferrocenophane moiety combined to be
one oxidation wave (peak C) after 10 cycles, while the reduction peak (D) shifted to
more negative potential. Poly(Py-co-17) commences pyrrole oxidation at +0.88 V.

Under identical conditions in the absence of 17, free pyrrole is oxidized at +1.05 V. T
ferrocenophane moiety in 17 therefore diminishes the potential required for the
polymerisation. The ferrocenophane moiety influences pyrrole polymerisation just like
the ferrocene moieties reported in Chapter 4.

From the first cycle of potentiodynamic growth, a potential of+0.90 V was selected for
subsequent potentiostatic growth. The typical chronoamperogram was recorded (Figure

5.4). It indicates that, after the initial transient, the current increased quickly wit

in the first one and half minutes. Then it remained stable as the copolymer, poly(Py-co
17), was deposited on the platinum disk electrode.
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A constant current density of 1.0 m A cm"2 was chosen for subsequent galvanostatic
growth of poly(Py-co-17). A typical chronopotentiogram is depicted in Figure 5.5. It

shows that, after the initial transient, the potential decreased slowly during copoly
growth, which indicated that the deposited polymer was conductive. After 5 minutes,
the potential was +0.87 V. Compared with the potential (+1.05 V) obtained under

identical conditions for the polymerisation of pyrrole, this again indicated that the
ferrocenophane moiety lowered the potential required for copolymerisation.

E(V)
Figure 5.3. Potentiodynamic growth of the copolymer of 17 with pyrrole at a platinum
disk electrode from a monomer solution containing: 17 (10 mM)/pyrrole (10
mM)/TBAP (0.1 M)/DCM. Reference electrode: Ag/Ag+. Scan rate: 100 mV s"1.

Chapter 5

162

Figure 5.4. Chronoamperogram of thepotentiostatic growth of copolymer of 17 with
pyrrole at a platinum disk electrode from a monomer solution containing: 17 (10
mM)/pyrrole (10 mM)/TBAP (0.1 M)/DCM. Reference electrode: Ag/Ag+. Constant
potential: +0.90 V.
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Figure 5.5. Chronopotentiogram of the galvanostatic growth of copolymer of 17 with
pyrrole at a platinum disk electrode from a monomer solution containing: 17 (10
mMVpyrrole (10 mMVTBAP (0.1 MYDCM. Reference electrode: Ag/Ag+. Constant
-2

current density: 1.0 m A cm".
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5.3.3. Characterization of Poly(Py-co-17)

After copolymer growth, the poly(Py-co-17) modified Pt disk electrodes were
characterized by cyclic voltammetry in aqueous 1.0 M NaN03. A typical post-

polymerisation cyclic voltammogram is shown in Figure 5.6, which reveals three redo
couples: A (Ep(a) = -0.080 V)/B (Ep(c) = -0.170 V), C (Ep(a) = 0.350 V)/D (Ep(c) = 0.230
V), and E (Ep(a) = 0.520 V)/F (Ep(c) = 0.410 V). Compared with the cyclic
voltammograms of monomer 17 and polypyrrole, it can be concluded that the redox
couple (labelled A/B) is due to the copolymer backbone and the other two redox
couples (labelled C/D and E/F) are due to the ferrocenophane moiety.

(mA)

• o.i •

0.2 •-,

E(V)

Figure 5.6. Post-polymerisation cyclic voltammogram of poly(Py-co-17) grown

potentiostatically on a platinum disk working electrode. Reference electrode: Ag/Ag
(3 M NaCl). Scan rate: 100 mV s"1. Supporting electrolyte: 1.0 M NaN03.

Chapter 5

164

The UV/visible spectra of the copolymer, poly(Py-co-17), electrodeposited on ITO

coated glass were recorded in Figure 5.7. In the oxidized state, the spectrum of pol

co-17) (Figure 5.7a) exhibits two peaks at 330 nm and 460 nm, as well as a free carr

tail from 590 nm to longer wavelengths can be seen. The latter feature (free carrier

confirms that this copolymer is conductive. It shows a similar spectrum to that obta
from polypyrrole (oxidised state). After being completely reduced at -1.0 V in 0.1 M
TBAP/CH3CN, the spectrum (Figure 5.7b) of poly(Py-co-17) indicates that the peak at

460 nm is lost and the free carrier tail becomes much less distinct. This suggests t
loss of conductivity clearly occurs when poly(Py-co-17) is reduced.
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Figure 5.7. UV/visible spectra of poly(Py-co-17) grown galvanostatically on an ITO
coated glass working electrode: (a) in its oxidized state, (b) in its reduced state.

Elemental analysis (6.05% N, 9.16% CI, 4.6% Fe) indicates that the poly(Py-co-17) has

the composition of nine units of pyrrole : one unit of monomer 17: six units of C104"
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which would explain w h y poly(Py-co-17) (high concentration of pyrrole) has a similar
spectrum to polypyrrole.

The conductivity of poly(Py-co-17) film (grown galvanostatically onto ITO glass and
peeled off) was measured using the four-point probe technique and found to be 0.12 S
cm'1. This is much more lower than the conductivity of polypyrrole grown under
similar conditions. This may be due to the steric effect of the large ferrocenophane
moiety.

The scanning electron micrograph of the solution side of poly(Py-co-17) (Figure 5.8)
displays a cauliflower morphology, a bit rougher than that of polypyrrole. Such a
microporous structure of poly(Py-co-17) will have a greater surface area.

Figure 5.8.

Scanning electron micrograph ( S E M ) of poly(Py-co-17).
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5.3.4. Copolymerisation of m o n o m e r 18 with pyrrole

Monomer 18, l-(2-(l-[l.l]Ferrocenophane)-l-A/-propyl)pyrrole, undergoes two
reversible redox processes (labelled A/B and C/D in Figure 5.9) due to the

ferrocenophane moiety (measured in dichloromethane containing monomer 18 (10 mM)

and TBAP (0.1 M); Ag/Ag+ reference electrode). These occur at Eai = 0.350 V (peak

and Ea2 = 0.560 V (peak C), and indicate that the oxidation of the first ferroce

makes subsequent removal of an electron from the other more difficult. The diffe

between these two oxidation potentials (AE = Ea2 - Eai = 0.21 V) is indicative of

extent of the interaction between the two ferrocenyl units in monomer 18. Unlike
monomer 17 (Figure 5.2), monomer 18 also displays two separated reduction waves
(peaks B (+ 0.065 V) and D (+ 0.295 V)).

(uA)

E(V)

Figure 5.9. Cyclic voltammogram of l-(2-(l-[l.l]Ferrocenophane)-l-N-propyl)pyrro

(18) at a platinum disk working electrode. Reference electrode: Ag/Ag+. Scan rate
mV s"1. Monomer solution: monomer 18 (10 mM)/TBAP (0.1 M)/DCM.
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Despite varying the anodic limit for reversal of scan up to + 2.0 V, a conductive
electroactive film could not be grown on platinum disk electrode. Nor could a clear
current maximum be observed for the oxidation of the pyrrole unit. Therefore,
copolymerisation of l-(2-(l-[l.l]Ferrocenophane)-l-AT-propyl)pyrrole (18) with pyrrole
was studied.

Poly(pyrrole-co-1 -(2-( 1 -[ 1.1 ] Ferrocenophane)-1 -Af-propyl)pyrrole) (poly(Py-co-18)
was successfully electrodeposited on platinum disk electrodes using potentiodynamic,
potentiostatic, or galvanostatic methods. The cyclic voltammograms obtained during
potentiodynamic growth are displayed in Figure 5.10. The CVs display the expected
increase in current with increasing number of potential cycles (from cycle 1 to cycle
20); this is consistent with growth of a conducting electroactive polymer (CEP). Figure
5.10 reveals two redox couples (labelled A/B and C/D) due to the ferrocenophane

moiety redox potentials, and after 5 cycles, it also shows another redox couple (labelle
E/F) due to the copolymer backbone. Unlike the potentiodynamic growth of poly(PyC0-17) (Figure 5.3), the potentials of the two redox waves of the ferrocenophane moiety
in Figure 5.10 remained constant. Poly(Py-co-18) commences pyrrole oxidation at
+0.75 V. Under identical conditions in the absence of 18, free pyrrole is oxidized at
+1.05 V. The ferrocenophane moiety in 18 therefore diminishes the potential required
for the polymerisation; as did 17.

From the first cycle of potentiodynamic growth, a potential of+0.80 V was selected for
subsequent potentiostatic growth. A typical chronoamperogram is depicted in Figure

5.11. It indicates that, after the initial transient, the current increases with time as
copolymer, poly(Py-co-18), was deposited on the platinum disk electrode.
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A constant current density (1.0 m A cm"2) was chosen for the subsequent galvanostatic

growth of poly(Py-co-18). Figure 5.12 shows a typical chronopotentiogram for poly(Pyco-18) growth. It reveals that, after the initial transient, the potential decreased
during this copolymer growth, which indicated that the deposited polymer was
conductive. After 5 minutes, the potential was +0.68 V. Compared with the potential
(+1.05 V) obtained under identical conditions for the homopolymerisation of pyrrole,

this again confirmed that the ferrocenophane moiety lowered the potential required fo
polymerisation by this technique.

E(V)

Figure 5.10. Potentiodynamic growth of the copolymer of 18 with pyrrole at a platinum
disk electrode from the monomer solution containing: 18 (10 mM)/pyrrole (10
mM)/TBAP (0.1 M)/DCM. Reference electrode: Ag/Ag+. Scan rate: 100 mV s"1.
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Figure 5.11. Chronoamperogram of the potentiostatic growth of the copolymer of 18
with pyrrole at a platinum disk electrode from the monomer solution containing: 18 (10
mM)/pyrrole (10 m M ) / T B A P (0.1 M ) / D C M . Reference electrode: Ag/Ag + . Constant
potential: +0.90 V.

Figure 5.12. Chronopotentiogram of the galvanostatic growth of the copolymer of 18
with pyrrole at a platinum disk electrode from the monomer solution containing: 18 (10
mM)/pyrrole (10 m M V T B A P (0.1 M ) / D C M . Reference electrode: Ag/Ag + . Constant
current density: 1.0 m A cm"2.
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5.3.5. Characterization of Poly(Py-co-18)

After copolymer growth, the poly(Py-co-18) modified platinum disk electrodes were
characterized by cyclic voltammetry in aqueous 1.0 M NaN03. A typical postpolymerisation cyclic voltammogram is shown in Figure 5.13, which reveals three
redox couples: A (Ep(a) = -0.050 V)/B (Ep(c) = -0.200 V), C (Ep(a) = 0.300 V)/D (Ep(c) =
0.100 V), and E (Ep(a) = 0.590 V)/F (Ep(c) = 0.390 V). Comparison with the cyclic
voltammograms of monomer 18 and polypyrrole, it can be deduced that the redox
couple (labelled A/B) is due to the copolymer backbone and the other two redox

couples (labelled C/D and E/F) are due to the ferrocenophane moiety. Once again, thi
confirms poly(Py-co-18) growth.

E(V)
Figure 5.13. Post-polymerisation cyclic voltammogram of poly(Py-co-18) grown

potentiostatically on a platinum disk working electrode. Reference electrode: Ag/AgC
(3 M NaCl). Scan rate: 100 mV s"\ Supporting electrolyte: 1.0 M NaN03.
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The UV/visible spectra of the copolymer, poly(Py-co-18), electrodeposited on ITO
coated glass were depicted in Figure 5.14, similar to those obtained from poly(Py-co-

17) (both oxidised and reduced states). In the oxidized state, the spectrum of poly(Py

co-18) (Figure 5.14a) exhibits two peaks at 330 nm and 490 nm, as well as a free carri
tail from 630 nm to longer wavelengths. The free carrier tail confirms that this
copolymer is conductive. After being reduced at -1.0 V in 0.1 M TBAP/CH3CN for 20
minutes (Figure 5.14b), the peak at 490 nm is lost and the free carrier tail becomes
much less distinct. This is in keeping with the loss of conductivity.
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Figure 5.14.

UV/visible spectra of poly(Py-co-18) grown galvanostatically on an ITO

coated glass working electrode: (a) in its oxidized state, (b) in its reduced state.

Elemental analysis (6.54% N , 9.03% CI, 4.4% Fe) indicates that the poly(Py-co-18) has
the composition of ten units of pyrrole : one unit of monomer 18: six units of C104",
which would explain why poly(Py-co-18) (high concentration of pyrrole) has a similar
spectrum to poly(Py-co-17).
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The conductivity of poly(Py-co-18) film (grown galvanostatically onto I T O glass and
peeled off) was measured using the four-point probe technique and found to be 0.173 S
cm"1. This is much higher than that of poly(Py-co-17), but still much lower than the
conductivity of polypyrrole grown under similar conditions.

The scanning electron micrograph of the solution side of poly(Py-co-18) (Figure 5.15)

displays a jellyfish morphology, different to that of poy(Py-co-17). Such a microporou

structure of poly(Py-co-18) will provide a greater surface area, which may have a gre
advantage for hydrogen gas generation.

Figure 5.15.

Scanning electron micrograph ( S E M ) of poly (Py-co-18).
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5.3.6.

Electrocatalytic Hydrogen Gas Generation

5.3.6.1. Hydrogen decomposition potential

Several platinum disk electrodes were tested for hydrogen gas generation in 1.0 M

H2S04 acid solution before and after potentiostatic coating with either poly(Py-co-17)
or poly(Py-co-18). The anode in these experiments was a platinum mesh electrode and
the reference electrode was Ag/AgCl (3.0 M NaCl). Initial studies examined the most
positive potential at which hydrogen generation was observed (i.e. the decomposition
potential for hydrogen generation) [138]. Figure 5.16 shows the linear sweep
voltammogram for hydrogen generation at the uncoated platinum disk electrode in 1.0
M H2S04 (swept from positive 600 mV to negative potential). In sweeping from
positive to negative potential, hydrogen production commences at -0.240 V (point A in
Figure 5.16).

After coating with poly(Py-co-17), the modified platinum disk electrode (Figure 5.17)
displayed two clearly defined ferrocenophane-based reduction waves at +0.440 V (peak
A) and +0.150 V (peak B) followed thereafter by hydrogen generation from ca. -0.035
V (point D). The poly(Py-co-18) modified Pt disk electrode was tested in the same way.
Figure 5.18 shows the typical LSV for hydrogen generation at poly(Py-co-18). It only
displays one clearly defined ferrocenophane moiety reduction wave at +0.200 V (peak
A) followed thereafter by hydrogen generation from ca. -0.020 V (point C). Gas
bubbles could be seen to form on the poly(Py-col7) or poly(Py-co-18) polymer coated
surface if either of these two modified electrodes was poised at a potential more
negative than the decomposition potential described above.
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A s observed for the P P y - F M S coatings described in Chapter 3, poly(Py-co-17) and
poly(Py-co-18) exhibit distinct scan-dependent peaks at -0.200 V (peak C in Figure
5.17) and -0.340 V (peak B in Figure 5.18) respectively. Based on the earlier case

studies, these peak profiles are most likely due to the formation of bubbles within t
polymer. The peak position and currents at C in Figure 5.17 and B in Figure 5.18
depend, probably, on the morphology and porosity of the polymer involved. The
ferrocenophane active sites will be insulated from the surrounding electrolyte when
bubbles form within the polymer.

A (-0.240 V )

E(V)

Figure 5.16. Current-voltage plot (vs. Ag/AgCl) in 1.0 M H2S04/H20 of the uncoated
platinum disk electrode (scan rate: 100 mV s").
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E(V)
Figure 5.17. Current-voltage plot (vs. Ag/AgCl) in 1.0 M H 2 S 0 4 / H 2 0 of the poly(Pyco-11) modified platinum disk electrode (scan rate: 100 m V s'1).

C (-0.020 V )
•o.i

I
(mA)
•0.2

•0.3

E(V)
Figure 5.18. Current-voltage plot (vs. Ag/AgCl) in 1.0 M H2S04/H20 of the poly(Pyco-lS) modified platinum disk electrode (scan rate: 100 m V s"1).
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A significant and substantial anodic shift therefore occurs in the decomposition
potential for hydrogen gas generation when a platinum electrode is coated with either
P(Py-co-17) or P(Py-co-18). This shift (around 200 m V ) is of the same order as those
achieved by P P y - F M S (Chapter 3) and ferrocene containing polypyrroles (Chapter 4).
A s polypyrrole coatings containing other dopants such as pTS, NO3", and Fe(CN)6 "
(e.g. Figure 5.19(b)) do not exhibit the same shift, it is clear that polypyrrole containinf
the ferrocenophane moiety displayed the same catalytic effect for hydrogen generation
as did polypyrrole containing ferrocene moiety.
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Figure 5.19. Current-voltage plot (vs. Ag/AgCl) in 1.0 M

H 2 S 0 4 of uncoated and

polymer coated platinum disk electrodes: (a) before coating, (b) after coating with PPyp T S (c) after coating with poly(Py-co-17)
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5.3.6.2

Potentiostatic hydrogen generation

Further tests examined the rate of hydrogen production at -0.44 V over an extended
period of time (more than 12 hours) by platinum disk electrodes before and after
potentiostatic coating with poly(Py-co-17) or poly(Py-co-18). The cell described in
Figure 3.16 (Chapter 3) was used in these experiments. The positions of the electrodes

were kept invariant and identical to those in Figure 3.18 and 4.29. The data obtained is
therefore directly comparable to those given in Figure 3.18 and 4.29. The quantity of
polymer deposited on the Pt disk electrode was maintained invariant by controlling the
charge (100 mC) during polymer growth.

Figure 5.20 illustrates representative data using a platinum disk electrode that had an
electrochemical area of 0.0177 cm2. As can be seen, under otherwise identical
conditions, the platinum electrode produced a current of 0.980 mA (H2 generation) after
coating with poly(Py-co-17) (100 mC) and operating for 12 hours (Figure 5.20(b)); i.e.
a 7.5-fold greater rate than that of the uncoated Pt electrode (Figure 5.20(a)). In
addition, the poly(Py-co-18) modified Pt disk electrode (100 mC) produced a lower
current of 0.690 mA after operating for 12 hours (Figure 5.20(c)); but is still about a
5.3-fold greater rate than the bare Pt electrode.

As noted in Chapter 3, comparable studies after coating the electrode with PPy-pTs
(100 mC) produced a current of 0.120 mA after 12 hours. This confirms that the
ferrocenophane groups within the polypyrrole produced a catalytic effect for hydrogen
generation.
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Figure 5.20.

Current-time plot of a platinum electrode (0.0177 cm 2 ) poised at -0.440

V (vs. Ag/AgCl) in 1.0 M H2S04: (a) before coating, (b) after coating with poly(Py-c
17) (100 mC), (c) after coating with poly(Py-eo-18) (100 mC).

To normalise for the effect of electrochemical area, the rate of hydrogen productio

unit electrochemical area was also examined. The electrochemical area of the platin

electrode before and after coating with poly(Py-co-17) or poly(Py-co-18) (100 mC) w
estimated by comparing peak currents using cyclic voltammetry (100 mV s") in 0.1 M
Fe(CN)64"/1.0 M NaN03/H20 solution. The electrochemical areas established using
equation (3.2) (Chapter 3) were 0.0177 cm2 (uncoated Pt disk electrode), 0.0364 cm2
(poly(Py-co-17), 100 mC), and 0.0298 cm2 (poly(Py-co-18), 100 mC), respectively.

By this measure, the current densities after 12 hours of hydrogen generation in 1.0 M

H2S04 aqueous solution before and after coating with either poly(Py-co-17) or poly(P
co-lS) (100 mC) were estimated to be 7.33 mA cm"2 (uncoated platinum) (Figure
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5.21(a)), 26.92 m A cm" 2 (poly(Py-co-17) coating) (Figure 5.21(b)), and 23.15 m A cm"2
(poly(Py-co-18) coating) (Figure 5.21(c)). The poly(Py-co-17) modified Pt disk

electrode consequently displays a 3.6-fold greater rate of hydrogen generation per un
electrochemical area than that of the uncoated Pt disk electrode. The poly(Py-co-18)

modified Pt disk electrode shows a 3.1-fold greater rate of hydrogen generation per u
electrochemical area under the same experimental conditions.
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Figure 5.21.

Current density vs. time plot of a platinum electrode having an

electrochemical area of 0.0177 cm2 poised at -0.440 V (vs. Ag/AgCl) in 1.0 M H2S04:

(a) before coating, (b) after coating with poly(Py-co-17) (100 mC, 0.0364 cm2), (c) a
coating with poly(Py-c<?-18) (100 mC, 0.0298 cm2).

W h e n the surface area of the platinum disk electrode is taken into account, both
poly(Py-co-17) and poly(Py-co-18) modified Pt disk electrodes display similar order

(around 3-fold greater) production rates for hydrogen generation; which is higher tha
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those (around 2-fold greater) obtained from ferrocene moiety containing C E P s (Chapter
4). The ferrocenophane moiety in CEPs clearly has a much better catalytic effect on
hydrogen generation than the ferrocene moiety in CEPs. Although poly(Py-co-17) and
poly(Py-co-18) have a similar concentration of ferrocene moieties in the polymer, the
proximity of the two ferrocene units in the ferrocenophane drastically improves their
catalytic properties. The data displayed in Figure 5.20 and 5.21 is remarkably similar
that of PPy-FMS in Chapter 3. This suggests that a similar mechanism operates. Wheras
the proximity of the ferrocenes in poly(Py-co-17) and poly(Py-co-18) is created by
covalent binding, that in PPy-FMS is due to statistical effects.

5.3.6.3. Mechanism of hydrogen gas generation

Scheme 5.1 illustrates a possible mechanism for catalytic hydrogen generation by
ferrocenophane containing CEPs. The equilibrium 19 <-> 20 will clearly lie strongly in
favour of 19. A protonation equilibrium involving [1,1]ferrocenophane has been
observed in 1 M HC104 [140]. In that case, a high local concentration of ferrocenophane
meant that significant quantities of protonated ferrocenophane were formed despite the
unfavourable equilibrium; a similar effect is likely in the protonation of 20. The
equilibrium 20 <-> 21 is entirely analogous to that observed in the protonation of
ferrocenophane [143,144]. Zwitterionic intermediates are known in the reaction of
diferrocenium ([l,l]ferrocenophane2+) with water [143]. The reduction of 22 to 19
occurs at potentials negative of+0.150 V.
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Scheme 5.1

5.4.

CONCLUSIONS

The copolymers, poly(Py-co-17) and poly(Py-co-18), have been successfully electro-

synthesised by cyclic voltammetry, galvanostatic, and potentiostatic methods. The post
polymerisation CVs and elemental analysis have confirmed the copolymers growth. The
copolymers have much lower conductivity than that of polypyrrole-pTS, due to the
steric effect of the large ferrocenophane moieties in the copolymers.
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A significant and substantial anodic shift occurs in the decomposition potential for
hydrogen gas generation after a platinum electrode is coated with either poly(Py-co-17)
or poly(Py-co-18). Over an extended period of operation (over 12 hours), poly(Py-co17) and poly(Py-co-18) coated platinum disk electrodes display over 3-fold greater rate
of hydrogen gas production per unit electrochemical area than the uncoated platinum
disk electrode, and over 1.5-fold greater rate of hydrogen gas production per unit
electrochemical area than the platinum disk electrodes coated with ferrocene moieties
containing CEPs (Chapter 4). These results are closely comparable to those of PPy-FMS
(Chapter 3), suggesting a similar catalytic mechanism.

The importance of proximity (as described in Chapter 3) in these systems is further
illustrated by the fact that the poly(Py-co-17) coating, which contains on average 1
ferrocene moiety per 5 pyrrole linkers, is substantially more active than poly(Py-co-5)
(Chapter 4), which contains 1 ferrocene moiety per 4 pyrrole linkers. While all of the
ferrocene groups in poly(Py-co-17) are correctly proximate to each other, only some are
in poly(Py-co-5). The binuclear mechanism observed for 1 clearly operates for all of the
ferrocene species in these coatings.

The catalytic activity of PPy-FcS03 (Chapter 3) is therefore unambiguously due to a
high local concentration of FcS03" in the coating. Studies indicated this to be 2.02 ±
0.12 M, which is substantially greater than the saturation concentration of 0.41 M for
NH4+FcS03_ in a 1 M H2S04 open solution. It also corresponds to an average ferroceneferrocene proximity of 9.3 A. This is more than the 3.4 - 4.8 A distance between

ferrocene groups in poly(Py-co-17), but a significant proportion of the ferrocenes in th
PPy-FcS03 coating obviously still find themselves adventitiously close to another
ferrocene during the time that both are protonated. As FcS03~ anions are more easily
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protonated than the neutral ferrocene moieties in poly(Py-co-17/5), the actual proportion
cannot be directly inferred.

These results are highly significant since they indicate that discrete bi- or polynuclear
molecules need not be engineered to achieve enzyme-like proximity effects and
catalysis. Instead, concentration of suitable monomeric catalytic groups within a porous
carrier can produce a statistical distribution of proximities, some of which are ideal or
close to ideal. As demonstrated in the present study, catalytically inactive groups may
thereby be transformed into highly active catalysts. This is entirely analogous with
enzymes, where collections of individually inactive functional groups become powerful
catalysts solely through the influence of proximity. Such catalysts are also selective in
their choice of substrate, as are enzymes.

Just as temperature and pressure can be employed to statistically increase the likelihood
that intermediates will be proximate on the surfaces of heterogeneous catalysts, so
concentration can be used to create the proximity effects necessary to afford highly

efficient molecular catalysis. "Statistical Proximity" catalysts of this type prospectivel
offer a diverse, economical, and more convenient alternative to traditional biomimetic
catalysts. Statistical proximity effects of this type have almost certainly been
unwittingly employed previously, particularly in oxygen reduction electrodes involving
adsorbed metalloporphyrins [51]. The effect was not recognised in these cases,
presumably because the catalytic groups employed were highly reactive even in high

dilution.

CHAPTER 6

PREPARATION, CHARACTERISATION AND
APPLICATION OF CONDUCTING POLYMERS
BASED ON FERROCENE SUBSTITUTED
THIOPHENE AND TERTHIOPHENE
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INTRODUCTION

As discussed elsewhere in this thesis, redox polymer-modified electrodes are of

significant interest because of their potential application in fields like electr

sensors, energy conversion and storage, electronic displays and devices, and refer
electrode systems [167,168]. Modified electrodes containing conjugated ferrocene-

based backbones, eg. poly(vinylferrocene) (PVF), can be employed as electrocatalyst

[169,170] and sensors [171]. In these cases the PVF has been cast or spin coated o

electrode substrates [172], electroprecipitated at anodic potentials [171,173,174]
electrodeposited from vinylferrocene by cyclic voltammetry at extremely negative
potential (-2.8 V vs Ag/AgCl) [175].

The most successful means of incorporating conjugated pendant ferrocene moieties
involves covalent binding to the polymer backbone. Polypyrrole [158,176],
poly(cyclopentadithiophene) [156], and polyaniline [177,178] have previously been
employed in this regard. ^-Conjugated linkers have been most widely used [179].
Thus, poly(ferrocenylenedivinylene), poly(ferrocenylenebutenylene) [180], and

conjugatively spaced ferrocenylacetylenes [181] have been synthesised and studied

have polymers which incorporate ferrocene units within the conjugation path [182,1

In this chapter, thiophene or terthiophene has been functionalised with a conjuga
ferrocene moiety and polymerised to form homopolymers and copolymers. The
covalent bonds prevent loss of the ferrocene by leaching. The conjugated linker

potentially allows "communication" at the molecular level between the polythiophe
backbone and the ferrocene group. Thus, rra«5-l-(3'-thienyl)-2-(ferrocenyl)ethene
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and rra«5-l-((2*,2":5",2"'-terthiophen)-3"-yl)-2-(ferrocenyl)ethene (24) monomers have
been synthesised.

These m o n o m e r s were then electropolymerised to form h o m o -

polymers, or copolymers with pyrrole. Their use in the quantitative detection and
analysis in solution of the redox active enzyme Cytochrome

C, and in the

electrocatalytic conversion of acid (1.0 M H 2 S 0 4 ) to hydrogen is demonstrated.

Structure of monomers:

Fe

(23)
rra«*-l-(3'-thienyl)-2-(ferrocenyl)ethene
(Th-Fc)

(24)
^a«*-l-((2,,2,,:5',,2M,-terthiophen)-3M-yl)-2-(ferrocenyl)ethene
(TTh-Fc)
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EXPERIMENTAL

6.2.1. Organic Synthesis

The synthesis of 23 and 24 was carried out by Dr. G.E. Collins at Masse
New Zealand. Nuclear Magnetic Resonance (NMR) spectra were measured at

(!H), 100.6 MHz (13C) on a Bruker Avance 400 Ultrashield spectrometer an
('H), 67.8 MHz (13C) on a Jeol JNM-GX270W spectrometer. All NMR spectra
recorded in deuterochloroform or deuterodichloromethane solutions with

tetramethylsilane. Signals are described in terms of chemical shifts, mu

intensity, coupling constants and assignment. The following abbreviatio

used; s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) or
assignments were made with the aid of the DEPT experiments.

Analytical Thin Layer Chromatography (TLC) was carried out using Merck

1.05554) silica gel 60 F254 pre-coated on aluminium sheets. The spots w

visualised using UV light (254 nm) then sprayed with 6% eerie sulfate in
and heated at 100 °C for 1 min.

Flash and column chromatography were performed using Merck Kieselgel 60

adsorbent. Fractions were monitored by TLC, and appropriate fractions w

Anhydrous tetrahydrofuran (THF) was obtained by distillation from benzo

ketyl, while anhydrous dichloromethane was distilled off calcium hydride

requiring anhydrous reagents or solvents were carried out under an iner
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using the Schlenk technique. Ferrocenecarbaldehyde was purchased from Aldrich.

Melting points were determined on a Reichert Hot stage apparatus and are uncorrected.

6.2.1.1. Trans-1 -(3'-thienyl)-2-(ferrocenyl)ethene (23)

A similar approach to that of Chung and co-workers was employed for the synthesis of
(23) [184]. An ice-cold solution of (3-thienylmethyl) triphenylphosphonium bromide
[185] (4.50 g, 10.2 mmol, 1.25 equiv.) in dry THF (100 mL) was treated dropwise with
w-BuLi in hexanes (1.22 M, 8.4 mL, 10.2 mmol) and then allowed to warm to room
temperature. To this was added a solution of ferrocenecarbaldehyde (1.75 g, 8.18
mmol) in dry THF (30 mL) and the mixture was heated under reflux. After 1 h the

reaction mixture was cooled and the volume reduced to half, before quenching with 1 M
HC1 solution (100 mL) and extraction with dichloromethane (2 x 100 mL). The organic
extracts were combined and washed with water (150 mL), dried (MgS04) and

concentrated to approximately half the volume. To this solution was added hexane (100
mL) and the mixture was passed through a plug of silica to remove unwanted baseline
material and triphenylphosphine oxide. The solvent was removed under reduced
pressure to give a dark reddish/brown solid. Analysis of this material by *H NMR
indicated a 1:1 mixture of cisltrans isomers. The geometric isomers could not be
separated by preparative chromatography, therefore the mixture was isomerised to the
all trans product.

To a stirred solution of the crude cis/trans mixture (3.66 g) in dry dichloromethane
(1.25 L) kept in the dark at room temperature, was added iodine (9.47 g, 0.037 mmol,
equiv.); it was then left to stir overnight. The reaction mixture was quenched with
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saturated sodium thiosulfate solution (1 L) and stirred vigorously for 2 h. After this

period the mixture was diluted with water (100 mL), the organic layer was removed an
the aqueous layer was extracted with dichloromethane (2 x 200 mL). The organic
extracts were combined, washed with water (2 x 150 mL), dried (MgS04) and the

solvent removed under vacuum to afford a red solid. This crude material was adsorbed
onto silica and subjected to column chromatography with gradient elution (ethyl

acetate/hexane) to afford the ferrocene derivative (23) as a red/orange powder (2.1
89%), m.p. 133-134 °C. !H NMR (400 MHz, CD2C12) 8 4.15 (s, 5H, Cp); 4.28-4.31 (m,
2H, CH); 4.45-4.48 (m, 2H, CH); 6.76 (s, 2H, H 1 and H 2); 7.17-7.18 (m, 1H,
thiophene H); 7.31-7.36 (m, 2H, thiophene H). 13C NMR (100.6 MHz, CD2C12) 8 67.0,
and 69.3, CH of substituted Cp; 69.5, CH of unsubstituted Cp; 83.7, C of Cp; 120.6,
120.7, C 1 and C 2; 125.0, 126.3, 127.2, CH thiophene; 141.1, C thiophene.

6.2.1.2. Trans-1 -((2,,2":5",2",-terthiophen)-3"-yl)-2-(ferrocenyl)ethene (24)

A stirred solution of (ferrocenylmethyl) triphenylphosphonium bromide [186] (733 mg
1.35 mmol) in dry THF (20 mL) at room temperature was treated with freshly sublimed
potassium t-butoxide (150 mg, 1.35 mmol) and stirred for 15 min to give a deep red

coloured solution. To this was added a solution of the 3,-formyl-2,2':5',2"-terthio
[187] (250 mg, 0.90 mmol) in dry THF (10 mL) and the mixture left to stir. After 12

the reaction mixture was quenched with water (30 mL), acidified with 1 M HC1 (50 mL)
and extracted with dichloromethane (3 x 50 mL). The organic extracts were combined,
washed with water (50 mL) and dried (MgS04). The solvent was removed under
reduced pressure to give a dark reddish/brown solid which was subjected to column

chromatography using gradient elution (dichloromethane/hexane) to give the followin
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compounds in the order given: 1) Methylferrocene as an orange crystalline solid (85

mg), m.p. 32-4° (lit.[188] 36°). lR NMR (270 MHz) 8 1.99 (s, 3H, CH3); 4.07 (s, 2H
CH); 4.14, (bs, 7H, CH and Cp), 2) A crude red/orange oil which consisted of an

inseparable mixture of cisltrans products (208 mg, 69% - based on recovered alde

starting material), and 3) 3'-Formyl-2,2':5';2"-terthiophene obtained as a yellow
mg).

To a stirred solution of the cisltrans mixture (200 mg, 0.436 mol) in dry

dichloromethane (120 mL) kept in the dark at room temperature was added iodine (3

mg, 1.31 mmol, 3 equiv.). After 3.5 h the reaction mixture was quenched with satur
Na2S203 solution (70 mL) and stirred vigorously for 30 min. After this period the

mixture was diluted with water (60 mL), the organic layer was removed and the aq
layer was extracted with dichloromethane (2 x 50 mL). The organic extracts were
combined, washed with water (2 x 50 mL) and then dried (MgS04). The solvent was

removed under reduced pressure to afford a red solid, which was subjected to colu

chromatography with constant elution with 10% hexane/toluene to afford the trans-

((2',2":5",2"'-terthiophen)-3"-yl)-2-(ferrocenyl)ethene (24). An analytical samp

recrystallised from ether/hexane to give the product as an orange solid (142 mg,

m.p. 165°. !H NMR (400 MHz) 8 4.18 (s, 5H, Cp); 4.29-4.33 (m, 2H, CH); 4.46-4.5

(m, 2H, CH); 6.82 (d, 1H, J= 16.0 Hz, H 2); 6.99 (d, 1H, J= 16.0 Hz, H 1); 7.06 (

1H, J= 5.1, 3.6 Hz, H 4"'); 7.13 (dd, 1H, J= 5.1, 3.6 Hz, H 4'); 7.20 (dd, IE, J-

1.2 Hz, H 3'); 7.23 (dd, 1H, J= 3.6, 1.1 Hz, H 3"'); 7.27 (dd, 1H, J= 5.1, 1.1 Hz
7.36 (s, 1H, H 4"); 7.39 (dd, 1H, J= 5.1, 1.2 Hz, H 5').

13

C NMR (100.6 MHz) 8 67.

and 69.2, CH of substituted Cp; 69.3, CH of unsubstituted Cp; 83.2, C of Cp; 119.4

122.3, C4"; 124.1, CH thiophene; 124.7, CH thiophene; 126.1, CH thiophene; 126.5,
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C H thiophene; 127.7, C H thiophene; 127.9, C H thiophene; 129.1, C2; 129.5, C
thiophene; 135.6, C thiophene; 135.8, C thiophene; 136.8, 2 x C thiophene. Electronic
spectrum (CHC13) Xmax nm/(log e) 255 (4.41), 333 (4.35). Mass spectrum (EI) m/z 460
(19), 459 (30), 458 (M+, 100%), 304 (13), 303 (31), 69 (15), 57 (20), 55 (19), 43 (20),
41 (18). Anal. Calcd for C24Hi8FeS3: C, 62.88; H, 3.96; S, 20.98. Found: C, 62.99; H,
3.86; S, 20.75.

6.2.2. Materials for electrochemistry

The following chemicals were used as received unless stated otherwise: pyrrole (fr

Merck - distilled before use), 2,2'-bithiophene (Aldrich), 2,2':5',2"-terthiophene
(Aldrich), sodium nitrate (Sigma), tetrabutylammonium perchlorate (TBAP, Fluka),
potassium chloride (Analar, BDH), Tris[hydroxymethyl]aminomethane hydrochloride
(Tris-HCl) (Sigma), Cytochrome C (Sigma), acetonitrile (APS), dichloromethane
(DCM, APS), and sulphuric acid (98%) (Ajax). Indium tin oxide (ITO) coated glass
was purchased from Delta Technologies, USA.

6.2.3. Instrumentation and techniques

All electrochemical experiments were performed using a set-up comprising of an EG&
PAR Model 363 Potentiostat/Galvanostat, Bioanalytical Systems CV27
Voltammograph, ADInstruments MacLab/400, Macintosh computer and ADInstruments
software (EChem v 1.3.2 and Chart v 3.3.7). A three-electrode system comprising a
platinum (Pt) disk working electrode, a platinum mesh auxiliary electrode and a
Ag/AgCl (3M NaCl) or a Ag/Ag+ reference electrode was used.
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6.2.4. Electrochemical copolymerisation of pyrrole with m o n o m e r (23)

The copolymer, poly(pyrrole-co-/ra«5-l-(3'-thienyl)-2-(ferrocenyl)ethene) (poly(Py-c

23)), was electrodeposited on a Pt disk electrode (0.0177 cm area) by potentiodynamic
potentiostatic and galvanostatic methods from monomer solutions containing monomer
23 (10 mM)/pyrrole (10 mM)/TBAP (0.1 MYDCM. The following electrochemical
conditions were used: (i) Potentiodynamic growth was performed using a scan rate of
100 mV s"1 between -0.8 V and +1.0 V, (ii) potentiostatic growth was initiated using

applied potential of+0.8 V, and (iii) galvanostatic growth was achieved using a curr
density of 2.0 mA cm"2. Post-polymerization cyclic voltammetry (CV) was investigated
using a scan rate of 100 mV s"1 in 1.0 M NaN03 as supporting electrolyte.

6.2.5. Electrochemical polymerisation of monomer (24)

The poly(/ra«5-l-((2*,2":5",2"'-terthiophen)-3"-yl)-2-(ferrocenyl)ethene) (Poly-24)
electrodeposited on a Pt disk electrode (0.017 cm2 area) by potentiodynamic,
potentiostatic and galvanostatic methods from organic monomer solutions containing
monomer 2 (10 mM)/TBAP (0.1 M)/DCM. The following electrochemical conditions
were used: (i) Potentiodynamic growth was performed using a scan rate of 100 mV s"
between -1.0 V and +1.0 V, (ii) potentiostatic growth was initiated using an applied

potential of+0.8 V, and (iii) galvanostatic growth was achieved using a current dens
of 1.0 mA cm"2. Post-polymerisation cyclic voltammetry (CV) was investigated using a
scan rate of 100 mV s"1 in 0.1 M TBAP/CH3CN.
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6.2.6. Characterisation techniques

The iron content in the polymers and copolymers was determined using atomic
absorption spectrophotometry (Varian Spectr AA 220). Samples were acid digested in

concentrated nitric acid. Elemental analysis was carried out at the Australian Natio
University.

The UV/visible spectra of films grown on ITO coated glass electrodes were recorded
over the range 300 to 1100 nm using a Shimadzu UV 1601 spectrophotometer.

Conductivity measurements were carried out using a four-point probe connected to a
HP34401A multimeter and constant-current source system. The electrochemically
prepared polymers were tested using freshly prepared polymer films (7-33 u.m thick).

SEM examination was carried out on the homopolymers and copolymer films using a
Leica-stereo SS440 SEM.

6.2.7. Cytochrome C electrochemistry

Cyclic voltammetry at a scan rate of 100 mV s"1 was performed in KC1 (0.1M)/Tris-HCl
(20 mM) buffer (pH 6.8) containing different concentrations (0.05 mM to 0.20 mM) of
Cytochrome C.
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6.2.8. Hydrogen gas generation

Linear sweep voltammetry at a scan rate of 100 mV s"1 and hydrogen generation at
constant potential (-0.44 V) for 12 hours were performed in 1.0 M H2S04 solution.
custom-designed cell was used in these experiments.

6.3. RESULTS AND DISCUSSION

6.3.1. Poly(pyrrole-co-/ra/w-l-(3'-thienyl)-2-(ferrocenyl)ethene), Poly(Py-co-23)

The electroactivity of monomer 23 was initially investigated (Figure 6.1). It was
that the monomer underwent two redox processes; (a) a reversible process (peaks A

B) attributed to the ferrocene moiety (anodic peak potential = 0.43 V and cathodic

potential = 0.08 V), and (b) an irreversible oxidation process (peak C) that had a
peak potential of +1.4 V presumably due to oxidation of the thiophene. This

irreversibility is the cause of the decline in the peak current at C on the subseq
scans. The anodic upper limit was varied from +0.8 V to +2.0 V, but a conducting

electroactive polymer film could not be formed even in the presence of free thioph
bithiophene. The inability to form a conducting polymer under these conditions is

undoubtedly due to the participation of the vinyl linker in the polymerisation pro
has been observed for other vinyl substituted thiophene monomers [91,185].
Copolymerisation of monomer 23 with pyrrole was therefore examined.
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E(V)
Figure 6.1. Cyclic voltammogram of trans, l-(3'-thienyl)-2-(ferrocenyl)ethene (23) at a
platinum disk working electrode. Scan rate: 100 mV s"1. Monomer solution: 23 (10
mMVTBAP (0.1 M)/DCM.

6.3.1.1.

Electrochemical copolymerisation of pyrrole with monomer 23

Poly(pyrrole-co-^a«^-l-(3'-thienyl)-2-(ferrocenyl)ethene), poly(Py-co-23), could be

electrodeposited on platinum using cyclic voltammetry (CV), constant potential an

constant current techniques. The cyclic voltammograms obtained during the copolym

growth (Figure 6.2) exhibit the expected increase in current with increasing numb

potential cycles, indicative of the growth of a conducting electroactive polymer (
By comparison with the CV of growth for polypyrrole and the CV of 23, the redox

couple in Figure 6.2 was identified as the ferrocene moiety redox couple (labelle

Under similar conditions, pyrrole itself was oxidised at +1.05 V, which is slight

anodic than the onset of oxidation of monomer 23. The onset of oxidation of the co
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monomers, after the oxidation of the ferrocene moiety, was 0.75 V on thefirstcycle
suggesting that the ferrocenium moiety had an effect on the copolymerisation. It

feasible that the oxidised ferrocene monomer acted as a chemical oxidant affordin

bis-pyrrole or pyrrole-thiophene dimer, from which the copolymer electrochemicall
grew. While the action of the ferrocenium moiety as an oxidant might be expected
decrease the size of the ferrocene reduction peak, a catalytic process may not
significantly do so, as is observed in the polymerisation of pyrrole using Tiron
catalyst [189].
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Figure 6.2. Potentiodynamic growth of the copolymer of monomer 23 with pyrrole at
Pt working electrode. Range: -0.8 V to +1.0 V. Scan rate: 100 mV s"1. Monomer
solution: monomer 23 (10 mM)/pyrrole (10 mM)/TBAP (0.1 MYDCM.

From the cyclic voltammograms obtained, a potential of +0.80 V was selected for the

potentiostatic growth. The chronoamperogram (Figure 6.3) showed that after the in

transient, the current increased with time presumably as the copolymer was deposi
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A chronopotentiogram (Figure 6.4) was obtained during galvanostatic growth of

poly(Py-co-23) (constant current density: 2.0 mA cm"2 for 10 minutes). After th

transient, the potential continued to decrease during polymer growth, indicatin
deposited polymer was conductive. After 10 minutes, the potential obtained was

V. This compares with +1.05 V obtained for the polymerisation of pyrrole alone

the same conditions, supporting the proposal that the ferrocene moiety of monom
affected the oxidation of the pyrrole.

The growth of the copolymer was independently confirmed by elemental analysis: C

(40.99%), H (3.84%), N (7.39%), CI (11.45%) and Fe (5.64%). This indicates that th

copolymer had a ratio of five pyrrole units: one fra«s-l-(3'-thienyl)-2-(ferroc
(23) unit: three perchlorate counter anions in its oxidised state.
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Figure 6.3. Potentiostatic growth of the copolymer of monomer 23 with pyrrole at a Pt

working electrode. Constant potential: +0.80 V. Monomer solution: monomer 23 (1
mMVpyrrole (10 mMYTBAP (0.1 MVDCM.
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Figure 6.4. Galvanostatic growth of the copolymer of monomer 23 with pyrrole at a Pt
working electrode. Constant current density: 2.0 m A cm" . Monomer solution: monomer
23 (10 mMVpyrrole (10 m M V T B A P (0.1 M Y D C M .

6.3.1.2.

Post-polymerisation C V of copolymer, poly(Py-co-23)

A poly(Py-co-23) modified platinum disk electrode was studied in 1.0 M N a N 0 3 / H 2 0
by cyclic voltammetry (Figure 6.5). A s expected the cyclic voltammogram for poly(Pyco-23) showed two redox couples. Comparison with the C V of polypyrrole-perchlorate
alone reveals that the redox couple A/B is due to the copolymer backbone and that the
other redox couple C/D is due to the ferrocene moiety. This is similar to the C V of
ferrocene-functionalised polypyrrole films obtained by Rosenthal et al [190]. The redox
potential of the ferrocene moiety in poly(Py-co-23) is +0.325 V. That of free
ferrocenium hexafluorophosphate under otherwise identical conditions is +0.28 V. The
effect of the backbone is therefore to shift the ferrocene redox potential anodically by ca.
+0.04 V.
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Figure 6.5. Post-polymerisation cyclic voltammogram of poly(Py-co-23) grown by CV.
Supporting electrolyte: N a N 0 3 (LO M ) . Scan rate: 100 m V s"1. Range: -0.8 V- +0.6 V.

6.3.1.3.

UV/visible spectroscopy of copolymer, poly(Py-co-23)

The UV/visible spectra of poly(Py-co-23) film electrodeposited on I T O coated glass
were recorded (Figure 6.6). In the oxidised state, the spectrum of poly(Py-co-23)
(Figure 6.6(a)) exhibits a sharp peak at 320 n m , a broad peak at 480 n m and a free
carrier tail that extends from 600 n m to longer wavelengths. T h e free carrier tail
indicates that the copolymer is conductive.
polypyrrole in its oxidised state.

A similar spectrum w a s obtained for

After reduction at -1.0 V for 30 minutes, the

copolymer spectrum (Figure 6.6(b)) shows that the band at 480 n m is lost and the free
carrier tail is less distinct. This is in keeping with a loss of conductivity.
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Figure 6.6. UV/visible spectra of poly(Py-co-23) grown galvanostatically on an ITO
coated glass electrode: (a) oxidised state, (b) reduced state.

6.3.1.4. Electrical conductivity of copolymer poly(Py-co-23)

The conductivity of poly(pyrrole-co-?ra«5'-l-(3,-thienyl)-2-(ferrocenyl)ethene) was
found to be 0.13 S cm"1. This is much lower than the conductivity of polypyrrole (16.8

S cm"1) grown under similar conditions. While it is tempting to suggest that this may be

due to the increased chain disorder in the polymer as a result of the introduction of t
bulky ferrocene groups, disorder cannot be too significant given the similarity of the
electronic spectrum to that of polypyrrole. Therefore this lowered conductivity may

have resulted from an electronic effect or a combination of steric and electronic effec

6.3.1.5. Scanning electron microscopy of copolymer poly(Py-co-23)

The scanning electron micrograph (Figure 6.7) of the solution side of poly(Py-co-23)
indicates a cauliflower morphology similar to that of polypyrrole. While the ferrocene
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substituent appears to have a significant effect on conductivity, it is interesting that its
influence is less pronounced on the morphology of the polymer. Thus, despite the
introduction of 20% of a bulky substituent, the copolymer retains the general
characteristics of polypyrrole. This supports the notion that a variety of functionality
can be covalently introduced into polypyrrole, while retaining many of the important
features of the parent polymer.

Figure 6.7. Scanning electron micrograph of poly(pyrrole-eo-23).

6.3.2. p0ly(/ra/i5-l-((2,,2":5,,,2,M-terthiophen)-3,,-yl)-2-(ferrocenyl)ethene),
Poly-24

6.3.2.1. Electrochemical polymerisation of monomer 24

In contrast to the thiophene monomer described above, a terthiophene homopolymer,
poly(rra«5-l-((2,,2":5",2'"-terthiophen)-3"-yl)-2-(ferrocenyl)ethene) (Poly-24), was
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successfully electrodeposited on a Pt disk electrode using C V , potentiostatic and
galvanostatic techniques. As we have observed previously [90], homopolymers of the
terthiophene analogues of vinylthiophene derivatives are readily formed. Figure 6.8
displays the cyclic voltammograms dring potentiodynamic growth. This shows the

expected increase in current with increasing number of cycles, indicative of conducting
electroactive polymer (CEP) growth. The redox couple labelled A/B can be assigned to

the ferrocene moiety whilst the other peaks in Figure 6.8 are associated with the poly
backbone. As shown in the first cycle in Figure 6.8, terthiophene oxidation in monomer
24 commenced at +0.8 V. Comparative studies on unsubstituted terthiophene showed
that oxidation commenced at +1.10 V, which is more anodic than for monomer 24.

Again it is apparent that the ferrocene moiety had an effect on the electropolymerisat
and this adds weight to the possibility that the ferrocenium ion acts as a chemical
oxidant, as proposed for the co-polymerisation above.

It is in this context that an explanation for the intriguing CV behaviour illustrated i
Figure 6.8 might be found. It is apparent that two new reduction peaks (peak C, +0.40
V, and peak D, +0.68 V) are evident following the first oxidation cycle, indicative of
new ferrocene-containing species. The ferrocene signal decreased because, as the
polymer was deposited, the diffusion of the ferrocene substituted monomer or oligomer
was retarded. The subsequent decrease in the monomer ferrocene oxidation peak (A)
and increase in the two new oxidation waves (peak E, +0.60 V, and peak F, +0.78 V, at

30th cycle) could suggest that dimer or even trimer formation occurs in solution prior t
the formation of the homopolymer film on the Pt electrode. Dimer formation could be a
result of chemical oxidation by the ferrocenium moiety and this catalytic effect might

account for the unusual positive increase in the reduction component of the first cycle
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Figure 6.8. Potentiodynamic growth of Poly-24 on a platinum working electrode.
Range: -1.0 V - +1.0 V. Scan rate: 100 mV s"1. Monomer solution: monomer 24 (10

mMVTBAP (0.1 MVDCM.

Support for this hypothesis is offered by the post-polymerisation CV (Figure 6.

polymer in 0.1 M TBAP/DCM solution, which only shows two redox couples (A/B and
C/D). The reduction peak at +0.4 V displayed during growth (Figure 6.8) is not

in the post-polymerisation CV; thus indicating that it could have been a respon

the formation of oligomers during potentiodynamic growth. When compared with th
CV of polyterthiophene, the two redox couples can be assigned to the ferrocene

redox potentials (labelled A/B) and the polymer backbone redox potentials (labe

C/D). This indicates that the homopolymer, Poly-24, was successfully electrodep
on Pt electrodes.
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Figure 6.9. Post-polymerisation cyclic voltammogram of Poly-2 grown by CV in 0.1
M TBAP/CH3CN. Reference electrode: Ag/Ag+. Scan rate: 100 mV s"1.

A potential of +0.80 V was selected for subsequent potentiostatic growth. As exp

for CEP growth, the chronoamperogram (Figure 6.10) showed that, after the initia
transient, the current gradually increased.

The chronopotentiogram (Figure 6.11) obtained during galvanostatic growth of Pol

at 1.0 mA cm"2 for 5 min showed an initial transient, followed by a gradual decr

potential indicating CEP growth. After 5 min, the potential obtained was +0.78 V

which is lower than the potential (0.98 V) monitored during growth of polyterthi

This is consistent with the CV growth results and possible catalytic action by t
oxidized ferrocene substituent.
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Figure 6.10. Potentiostatic growth of the Poly-24 at a Pt electrode. Constant potential:
+0.80 V. Monomer solution: 24 (10 mMVpyrrole (10 m M V T B A P (0.1 M ) / D C M .
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Figure 6.11. Galvanostatic growth of Poly-24 at a Pt working electrode. Constant current
density: 1.0 m A cm"2. Monomer solution: 24 (10 m M ) / T B A P (0.1 M ) / D C M .
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Post-polymerisation C V of homopolymer, Poly-24

6322.

A Poly-24 modified platinum disk electrode was studied in 1.0 M N a N 0 3 / H 2 0 by cyclic
voltammetry. The cyclic voltammogram for Poly-24 (Figure 6.12) only shows one redox
couple in aqueous solution. W h e n compared with the C V of polyterthiophene, this redox
couple can be assigned to the ferrocene moiety redox potentials (labelled A/B). N o
polymer backbone peaks were observed because polythiophenes are, in general, more
hydrophobic than polypyrroles and so electrochemical switching is less efficient in
aqueous media [191]. The redox potential of the ferrocene moiety in Poly-24 is +0.312
V. That offreeferrocenium hexafluorophosphate under otherwise identical conditions is
+0.28 V. This confirms that the effect of the backbone is therefore to shift the ferrocene
redox potential anodically by ca. +0.03 V.

30

(uA)
-10-

-0.8

-0.6

-0.4

0

-0,2

0.4

0.6

E(V)
Figure 6.12. Post-polymerisation cyclic voltammogram of Poly-24 grown by C V .
Supporting electrolyte: N a N 0 3 (1.0 M ) . Scan rate: 100 m V s"1. Range: -0.8 V - +0.6 V.

Chapter 6

207

6.3.2.3. UV/visible spectroscopy of Poly-24

The UV/visible spectrum of Poly-24 film grown on ITO coated glass (Figure 6.13(a)) is

different from that of polyterthiophene. It shows several features at shorter waveleng
such as maxima at 320 nm and 480 nm with a shoulder at 375 nm, as compared with
one maximum at 364 nm in this region for polyterthiophene (Figure 6.13(b)) that may
be assigned to n-n* transitions. Strong absorbance of the polaronic band is seen
between 600-900 nm for Poly-24 but this occurs between 450-850 nm for

polyterthiophene. In addition, the free carrier tail starts at around 1000 nm for Poly
but at 850 nm for polyterthiophene. The polaronic band and free carrier tail are
evidence of CEPs in their oxidised and conducting state [192-194]. When reduced at 0.8 V for 30 min, the spectrum of reduced Poly-24 shows maxima at 320 nm and 465

nm but neither polaronic band nor free carrier tail (Figure 6.14(b)). This is in keepi
with a loss of conductivity.
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Figure 6.13. UV/visible spectra of Poly-24 (a) and polyterthiophene (b) in their oxid
forms on the ITO-coated glass electrodes.
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Figure 6.14. UV/visible spectra of Poly-24 grown galvanostatically on an ITO coated
glass electrode: (a) oxidised state, (b) reduced state.

6.3.2.4. Elemental analysis of Poly-24

The elemental analysis (7.61% CI and 11.2% Fe) indicates that this homopolymer had a
ratio of one 24 unit: one perchlorate counteranion; that is, 3 thiophene units: 1
perchlorate counteranion.

6.3.2.5. Electrical conductivity of Poly-24

The electrical conductivity of Poly-24 films measured by the four-point probe method
was 82.6 nS cm'1. This is much lower than the conductivity (0.13 S cm"1) of the
copolymer of 23 with pyrrole. The loss of pyrrole in the polymer chain may be
responsible because polypyrrole has a much higher conductivity than that of
polyterthiophene.
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6.3.2.6.

Scanning electron microscopy ( S E M ) of Poly-24

The SEM of the solution side of Poly-24 (Figure 6.15a) exhibits a cauliflower
morphology, much like that for poly(Py-co-23) (Figure 6.7). This is in contrast to the
SEM of polyterthiophene, which showed a sponge-like morphology (Figure 6.15b).
Polyterthiophene is brittle and powdery when compared with Poly-24 or poly(Py-co-23)
which can be obtained as stand alone films. The reason for this difference in

morphology and mechanical strength is not clear but it has been reported [191] that, for
polyalkylthiophenes, the alkyl side chain has a dilution effect resulting in greater
separation of the macromolecules and so resulting in lower stiffness because there are
fewer load-bearing covalent bonds per unit cross-sectional area.

Figure 6.15a. Scanning electron micrograph of Poly-24.
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Figure 6.15b. Scanning electron micrograph of polyterthiophene.

6.3.3.

Electrochemical detection of Cytochrome C

The ability to access the redox centre within Cytochrome C in solution using a Pt

electrode modified with the copolymer of ^«5-l-(3,-thienyl)-2-(ferrocenyl)ethene (23)
with pyrrole, or modified with the homo-polymer poly(trans-l-((2\2":5",2w-

terthiophen)-3"-yl)-2-(ferrocenyl)ethene) (24) was investigated. The ferrocene oxidat
response within the copolymer, poly(Py-co-23), was enhanced in the presence of

Cytochrome C in solution (Figure 6.16), and the anodic peak current (Ipa) increased no
linearly with an increasing concentration (c) of Cytochrome C (Ipa = 17.29e1L468c, R2 =
0.9811) (Figure 6.17). The ferrocene redox couple of the copolymer was anodically
shifted by 0.05 V in the presence of Cytochrome C. The ferrocene reduction response
was not enhanced by the presence of Cytochrome C.
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Figure 6.16.

Cyclic voltammograms of the copolymer poly(Py-co-23) modified Pt

electrode in the presence of Cytochrome C. Reference electrode: Ag/AgCl (3M NaC
Buffer solution: KC1 (0.1 M)/Tris-HCl (20mM) at pH 6.8. Concentration of

Cytochrome C: (1)0 mM, (2) 0.05 mM, (3) 0.10 mM, (4) 0.15 mM, and (5) 0.20 mM.

y = 17.29e
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Figure 6.17. The anodic peak current, ip,a (uA), is non-linearly proportional to the
concentration of Cytochrome C, c (mM), for poly(Py-co-23).

Chapter 6

A

212

platinum electrode coated with poly(fra«5-l-((2',2":5",2'"-terthiophen)-3"-yl)-2-

(ferrocenyl)ethene), Poly-24, (grown at 1.0 mA cm"2 for 2 min) exhibited a cyclic
voltammogram (Figure 6.18) that only displayed the ferrocene response; there was no
polymer backbone response. In addition, the oxidation response of ferrocene was
enhanced by the presence of Cytochrome C in solution. The anodic peak current at ca.
0.65 V increased linearly with increasing concentration of Cytochrome C (Ipa = 156c +

34.7, R2 = 0.9969) with a correlation coefficient corresponding to a level of signific
better than 0.001 (Figure 6.19). The reduction of the ferrocene moiety was not
enhanced by the presence of Cytochrome C. Cytochrome C could not be oxidised using
polyterthiophene itself, thus suggesting that the response to Cytochrome C was
mediated by the ferrocene moiety in the copolymer, poly(Py-co-23), or homopolymer
Poly-24.

These experiments show that the copolymer of ^<ms-l-(3'-thienyl)-2-(ferrocenyl)ethene
(23) with pyrrole, and the homopolymer of fra«s-l-((2',2":5",2m-terthiophen)-3"-yl)-2(ferrocenyl)ethene (24) have the potential to be useful biosensors. The catalytic
oxidation of Cytochrome C by the ferrocene moiety during cyclic voltammetry may be
represented by:

Fc +=* Fc+ + e" (1)

Cyt.C + Fc+ >Fc + Cyt.C+ (2)
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-0.4

E(V)
Figure 6.18.

Cyclic voltammograms of Poly-24 modified Pt electrode in the presence

of Cytochrome C. Reference electrode: Ag/AgCl (3M NaCl). Buffer solution: KC1
(0.1 M)/Tris-HCl ( 2 0 m M ) at p H 6.8. Concentration of Cytochrome C: (1) 0 m M , (2)
0.05 m M , (3) 0.10 m M , (4) 0.15 m M , and (5) 0.20 m M .
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Figure 6.19. Linear regression of anodic peak current, ip,a (uA), as a function of
concentration of Cytochrome C, c ( m M ) , for Poly-24.
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Electrocatalytic hydrogen gas generation

6.3.4.1. Hydrogen decomposition potential

In order to investigate the ability of poly(Py-co-23) and Poly-24 to bring about hydrog
gas generation, their modified platinum electrodes were tested in 1.0 M H2S04. The
counter electrode in these experiments was a platinum mesh electrode. Figure 6.20 and
6.21 show the linear sweep voltammograms for hydrogen generation at these two
polymer coated platinum electrodes in 1.0 M H2SO4 (swept from +0.60 V to negative
potential). In sweeping the Poly-2 coated platinum electrode from positive to negative
potential, hydrogen production commenced at -0.250 V (point A in Figure 6.20). This is
similar to the result obtained using the bare platinum electrode (-0.240 V). The
decomposition potential for hydrogen generation at the poly(Py-co-23) modified
platinum electrode was 0.000 V (point B in Figure 6.21). Gas bubbles could be seen to

form on the coating surface if this electrode was poised at a potential more negative t
0.000 V. Like the LSV's depicted in Figures 3.11-3.13, Figures 4.25-4.28, and Figures
5.17-5.19, a weak scan-dependant profile with a peak at -0.150 V (point A in Figure

6.21) was observed at 100 mV s"1. As in the earlier cases, the peak profile is most like
due to the formation of bubbles within the polymer. Integrations of the charge involved
at different scan rates indicate that these peaks are not due to adsorption effects. A

significant and substantial anodic shift therefore occurs in the potential for hydrogen
generation when a platinum electrode is coated with poly(Py-co-23). This positive shift

(240 mV) is of the same order as that achieved in the earlier systems. The rigidity of t
tether in poly(Py-co-23) does not appear to prevent the electrocatalytic effect.
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Figure 6.20.

Current-voltage plot (vs. Ag/AgCl) in 1.0 M H 2 S 0 4 of the Poly-24

-i>
coated platinum disk electrode (scan rate: 100 m V s")
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Figure 6.21.

Current-voltage plot (VJ. Ag/AgCl) in 1.0 M H 2 S 0 4 of the poly(py-co-

23) coated platinum disk electrode (scan rate: 100 mV s").
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The fact that Poly-2 does not produce a comparable L S V indicates that the presence of

pyrrole in the polymer backbone is necessary to obtain the electrocatalytic effect. It i
not clear whether this is due to the involvement of the pyrrole in the catalytic
mechanism or if other factors are determinant. Poly(Py-co-23) exhibits a significant

(+0.04 V) shift in its ferrocene redox couple relative to free ferrocene (section 6.3.1.
As mentioned previously, such shifts are consistent with electron withdrawal from the
ferrocene moiety by the polymer backbone, thereby reducing the basicity of the

ferrocene. Poly-24 displays a similar shift (+0.03 V) suggesting a similar basicity. The

relative basicity of the ferrocenes therefore does not appear to play a significant part

Another possible influence is hydrophilicity. Polythiophene is known to be substantially
more hydrophobic than polypyrrole [29]. The presence of substantial amounts of pyrrole
in poly(Py-co-23) dramatically improves the contact between the bulk solution and the
polymer coating. Despite this, only a very weak hydrogen-generation current is observed

(Figure 6.21). A decline in the hydrophilicity (as in Poly-24) would then be expected to

reduce the electrocatalytic effect. A hydrophilic-hydrophobic effect may also explain th

trend of current densities in ferrocene-tethered polypyrroles (Chapter 4) (Table 4.1). I
the absence of further data, firm conclusions cannot be drawn. However the influence of
hydrophilic-hydrophobic deserves further attention.

6.3.4.2. Potentiostatic Hydrogen gas generation

Further tests examined the rate of hydrogen production at -0.440 V in 1.0 M H2S04
over an extended period of time by platinum disk electrodes before and after
potentiostatic coating with poly(Py-co-23). The custom designed plastic cell described
in Figure 3.16 and used in Figure 3.18, 4.29, and 5.20 was used in these experiments to
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ensure precise invariance in the positions of the electrodes. The data recorded is entirely
comparable with that shown in Figure 3.18, 4.29, and 5.20.

Figure 6.22 illustrates representative data using a platinum disk electrode whose
electrochemical area w a s established to be 0.0177 c m 2 (vide infra). Figure 6.22(a)
depicts the current at the uncoated platinum electrode. The same electrode produced a
current of 0.320 m A after coating with poly(Py-co-23) (grown to 100 m C , controlled
charge by potentiostatic coating) after operating for 12 hours (Figure 6.22(b)); i.e. a 2.5fold greater rate than the bare platinum electrode (0.130 m after 12 h).
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Figure 6.22.

Current-time plot (vs. Ag/AgCl) of a platinum electrode having an

electrochemical area of 0.0177 c m 2 poised at -0.440 V in 1.0 M H 2 S 0 4 : (a) before
coating, (b) after coating with poly(Py-c<?-23) (100 m C ) .

T o normalise the effect of area, the rate of hydrogen production per unit electrochemical
area w a s also examined. T h e likely electrochemical area of the platinum electrode
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before and after coating poly(Py-co-23) (100 mC) was determined by comparing peak
currents using cyclic voltammetry (100 mV s"1) in 0.1 M K3Fe(CN)6/1.0 M NaN03/H20

solution with a bare Pt electrode. The electrochemical areas established using equat
(3.2) in Chapter 3 were 0.0177 cm2 (uncoated platinum electrode) and 0.0283 cm2
(poly(Py-co-23) coated Pt electrode) respectively.

By this measure, the current densities after 12 hours of hydrogen generation before a
after coating with poly(Py-co-23) were estimated to be 7.33 mA cm"2 (uncoated
platinum) (Figure 6.23(a)) and 11.31 mA cm"2 (coated platinum) (Figure 6.23(b)). The
poly(Py-co-23) coated platinum electrode consequently displayed a 1.55-fold greater

rate of hydrogen generation per unit electrochemical area than the uncoated platinum
electrode.
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Figure 6.23. Current density obtained during hydrogen gas generation at constant
potential of-0.440 V in 1.0 M H2S04. Time of operation: 12 hours, (a) Bare platinum

disk electrode (0.0177 cm2); (b) poly(Py-a?-23) modified platinum disk electrode (1
mC, 0.0283 cm2).
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Summary

Tethering of a ferocene moiety to a mixed pyrrole-thiophene polymer by a rigid
conjugated linker diminishes, but does not prevent the resulting CEP from catalysing the
conversion of 1.0 M H2S04 to hydrogen gas. However, the homopolymer, Poly-24,
which contains a similarly rigidly ferrocene tethered to an all-thiophene backbone, does
not display an electrocatalytic effect. We are unable to say whether this indicates that
pyrrole takes part in the catalysis or whether it merely facilitates the catalysis by
improving the hydrophilicity of the coating. Alternatively, electronic effects may play
significant role. Previous studies indicate that the electronic state of a conjugatively
tethered ferrocene in an all-polythiophene CEP is drastically different to that in a
corresponding polypyrrole CEP [126].

6.4. CONCLUSIONS

The copolymer of /rara,-l-(3'-thienyl)-2-(ferrocenyl)ethene (23) with pyrrole, and the

homopolymer of ?ra«5-l-((2',2":5",2"'-terthiophen)-3"-yl)-2-(ferrocenyl)ethene (24) have
been successfully electrosynthesised. The ferrocene moiety lowered the potential of
growth for both the copolymer and homopolymer, suggesting that it catalysed the
electrochemical oxidation. The post-polymerisation CVs of these polymers display both
the ferrocene moiety redox couple as well as the oxidation/reduction of the copolymer
or polymer backbone. The CV responses of this copolymer or homopolymer in the
presence of Cytochrome C in solution suggest that these materials have potential
application as biosensors.
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A significant and substantial anodic shift occurs in the potential for hydrogen gas
generation when a platinum electrode is coated with poly(Py-co-23) but not with Poly24. While the rigidity of the ferrocene tether does not prevent electrocatalytic
conversion of 1.0 M H2S04 to hydrogen gas in poly(Py-co-23), the absence of pyrrole in
the backbone of Poly-24 does. As being anticipated by the LSV's, poly(Py-co-23)
displays a greater rate of hydrogen generation at -0.44 V per unit electrochemical area

than bare Pt. Poly-24 displays no such effect. It is not clear whether this is due to th
involvement of pyrrole or to a purely electronic effect related to the thiophene.
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PART II

PHOTOELECTROCHEMICAL CELLS

BASED ON POLYMERS AND COPOLYMERS

CHAPTER I

PHOTOVOLTAIC DEVICES BASED ON
POLYMERS ELECTROSYNTHESISED
FROM TERTHIOPHENE AND BIS-LINKED
TERTHIOPHENE
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INTRODUCTION

Commercial photoelectric conversion devices are made mostly from inorganic
semiconductors. In the last two decades, much work has focused on polymeric and
organic materials [195,196] since the structure and properties of these photoactive
materials can be readily controlled and they are considerably cheaper than inorganic
equivalents. These studies include the incorporation of conducting polymers into
photovoltaic devices. Early work involved devices based on polyaniline [82], poly(pphenylene vinylene) [77], poly(p-phenylene vinylene)/perylene heterojunction [70],
poly(2-methoxy-5-(2'-ethyl-hexyloxy)-l, 4-phenylene vinylene composite [21,23],
poly(3-methylthiophene) [93] andpoly-thiophene[197].

Polythiophenes are attractive candidates for use in photoelectric conversion devices as
wide variety of substituents can be readily attached to the polymer backbone providing

polymers with various electronic states, conductivity, and stability [198]. To date, most
studies have involved poly(3-methylthiophene) [89,199-201] or related poly(3alkylthiophenes) [202]. Recently, however, there has been an upsurge of interest in
exploring the photo-electrochemical properties of polythiophenes obtained from
alternatively substituted thiophenes [203,204], bithiophenes [201,203] or terthiophenes
[92].

In the approach described previously for poly(3-methylthiophene) (P3MTh) [89,93,199201], the P3MTh functions as a p-type semiconductor where holes or hole-polarons are
the dominant carriers that cause the measured photocurrent. The holes generated by

irradiation of light cause, via the external circuit, the counter electrode consisting o
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coating on indium tin oxide (ITO) coated glass to be positively charged, whilst the
electrons move to the P3MTh/solid polymer electrolyte (front) junction. The holes
oxidize the electron donor iodide to generate triiodide at the counter electrode. The

electrons injected to the front contact reduce the triiodide back to iodide. Thus, the
converts light to electricity in a renewable process where there is no net chemical
reaction.

Polythiophenes can be electrosynthesised by oxidative polymerisation according to Eq.
(7.1): where n is the number of thiophene units per counter-anion, m is the number of
lengths of polymer chain, and A" is the counter-anion.

(7.1)

m e
m x n

+ m A"

Jm
The properties of the polymer can be controlled by the judicious selection of the

substituents R\ and/or R2. In addition, the type of counter-anion (A") can also influe
the properties of the polymer. Polythiophenes can undergo electrochemical redox
reactions such as:

+ m A"

(7.2)

where A" is a mobile counter-anion that can be exchanged with other anions in solution.
If the counter-anion is large and immobile, then the redox reaction is more likely to
represented by Eq. (7.3).
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r
f~\

W"1^
n

where M

(7.3)

Jm

is a cation inserted from the electrolyte solution to preserve charge balance in

the polymer matrix.

Polythiophene grown from terthiophene has the potential to adopt a more ordered
structure [205,206] than the generally amorphous polymers grown from thiophene

[207]. This is due to the fact that polymerization through the beta position is minim

particularly in thin films [198]. Polythiophenes and polythiopene oligomers with a wel
ordered closely-packed structure have been shown to possess greater charge carrier

mobility [207,208]. Effective charge separation and mobility are intrinsic requiremen

in any photovoltaic device [10,21,195]. Therefore, it is likely some polyterthiophene
in which there is a greater homogeneous distribution in conjugation length along the
chains [209], could enhance charge mobility and would be a useful component in
photoelectrochemical cells. Terthiophene also has a lower oxidation potential than
methylthiopene, bithiophene and many of their derivatives [195], which aids in the
facile electrochemical growth of conducting polymer films.

The photocurrents that can be attained using polythiophene-based electrodes have been

enhanced by attaching electron acceptors such as the nitro group to the polythiophene
chain [210,211]. Direct conjugation of the electron-withdrawing nitro group with the
polyterthiophene backbone due to the presence of an alkene linker [156,212] can

Chapter 7

227

facilitate charge separation of excitons formed when the photoelectrochemical cell
exposed to light [210].

We report here investigations into polymers made from commercially available
2,2':5'2"-terthiophene (TTh) (Aldrich) (25) and novel m o n o m e r l,2-Bis(3'-(2,2':5\2"terthiophenyl))ethene

(BisTTh)

(26) (supplied

by

Massey

University, N Z ) .

Homopolymers and copolymers have been successfully electropolymerised from these
two monomers.

In this work, tetrabutylammonium perchlorate was used as the supporting electrolyte
and so the counter-anion, perchlorate, would be expelled from the polymer on
reduction, thus leaving the polymer backbone uncharged (Eq. (2)). The neutral polymer,
therefore, behaves like a p-type semiconductor.

(HH)
(25)
2,2':5',2"-Terthiophene (TTh)

(26)
l,2-Bis(3'-(2,2':5',2"-terthiophenyl))ethene (BisTTh)
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EXPERIMENTAL

7.2.1. Reagents and materials

The /r««5-l,2-Bis(3'-(2,2':5',2"-terthiophenyl))ethene (BisTTh) (26) was

by Burrell et al. at Massey University. In addition 2,2':5'2"-terthiophe

Aldrich) (25), tetrabutylammonium perchlorate (TBAP, Fluka), iodine (Univ
Aldrich 99.8%), methanol (Univar, Ajax), acetonitrile (ACN, Univar, Ajax),
dichloromethane (DCM, Univar, Ajax), isopropanol (Univar, Ajax),

tetrapropylammonium iodide (Aldrich, > 98%), ethylene carbonate (Aldrich
propylene carbonate (Aldrich 99%) were used as received.

ITO coated glass (<40 or <10 D sq"1) was purchased from Delta Technologi

(USA), cut into required sizes, washed with liquid detergent, rinsed thor
Milli-Q water followed by isopropanol, and allowed to dry.

A liquid electrolyte was formulated by dissolving I2 (60 mM) and

tetrapropylammonium iodide (500 mM) in ethylene carbonate/propylene carb
by weight).

A thin layer of platinum was sputter coated onto the ITO coated glass us
Magnetron Sputter Coater Model SC100MS. The sputtering was performed at
of 50 mA and Ar pressure of 2 x 10"3 mbar. Under these conditions the Pt
obtainable would be 2 A s"1. A Pt thickness of 10 A was sputter coated.
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7.2.2. Equipment

Electrosynthesis and testing of polymers were achieved by using an electrochemical
hardware system comprising of an EG&G PAR 363 Potentiostat/Galvanostat, a
Bioanalytical Systems CV27 Voltammograph, a MacLab 400 with Chart v 3.5.7/EChem
v 1.3.2 sofrware (ADInstruments), and a Macintosh computer. A three-electrode

electrochemical cell was used which comprised of a working electrode (platinum (Pt)

disk or ITO coated glass or these substrates with polymer coatings on them), a plat

(Pt) mesh auxiliary electrode, and a Ag/Ag+ reference electrode used in organic sol
or a Ag/AgCl (3M NaCl) reference electrode used in aqueous solution.

Testing of devices was done using a halogen lamp (SoLux MR-16 from Wiko Ltd.) and
a set-up comprising of a Macintosh computer/MacLab 400 with EChem v 1.3.2
software (ADInstruments)/CV27 Voltammograph (Bioanalytical Systems) to obtain the
current-voltage (I-V) curves. A light intensity of 500 W m"2 was used.

Polymer and copolymer samples were also subjected to elemental analysis (Otago
University, New Zealand).

UV-visible spectra were obtained using a Shimadzu UV1601 spectrophotometer and
scanning over the range 300-1100 nm.

Scanning electron microscopy (SEM) examination was carried out on the homopolymer
and copolymer films using a Leica-stereo SS 440 Microscope.

Chapter 7

230

7.2.3. Photovoltaic device fabrication and testing

The homopolymers and copolymers were electrodeposited on ITO coated glass and

rinsed with acetonitrile and then allowed to dry. In general, the homopolymer an
copolymer coatings were completely electro-reduced at -0.4 or -0.8 V in 0.1 M
TBAP/DCM before being assembled as devices. The device was assembled as
described in Section 2.4.1, and tested as described in Section 2.4.2.

7.3. RESULTS AND DISCUSSION

7.3.1. Polymerisation of l,2-Bis(3'-(2,2':5',2"-terthiophenyl))ethane (BisTTh)

Poly-l,2-Bis(3'-(2,2':5,,2"-terthiophenyl))ethane (PBisTTh) was successfully

electrodeposited onto the platinum disk electrode by cyclic voltammetry (CV) (Fi
7.1) from a monomer solution containing BisTTh (10 mM)/TBAP (0.1 M)/DCM with
the potential limits -0.8 V/+0.8 V at the scan rate of 100 mV s"1 using a Ag/Ag+

reference electrode. Based on the growth cyclic voltammograms (CVs), it was obser

that BisTTh commenced to oxidize at +0.70 V and the current increased with incre

number of cycles, thus signifying that a conductive polymer was being formed. Th

redox couple (labelled A/B) is identified as the polymer backbone redox potentia

PBisTTh was also successfully electrodeposited onto a platinum disk electrode by

constant potential. From the cyclic voltammograms obtained above, a potential of

V was selected for potentiostatic growth at a Pt electrode. The chronoamperogram
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(Figure 7.2) showed that after the initial transient, the current increased with time
presumably as the polymer was deposited.

Galvanostatic growth of PBisTTh at a Pt electrode was performed at a constant curre

density of 0.1 mA cm'2. The chronopotentiogram (Figure 7.3) shows that the potential
steadily decreased with the time, as expected for conducting polymer growth.
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Figure 7.1. Potentiodynamic growth (Scan 1 and 5 labelled) of the homopolymer of
BisTTh at a Pt electrode. Range: -0.8 V to +0.8 V. Scan rate: 100 mV s"1.
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Figure 7.2. Potentiostatic growth of the homopolymer of BisTTh at a Pt electrode.

Constant potential: +0.70 V. Reference electrode: Ag/Ag+. Monomer solution: Bis
(10 mMVTBAP (0.1 M)/DCM.
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Figure 7.3. Galvanostatic growth of the homopolymer of BisTTh at a Pt electrode.
Constant current density: 0.1 mA cm'2. Reference electrode: Ag/Ag+. Monomer
solution: BisTTh (10 mM)/TBAP (0.1 M)/DCM.
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7.3.2. Characterisation of Poly(l,2-Bis(3'-(2,2':5',2"-terthiophenyl))ethene)

Evidence for conductive polymer growth could also be seen from the postpolymerisation cyclic voltammogram of PBisTTh modified Pt electrode in 0.1 M
TBAP/ACN using a Ag/Ag+ as reference electrode. A typical cyclic voltammogram of

PBisTTh is shown in Figure 7.4. Once again, in confirmation of the results obtain
from CVs during growth, the redox couple in Figure 7.4 is due to the polymer
backbone.

E(V)
Figure 7.4. Cyclic voltammogram of PBisTTh modified Pt electrode in 0.1 M
TBAP/ACN (CH3CN) solution. Range: -800 mV to +800 mV. Scan rate: 100 mV s'1.

The growth of PBisTTh was independently confirmed by elemental analysis: S

(23.70%) and CI (7.9%). It shows that the homopolymer has a ratio of one 1,2-Bis(3
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(2,2':5',2"-terthiophenyl))ethene unit : two perchlorate counter-anions in its oxidized
state; that is, 3 thiophene units : one perchlorate counter-anion.

The conductivity of PBisTTh film (grown galvanostatically onto ITO coated glass and
peeled off) was measured using the four-point probe technique and found to be 0.22 S
cm"1.

The UV/visible spectra of the homopolymer, PBisTTh, film electrodeposited on ITO

coated glass were recorded (Figure 7.5). In the oxidised state, the spectrum of PBisTTh
(Figure 7.5(a)) exhibits a sharp peak at 340 nm and a shoulder at about 500 nm which
are due to the n-n* transition, and a broad polaronic band between 650 nm to 1050nm
which indicates that the homopolymer is conductive. After reduction at -0.8 V for 10
minutes, the homopolymer spectrum (Figure 7.5(b)) shows that the polaronic band
between 650 and 1050 nm is lost relative to the absorbance of the 500 nm band. This is
in keeping with a loss of conductivity.

The scanning electron micrograph (Figure 7.6) of solution side of PBisTTh film showed
that it had a cauliflower structure for its morphology. The comparison with the SEM of
polyterthiophene will be made later in this chapter.
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Figure 7.5. UV/visible spectra of PBisTTh grown galvanostatically on an ITO coated
glass electrode: (a) oxidised state, (b) reduced state.

Figure 7.6. Scanning electron micrograph of solution side of PBisTTh.

Chapter 7

236

7.3.3. Photovoltaic Devices Based on PBisTTh

In order to make the photovoltaic devices, PBisTTh was electrodeposited onto ITO
coated glass electrodes. After homopolymer growth, they were all completely reduced
at -0.8 V before they were assembled into photovoltaic devices. Figure 7.7 shows the
equipment setup for photovoltaic device testing. The photovoltaic performance of
PBisTTh grown by different methods was then investigated. A typical I-V response

(LSV) of these devices in the dark and under illumination (500 W/m ) is given in Figu

7.8. It shows that illumination clearly induces an increase in the current on the po
coated ITO coated glass electrode (Figure 7.8b).

Figure 7.7. The equipment setup for photoelectrochemical cell testing. Light source: a
500 W m'2 halogen lamp. Testing area: 0.04 cm
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Figure 7.8. I-V curves of a photoelectrochemical cell made from PBisTTh: (a) In the the

dark, (b) Under polychromatic light (500 W m"2). Testing area: 0.04 cm2. Scan ra

mVs"1.

Table 7.1 summarises the results obtained from these reduced homopolymers (grown by

CV) when fabricated into photo-electrochemical cells. These results were derive

LSV according to Figure 2.13 and Equation 2.14 and 2.15. Photovoltaic devices w

tested with a 500 W m"2 halogen light source. The testing area of these devices

cm2. In general, thicker polymer films gave better photovoltaic responses. Howe

after the thickness exceeded a limiting value, the Energy Conversion Efficiency

decreased with the increase of the film thickness. The best device was obtained

polymer grown for 40 cycles by CV at 100 mV s"1, with potential limits -0.8 V/+
(Voc = 195 mV, Isc = 229 uA cm"2, Fill Factor = 0.38, ECE = 0.035%).
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Table 7.1. Characteristics of photo-electrochemical cells from
PBisTTh grown by C V .
N u m b e r of

Voc

lsc

Fill

ECE

C V cycles

(mV)

(uA cm"2)

Factor

(%)

5 cycles.

189

48.1

0.32

0.006

10 cycles.

203

84.1

0.39

0.014

15 cycles.

207

125.1

0.38

0.020

20 cycles.

180

193.1

0.35

0.025

30 cycles.

206

215.5

0.37

0.033

40 cycles.

195

229.0

0.38

0.035

50 cycles.

202

172.3

0.42

0.029

60 cycles.

203

110.3

0.35

0.016

Notes: Growth condictions were C V at 100 m V s"1, between -0.8 V to +0.8 V.
M o n o m e r solution was BisTTh ( l O m M V T B A P (0.1M)/ CH 2 C1 2 .
Halogen light intensity: 500 W m"2.
Testing area: 0.04 cm 2 .

Table 7.2 summarises the photovoltaic characteristic results obtained from PBisTTh
grown by constant potential (+0.70 V ) and reduced at -0.8 V after polymer growth at
ITO coated glass electrode, when fabricated into photo-electrochemical cells. The
thickness of the film was varied by controlling the charge (from 5 m C to 45 m C ) passed
during the electrodeposition at the working electrode. These devices werealso tested
•

^

under a 500 W m" 2 halogen light source with a testing area of 0.04 c m . They also
showed a thickness effect on the Energy Conversion Efficiency (ECE). The best device
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was obtained from a polymer grown for 30 m C by constant potential (CP) at +0.7 V
(Voc = 167 m V , Isc = 219.0 u A cm"2, Fill Factor = 0.32, E C E = 0.024%).

Table 7.2. Characteristics of photo-electrochemical cells from PBisTTh
grown by constant potential (+0.7 V vs. Ag/Ag + ).

Charge C o n s u m e d

* oc

•tsc

Fill

ECE

During Polymer Growth

(mV)

(uA cm" 2 )

Factor

(%)

5mC

139

86.5

0.26

0.006

10 m C

158

131.3

0.34

0.014

15 m C

163

155.3

0.32

0.017

20 m C

164

178.0

0.33

0.020

25 m C

178

202.8

0.31

0.023

30 m C

167

219.0

0.32

0.024

35 mC

160

220.9

0.32

0.023

40 mC

162

178.8

0.31

0.018

45 mC

140

119.3

0.31

0.011

Notes: Monomer solution was BisTTh (10mM)/TBAP (0.1M)/ CH 2 C1 2 .
Polymers grown by C P (+0.7 V vs. Ag/Ag + ) were pre-reduced at -0.80
V (vs Ag/Ag + ) in T B A P (0.1M)/ CH 2 C1 2 .
Halogen light intensity: 500 W m"2.
Testing area: 0.04 cm 2 .

Table 7.3 summarises the photovoltaic characteristic results obtained from PBisTTh
grown galvanostatically and reduced at -0.8 V after polymer growth, when fabricated
into photo-electrochemical cells. They also showed a thickness effect on the Energy
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Conversion Efficiency (ECE) for these devices. The best device (30 m C ) had V o c = 181
m V , Isc = 251.8 u A cm"2, Fill Factor = 0.28, E C E = 0.025%.

Table 7.3. Characteristics of photo electrochemical cells from PBisTTh
grown by constant current density (0.1 m A cm"2).

Charge Consumed

Voc

During Polymer Growth

(mV)

5mC

Fill

ECE

(uA cm" )

Factor

(%)

165

49.4

0.37

0.006

10 mC

165

74.6

0.36

0.009

15 mC

167

81.0

0.40

0.011

20 mC

176

105.0

0.33

0.012

25 mC

169

151.1

0.34

0.017

30 mC

175

216.3

0.28

0.021

35 m C

181

251.8

0.28

0.025

40 mC

194

158.0

0.32

0.020

45 mC

193

140.0

0.31

0.017

Notes: Monomer solution was BisTTh (10mM)/TBAP (0.1M)/CH2C12. Polymers
grown by CI (0.1 m A cm"2) were pre-reduced at -0.80 V (vs Ag/Ag + ) in
T B A P (0.1 M)/CH 2 C1 2 .
Halogen light intensity: 500 W m"2.
Testing area: 0.04 cm2.
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In order to study the method and polymer thickness influences on Energy Conversion

Efficiency (ECE), we compared the devices grown by constant potential (CP) (+0.7 V)

with those grown by constant current density (CI) (0.1 mA cm"2) under the same valu

of charge. Table 7.4 summarises the ECE result comparison obtained from the reduced
polymers (grown by CP and CI) when fabricated into photo-electrochemical cells.
According to these results, better photovoltaic characteristics were obtained from

polymers produced by potentiostatic growth rather than by galvanostatic growth befo

reaching the thickness limit (35 mC). After exceeding the thickness limit, P(BisTTh
(CI) showed better ECE responses. However, the best device incorporated a polymer
grown (35 mC) by CI (0.1 mA cm'2) (Voc =181 mV, Isc = 251.8 uA cm"2, Fill Factor =
0.28, ECE = 0.025%).

Table 7.4. Comparison of energy conversion efficiency ( E C E ) of photo
electrochemical cells from PBisTTh grown by CP and CI.

Charge Consumed

ECE (%)

ECE (%)

During Polymer Growth

(CP)

(CI)

5mC

0.006

0.006

10 mC

0.014

0.009

15 mC

0.017

0.011

20 mC

0.020

0.012

25 mC

0.023

0.017

30 mC

0.024

0.021

35 mC

0.023

0.025

40 mC

0.018

0.020

45 mC

0.011

0.017
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Based on the comparison of photovoltaic results for photo-electrochemical cells
incorporating PBisTTh grown by CV, CP, and CI, it can be concluded that photovoltaic
devices grown by CVs always showed better ECE (1.5 times higher) results than those

devices grown by CP or CI without respect to the thickness of film. It also demonstrate
that potentiostatic and galvanostatic growth give similar results. It is possible that

polymers grown by different methods have different degrees of order in their structure
that have an influence on photovoltaic responses. This comparison suggests that
polymer grown by CV makes better photovoltaic devices than polymer grown by CI or
CP. Therefore, in future photovoltaic device testing, all polymers will be grown by
cyclic voltammetry.

7.3.4. Polymerisation of 2,2':5'2"-terthiophene (TTh)

Poly(2,2':5'2"-terthiophene) (PTTh) could be successfully electrodeposited on either a
platinum disk electrode or ITO coated glass electrode by cyclic voltammetry (CV).
Figure 7.9 shows typical cyclic voltammograms obtained during the PTTh growth at
platinum disk electrode from the monomer solution containing terthiophene (10
mM)/TBAP (0.1 M)/DCM with the potential limits -0.8 V/+1.0 V at the scan rate of
100 mV s"1 using a Ag/Ag+ as reference electrode. The first cycle reveals that
terthiophene oxidation commenced at +0.80 V. The CVs show the expected increase in
current with increasing number of potential cycles, indicative of conducting
electroactive polymer (CEP) growth. The redox couple (labelled A/B) was attributed to
oxidation/reduction of the polymer backbone.
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E(V)

Figure 7.9. Potentiodynamic growth of the homopolymer of 2,2':5',2"-terthiophene a
Pt electrode. Range: -0.8 V to +1.0 V. Scan rate: 100 mV s"1.

7.3.5. Characterisation of PoIy(2,2':5'2"-terthiophene) (PTTh)

Evidence for conductive polymer growth could also be seen from the postpolymerisation cyclic voltammogram of PTTh modified Pt electrode in 0.1 M
TBAP/ACN using a Ag/Ag+ as reference electrode. A typical cyclic voltammogram of
PTTh is shown in Figure 7.10. Once again, in confirmation of the results obtained

CVs during growth, the redox couple in Figure 7.10 is due to the polymer backbone.

The growth of PTTh was independently confirmed by elemental analysis: 17.60%) S an

9.20%) CI. It suggests that this homopolymer, PTTh, has a ratio of two terthiophen

units : three perchlorate counter-anions; that is, two thiophene units : one perch
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counter-anion. Compared with the elemental analysis of PBisTTh, P T T h has a higher
content of perchlorate in its polymer structure.

120-

I
(uA)

-40-

-80

-120

Figure 7.10. Cyclic voltammogram of P T T h modified Pt electrode in 0.1 M

TBAP/ACN

solution. Range: -800 mV to +800 mV. Scan rate: 100 mV s"1.

The UV/visible spectra of the P T T h film modified ITO coated glass were recorded
(Figure 7.11). In the oxidised state, the spectrum of PTTh (Figure 7.11a) exhibits a
sharp peak at 380 nm due to the n-n* transition, and a strong absorbance of the

polaronic band at 550 nm coupled with the presence of a free carrier tail that extends
from 850 nm to longer wavelengths, which indicates that this homopolymer is
conductive. This shows a different spectrum compared with that of PBisTTh in its

oxidised state (Figure 7.5a). In the fully reduced state, the spectrum of PTTh (Figure

7.1 lb) shows that the polaronic band at 550 nm is lost and the free carrier tail is m
less distinct. This is in keeping with a loss of conductivity.
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Figure 7.11. UV/visible spectra of P T T h grown galvanostatically on an ITO coated

glass electrode: (a) oxidised state, (b) reduced state. Constant current density: 0
cm" . Time: 60 seconds.

The scanning electron micrograph (Figure 7.12) of the solution side of PTTh shows
it had a sponge-like morphology. This is in contrast to the SEM of PBisTTh, which

showed a cauliflower structure for its morphology (Figure 7.6). On comparison, the

alkene linked BisTTh (26) monomer structure appears to have a significant effect o
morphology of the homopolymers.
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Figure 7.12. Scanning electron micrograph of solution side of PTTh.

7.3.6. Photovoltaic Devices Based on P T T h

PTTh was electrodeposited onto ITO coated glass electrodes by cyclic voltammetry
from the monomer solution containing terthiophene (10 mM)/TBAP (0.1 M)/DCM with
potential limits -0.4 V/+1.0 V at the scan rate of 100 mV s"1. They were all fully
reduced at -0.8 V before they were assembled into photovoltaic devices. Figure 7.7
shows the equipment setup for photovoltaic testing. Table 7.5 summarises the results
obtained from these reduced homopolymers when fabricated into photo-electrochemical

cells. These devices were tested with a 500 W m" halogen light source. The testing are
of these devices was 0.04 cm . The Energy Conversion Efficiency was also affected by
the thickness of the film. The best device incorporated a polymer grown for 40 cycles
by CV at 100 mV s'1, with potential limits -0.4 V/+1.0 V (Voc = 172 mV, Isc = 246.3 uA
cm"2, Fill Factor = 0.31, ECE = 0.028%).
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Table 7.5. Characteristics of photo electrochemical cells based on P T T h
grown by cyclic voltammetry (-0.4 V/+1.0 V, 100 mV s"1).

Number
of cycles

ECE

Voc

•Isc

(%)

Fill
Factor

(mV)

(uA cm"2)

10

0.013

0.37

148

121.3

20

0.019

0.34

153

168.0

30

0.029

0.30

147

310.6

40

0.028

0.31

172

246.3

50

0.016

0.31

133

187.3

Notes: Growth condictions were C V at 100 m V s"1, between -0.4 V to
+1.0 V.
Monomer solution was TTh (10mM)/TBAP (0.1M)/ CH2C12.
Halogen light intensity: 500 W m"2.
Testing area: 0.04 cm2.

Figure 7.13 shows the comparison of energy conversion efficiency (ECE) values
between PTTh and PBisTTh, grown by cyclic voltammetry. They reveal that PBisTTh
always produced better photovoltaic response (ECE) than PTTh at the same cycle

number. The best device based on PBisTTh had Voc = 195 mV, Isc = 229.0 uA cm"2, Fil

Factor = 0.38, and ECE = 0.035%; whereas the best device of PTTh had Voc = 172 mV,
Isc = 246.3 uA cm"2, Fill Factor = 0.31, and ECE = 0.028%.

Chapter 7

248

U.U4

0.03

w

b

0.02 i

u

a
0.01

0

10

20

30

40

50

60

N u m b e r of C V growth cycles
Figure 7.13. The comparison of Energy Conversion Efficiencies between two different
types of photovoltaic cells: (a) PTTh, (b) PBisTTh.

7.3.7. Electrosynthesis of Poly(BisTTh-co-TTh)

Composite polymers based on TTh and BisTTh were prepared using a series of different
mole ratios in the monomer solution. This composite polymer of BisTTh with TTh
could be successfully electrodeposited onto ITO coated glass using either cyclic
voltammetry (CV), constant potential or constant current. Figure 7.14 shows typical
cyclic voltammograms obtained during the polymer growth from a monomer solution
containing BisTTh (10 mM)/TTh (10 mM)/TBAP (0.1 MVDCM with the potential
limits -0.4V/+0.9V at the scan rate of 100 mV s"1. CVs during growth indicated that

currents increased with each cycle, thus confirming conducting electroactive polymer
(CEP) growth. Compared with CVs of PBisTTh and PTTh growth, the redox couple
(labelled A/B) was identified as the polymer backbone.
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(mA)

E(V)

Figure 7.14. Potentiodynamic growth of the composite polymer based on BisTTh

TTh at an ITO coated glass electrode. Range: -0.4 V to +0.9 V (vs. Ag/Ag+). Scan
100 mVs"1.

The polymerisation process was further investigated in order to obtain the best

photovoltaic results through optimising the composite polymer growth. The foll
co-monomer mole ratios of BisTTh:TTh were investigated: 10 mM:l mM, 10 mM:2
mM, 10 mM:5 mM, 10 mM:10 mM, 5 mM:10 mM, and 2 mM:10 mM. Based on
previous results obtained, polymers grown by CV showed better photovoltaic

characteristics than those grown by constant potential or constant current. Th

all cases, the composite polymers deposited on ITO coated glass were performed
cyclic voltammetry from -0.4 V/+0.9V at the scan rate of 100 mV s"1.
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Characterisation of Poly(BisTTh-co-TTh)

Evidence for conductive polymer growth could also be seen from the post-

polymerisation cyclic voltammogram (Figure 7.15) of poly(BisTTh-co-TTh)

Pt electrode in 0.1 M TBAP/ACN. Once again, in confirmation of the resul

from CVs during growth, the redox couple in Figure 7.15 is due to the p
backbone.
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Figure 7.15. Cyclic voltammogram of poly(BisTTh-co-TTh) modified Pt ele

0.1 M TBAP/ACN solution. Range: -800 mV to +1000 mV (vs. Ag/Ag+). Scan ra
100 mVs"1.

The elemental analysis (38.16% C, 22.91% S and 7.85% CI) suggests that t

composite polymer (grown from BisTTh : TTh = 2 : 1) has a ratio of one b

terthiophene unit: one terthiophene unit: three perchlorate counter-anio

thiophene units : one perchlorate counter-anion. This result confirms t
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polymer contains both BisTTh and TTh. Therefore, based on previous experience, it can
be assumed that this is a copolymer of BisTTh with TTh name poly(BisTTh-eo-TTh).

The conductivity of poly(BisTTh-co-TTh) film (grown galvanostatically onto ITO
coated glass and peeled off) was measured using the four-point probe technique and
found to be 0.355 S cm"1. This is higher than that of the homopolymer, PBisTTh (0.222
S cm"1), grown under similar conditions.

The UV/visible spectra of the copolymer, poly(BisTTh-co-TTh), film electrodeposited
on ITO coated glass were recorded (Figure 7.16). In its oxidised state, the spectrum
poly(BisTTh-co-TTh) (Figure 7.16a) exhibits a sharp peak at 340 nm and a shoulder at
about 480 nm which are due to the %-TI* transition, and a strong absorbance of the
polaronic band at 780 nm which is indicative of conducting polymer in its conducting

state. In the fully reduced state, the spectrum of poly(BisTTh-co-TTh) (Figure 7.16b)
shows that the polaronic band at 780 nm is lost and the shoulder at 480 nm becomes
much more distinct and increases in height. This is in keeping with a loss of
conductivity. On comparison, poly(BisTTh-co-TTh) shows a very similar spectrum to
those obtained from PBisTTh in both oxidised and reduced states (Figure 7.5), while
PTTh shows a different spectrum (Figure 7.11).

The scanning electron micrograph (Figure 7.17) of the solution side of poly(BisTTh-co
TTh) shows that it has a cauliflower morphology similar to that of PBisTTh (Figure

7.6). This is in contrast to the SEM of PTTh, which showed a sponge-like structure fo
its morphology (Figure 7.12). On comparison, this suggests that the alkene linked
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BisTTh (26) m o n o m e r structure appears to have a significant effect on the morphology
of the polymers.
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Figure 7.16. UV/visible spectra of poly(BisTTh-co-TTh) on an ITO coated glass
electrode: (a) oxidised state, (b) reduced state.

Figure 7.17. Scanning electron micrograph of solution side of poly(BisTTh-co-TTh).
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7.3.9. Photovoltaic Devices Based on Poly(BisTTh-co-TTh)

Poly(BisTTh-co-TTh) was electrodeposited onto ITO coated glass electrodes using
cyclic voltammetry. A series of monomer mole ratios of BisTTh:TTh was selected
during the copolymer growth. These copolymers were all completely reduced at -0.8 V

before they were assembled into photovoltaic devices. Table 7.6 summarizes the energ
conversion efficiency (ECE) results obtained from these reduced copolymers,

poly(BisTTh-co-TTh), when fabricated into photo-electrochemical cells. It reveals th
the Energy Conversion Efficiency (ECE) was affected by the thickness of film and the
monomer mole ratios during copolymer growth.

Figure 7.18 shows the best energy conversion efficiency (ECE) results based on each
monomer mole ratio of BisTTh:TTh. The best device (ECE = 0.069%) incorporated a
copolymer grown for 40 cycles by CV at 100 mV s"1, with potential limits -0.4 V/+0.9
V, from a monomer solution containing BisTTh (10 mM)/TTh (5 mM)/TBAP (0.1
M)/DCM. This device had Voc = 212 mV, Isc = 475.0 uA cm"2, Fill Factor = 0.35, ECE

= 0.069%) at a halogen lamp intensity of 500 W m"2. The results show that the monom

mole ratio during poly(BisTTh-co-TTh) growth had a big influence on the photovoltai

results. This is due to the different polymer structure formed from different monome
mole ratios. The copolymer, poly(BisTTh-co-TTh), grown from different mole ratios
would have different percentages of BisTTh and TTh in the copolymer backbone.

Chapter 7

254

Table 7.6. Comparison of energy conversion efficiency (ECE) values of poly(BisTThco-TTh) grown by C V s with different mole ratios of BisTTh.TTh.

C V : -0.4V/+0.9V;

E C E (%) of Poly(BisTTh-co-TTh)

at 100 m V s 1 .

at different mole ratios of BisTTh : T T h

Number
of Cycles

10:1

5:1

2:1

1:1

1:2

1:5

10

0.037

0.027

0.038

0.051

0.022

0.016

20

0.053

0.038

0.043

0.060

0.034

0.018

30

0.052

0.056

0.059

0.061

0.044

0.030

40

0.039

0.051

0.069

0.056

0.044

0.010

50

0.035

0.042

0.067

0.057

0.035

0.010

Notes:

Halogen light intensity: 500 V/m"2.
Testing area: 0.04 c m .

0.08 1
0.069
0.07
0.061

0.06 J

0.056

0.053
0.05
0.04

0.044

..

•

0.030
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u
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5:1
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1:2

1:5

Ratio of BisTTh: T T h

Figure 7.18. Comparison of the best energy conversion efficiency (ECE) results of
poly(BisTTh-co-TTh) obtained from different monomer mole ratios.
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The trends of photovoltaic characteristics of poly(BisTTh-co-TTh) (2:1) versus poly

thickness are presented in Figure 7.19. They reveal polymer thickness had a similar

distinct effect on the trends of ECE and Isc, while it had no clear influence on the
of fill factor and Voc values. This suggests that the Isc and polymer thickness were
dominant parameter to affect ECE.
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Figure 7.19. Comparison of the photovoltaic results of poly(BisTTh-co-TTh) grown
from the monomer mole ratio of 2:1 (BisTTh:TTh) at different thicknesses of the
copolymer.

The comparison of the best photovoltaic characteristics among poly(BisTTh-co-TTh)
(2:1), P T T h and PBisTTh, grown by cyclic voltammetry, is shown in Table 7.7. This
reveals that P(BisTTh-co-TTh) showed significant improvement in ECE, Isc and Voc as
compared to PBisTTh or PTTh. poly(BisTTh-co-TTh) produced more than double the
ECE and 1.8 times higher Isc than the other polymers.
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Table 7.7. Comparison of best photovoltaic characteristic results among photo
electrochemical cells from poly(BisTTh-co-TTh), PBisTTh, and PTTh.

Polymer

ECE

Voc

*sc

(%)

Fill
Factor

(mV)

(uA cm"2)

PTTh

0.028

0.31

172

246.3

PBisTTh

0.035

0.38

195

229.0

Poly(BisTTh-co-TTh)

0.069

0.35

212

475.0

7.4.

CONCLUSION

PbisTTh, PTTh, and copolymer of BisTTh with TTh were successfully
electrosynthesised. Their compositions were analysed and the results show that their
doping levels by CIO4" were at the same level in either homopolymer or copolymer. In
general, these polymers had low conductivity but, however, their UV/Vis spectra still
showed the expected differences in absorbances between its fully oxidized (conducting)
and fully reduced (semiconducting) states.

A summary of the best results for photoelectrochemical devices is given in Table 7.7.
Signifant improvement in Voc and lsc as compared to the devices described by Yohannes
et al. [8] from poly(3-methylthiophene) have been obtained. The best devices provided
IK values, which are at least 150 times higher than that published by Yohannes et al.
Compared with m u c h more recent work done by Cutler et al. etc [90,91], these devices
also produced

much

higher E C E and IK values than those published for

poly(terthiophene) and poly(nitrostyrylterthiophene). The trends in %

energy

conversion efficiency (ECE) versus polymer thickness are similar to those for the Isc
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response (Figure 7.19); suggesting that the Isc was the dominant parameter to affect
ECE.

In general, the copolymers containing both BisTTh and TTh produced the best
photovoltaic cells as compared to the homopolymers, PBisTTh and PTTh. It also can be
concluded that the monomer mole ratio of BisTTh:TTh during poly(BisTTh-co-TTh)
growth had a big influence on the photovoltaic results (Figure 7.18). This is due to
different polymer structures grown from different monomer mole ratios. The
copolymer, poly(BisTTh-co-TTh), grown from different mole ratios would have
different percentages of BisTTh and TTh in the copolymer backbone. The best device
was made from the copolymer, poly(BisTTh-co-TTh), grown by cyclic voltammetry

from the mole ratios of 2 BisTTh : 1 TTh. This device had Voc = 212 mV, Isc = 475.0 uA
cm"2, fill factor = 0.35, energy conversion efficiency = 0.069%.
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8.1.

INTRODUCTION

Conducting polymers have attracted much more attention in the last few years due to

their interesting properties and potential applications. Their use as 'electronic devices
has given rise to possible uses in the microelectronic industry. Typical examples of
these uses are: electrochemical capacitors [213], sensors [214], electrochromic displays
[215,216] and photodiodes [217].

The idea of making thin-film photovoltaic devices from electroactive polymers and
other organic materials has recently been receiving a growing amount of interest

primarily due to the possibility of creating extremely lightweight, low-cost, and flexibl
solar cells and photodetectors [21,23,69,94,95,218-222]. To date, the organic solar cells
have typically been based on the principle of photo-induced charge transfer at the
interface between an electron-donating and an electron-accepting material.

Photocurrent generation at a semiconductor-electrolyte interface depends on light
absorption, minority and majority charge carriers separation, recombination-trapping
events and diffusion processes [223]. Due to the fact that excitons are commonly
created instead of free charge carriers and that these organic materials possess low
concentration of ionised carriers with low mobility, the majority of
photoelectrochemical cells based on conjugated polymers has shown low overall
conversion efficiencies [224].

In the previous chapter, studies involved the homopolymer, PBisTTh, and the
copolymer, poly(BisTTh-co-TTh). Photoelectrochemical cells were fabricated from
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coated glass. In those investigations, the copolymer,

poly(BisTTh-co-TTh), grown from TTh with BisTTh displays better photovoltaic
responses than PBisTTh and PTTh.

In this chapter, we report on the studies of the photoelectrochemical behavior of the
copolymer based on porphyrin substituents on polyterthiophenes, /rans-5,15Bis([2',2":5",2'"-terthiophene]-3,-yl)-2,8,12,18-tetra-n-butyl-3,7,13,17tetramethylporphyrin (27) (synthesised at Massey University, NZ), in order to enhance
the light harvesting capabilities of the conducting polymer materials. The use of
porphyrins in photoelectric conversion is well-documented [92,225-229]. Thus, /ra«55,15-Bis([2',2":5",2'"-terthiophene]-3,-yl)-2,8,12,18-tetra-n-butyl-3,7,13,17tetramethylporphyrin (27) was copolymerised with 2,2':5'2"-terthiophene (25)
electrochemically.

The electrocopolymerisation conditions for this copolymer were investigated and
optimised to produce the best photovoltaic response. In addition, the use of different

liquid electrolytes was examined. Liquid electrolyte was formulated by dissolving I2 (60
mM) and tetrapropylammonium iodide (500 mM) in ethylene carbonate/propylene
carbonate (1:1 by weight) or in an ionic liquid, ethylmethylimidazolium dicyanamide
(28). Such ionic liquids have been used previously in photoelectrochemical cells [230].

In summary, the main objectives of this work were to electrosynthesise photoactive
coatings from monomer (27) and monomer (25) by electropolymerisation, and then
fabricate them into photoelectrochemical cells for photovoltaic testing.
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(27)

Structure of 5,15-Bis([2,,2":5",2"'-terthiophene]-3'-yl)-2,8,12,18-tetra-n-buty
3,7,13,17-tetramethylporphyrin(TTh-Ppr-TTh)

(AO(25)
Structure of 2,2':5'2"-terthiophene (TTh)

-N

O / /C = N
N

NN

\z=/

•C=N
(28)

Structure of ionic liquid, ethylmethylimidazolium dicyanamide
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EXPERIMENTAL

8.2.1. Reagents and Materials

The trans-5,15-Bis([2',2" :5",2" '-terthiophene]-3'-yl)-2,8,12,18-tetra-n

3,7,13,17-tetramethyl porphyrin (27) was synthesised by Officer et al. [

Diphenyl-2,8,12,18-tetra-n-butyl-3,7,13,17-tetramethylporphyrin (diphen

was synthesised at Massey University, New Zealand. And the ionic liquid

ethylmethylimidazolium dicyanamide (28), was synthesised by Monash Univ
Australia [232]. In addition 2,2':5'2"-terthiophene (25) (TTh, Aldrich),

tetrabutylammonium perchlorate (TBAP, Fluka), iodine (Univar, Ajax or A

99.8%o), methanol (Univar, Ajax), acetonitrile (ACN, Univar, Ajax), dichl

(DCM, Univar, Ajax), isopropanol (Univar, Ajax), tetrapropylammonium iodi

(Aldrich, > 98%), ethylene carbonate (Aldrich 99%), zinc acetate (Fluck

(Univar, Ajax), and propylene carbonate (Aldrich 99%) were used as rece

ITO coated glass (<10 Q sq'1) was purchased from Delta Technologies Limi

cut into required sizes, washed with Teepol, rinsed thoroughly with Mil

followed by isopropanol, and allowed to dry. Before coating with polyme
coated glass was treated in an UVO-cleaner.

Liquid electrolyte #l was prepared by dissolving I2 (60 mM) and tetrapro

iodide (500 mM) in ethylene carbonate/propylene carbonate (1:1 by weigh

electrolyte #2 was prepared by dissolving I2 (60 mM) and tetraproplammon
(500 mM) in ionic liquid, ethylmethylimidazolium dicyanamide (28).
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A thin layer of platinum was sputter coated onto ITO coated glass using a Dynavac
Magnetron Sputter Coater Model SC100MS. The sputtering was performed at a current
of 50 mA and Ar pressure of 2 x 10"3 mbar. Under these conditions the Pt thickness

obtainable would be 2 A s"1. A Pt thickness of 10 A was sputter coated. These samples
were used as counter electrodes to the polymer coated ITO coated glass.

8.2.2. Equipment and Methods

Electrosynthesis and testing of copolymers were achieved by using an electrochemical
hardware system comprising of an EG&G PAR 363 Potentiostat/Galvanostat, a
Bioanalytical Systems CV27 Voltammograph, a MacLab 400 with Chart v 3.5.7/EChem
v 1.3.2 software (ADInstruments), and a Macintosh computer. A three-electrode
electrochemical cell was used which comprised of a working electrode (platinum (Pt)

disc or ITO coated glass or these substrates with polymer coatings on them), a plati
(Pt) mesh auxiliary electrode and a Ag/Ag+ reference electrode with salt bridge (for
organic solution).

Copolymer samples were also subjected to elemental analysis (The Campbell
Microanalytical Laboratory, Otago University, New Zealand).

UV-visible spectra of copolymer (oxidized and reduced states) were obtained using a
Shimadzu UV1601 spectrophotometer and scanning over the range 300-1100 nm.

Scanning electron microscopy (SEM) examination was carried out on the copolymer
films (solution side) using a Leica-stereo SS 440 Microscope.
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Conductivity measurement was carried out using a four-point probe connected to a
HP34401A multimeter and constant-current source system (EG&G PAR 363
Potentiostat/Galvanostat). The electrochemically prepared polymers were tested using
freshly prepared films (7-33 um thick).

Photovoltaic device testing was done using a halogen lamp (SoLux MR-16 from Wiko
Ltd.) and a set-up comprising of a Macintosh computer/MacLab 400 with EChem v
1.3.2 software (ADInstrument)/CV27 Voltammograph (Bioanalytical Sytems) to obtain
the current-voltage (I-V) curves. A light intensity of 500 W m"2 was used.

8.2.3. Photovoltaic Device Fabrication and Testing

The copolymers were electrodeposited onto ITO coated glass and rinsed with
acetonitrile and then allowed to dry. In general, the polymer and copolymer coatings
were completely electro-reduced at -0.8 V in 0.1 M TBAP/DCM before being
assembled as photovoltaic devices in order to obtain the higher open circuit voltage

(Koc) through decrease in the chemical potential of the polymer [90]. The device (Figu
2.12) was assembled by sandwiching a liquid electrolyte between the copolymer coated
ITO coated glass electrode and the Pt sputtered ITO coated glass electrode. This was
done with a border of plastic film as spacer between these two electrodes. The
photovoltaic devices were tested by linear sweep voltammetry (LSV). The

characteristics of an I-V curve are shown in Figure 2.13. Thus, the open circuit volta

(Voc) is given when the current is zero, and the short circuit current (Isc) is given w
the voltage is zero.
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R E S U L T S A N D DISCUSSION

8.3.1. Poly(27-a>-25)

The electroactivity of the porphyrin substituted bis-terthiophene monomer 27 w

initially investigated (Figure 8.1(a)). On comparison with the CV of terthiophe
(Figure 8.1(b)) and a diphenylporphyrin analogue of 27 (Figure 8.1(c)), it was
that monomer 27 underwent two redox processes (peaks A/B and C/D) due to the

porphyrin moiety. The electro-oxidation of the terthiophene moieties become app

at potentials anodic of Peak C in Figure 8.1(a). Another reduction peak (labell

Figure 8.1(a)) was due to the reduction of 02 dissolved in the solution. The a

upper limit was varied from 1.2 to 2.0 V, but none of these conditions resulted

formation of a conductive, electroactive polymer film. In addition, a homopolym
could not be obtained on the platinum electrode using either galvanostatic nor

potentiostatic methods. The inability of 27 to form a homopolymer is probably d

steric hindrance, given the large size of the molecule. Therefore, the polymeri
27 with terthiophene 25 was considered.

8.3.1.1. Electrochemical polymerisation of terthiophene 25 with monomer 27

It was found that the composite polymer of 27 with 25 could be successfully

electrodeposited onto the platinum electrode using either cyclic voltammetry (

constant potential, or constant current. Potentiodynamic growth of this composi

polymer was performed at 100 mV s"1 over the potential range from -1.0 V to +1.
from the monomer solution containing 27 (5 mM)/25 (5 mM)/TBAP (0.1 M)/DCM. The
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cyclic voltammograms obtained during growth (Figure 8.2) showed the expected
increase in redox current with increasing number of cycles, as the response due to the
redox potentials (A, B, and C) of the copolymer continued to develop, indicative of
conducting electroactive polymer growth.

The growth of a composite polymer from a monomer solution containing equimolar
mixture of 27 : 25 = 1:1, was confirmed by elemental analysis (2.52% N only from the
porphyrin moiety, 16.48% S from the terthiophene moiety, and 6.30% CI). The results

suggest that this composite polymer has a ratio of one bis-terthiophene porphyrin unit:
two terthiophene unit : four perchlorate counter-anions. This translates to three
thiophene units : one perchlorate counter-anion, the same ratio as poly(BisTTh-co-TTh)
and PBisTTh, but lower content of perchlorate than that of PTTh. And because
monomer 27 can not be polymerised to be a homopolymer, we assume that this is a
copolymer of 27 with 25, which we have called poly(bis-terthiophene porphyrin-coterthiophene) or poly(27-co-25) in this chapter.

Based on the first cycle in Figure 8.2, the potential chosen for potentiostatic growth
poly(27-co-25) was +0.90 V. A typical chronoamperogram was recorded in Figure 8.3.
After the initial transient, the current increased steadily as the copolymer continued
grow, resulting in an increase in surface area.

Galvanostatic growth of poly(27-co-25) was performed at a constant current density of
0.5 mA cm"2. A typical chronopotentiogram (Figure 8.4) was obtained that displayed,

after the initial transient, a decreasing potential as expected of conducting electroac
copolymer growth. After 10 minutes, the potential obtained during growth was +0.80 V.
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0.8

1.2

E(V)
Figure 8.1. Cyclic voltammograms of monomer 27 (a), monomer 25 (b), and diphenylporphyrin (c) at a platinum disk electrode. Solution: 27, or 25, or diphenylporphyrin
(10 m M V T B A P (0.1 M V D C M . Scan rate: 100 m V s"1.

(M)

E(V)
Figure 8.2. Potentiodynamic growth of the copolymer, poly(27-co-25), at a platinum
disk electrode in 27 (5 mM)/25 (5 mM)/TBAP (0.1 M)/DCM. Range: -1.0 V to +1.0 V.
Scan rate: 100 mVs"1.
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Figure 8.3. Potentiostatic growth of the copolymer, poly(27-co-25) at a platinum disk
electrode in 27 (5 mM)/25 (5 mM)/TBAP (0.1 M)/DCM. Constant Potential: +0.90 V.
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Figure 8.4. Galvanostatic growth of the copolymer, poly(27-co-25) at a platinum d
electrode in 27 (5 mM)/25 (5 mM)/TBAP (0.1 MVDCM. Constant current density: 0.5

mA cm" .
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Post-polymerisation cyclic voltammetry of poly(27-co-25)

After the copolymer growth, the P(27-co-25) modified platinum electrode was
investigated both in 1.0 M NaN03/H20 and in 0.1 M TBAP/ACN solutions using cyclic
voltammetry. In aqueous solution containing 1M NaN03 supporting electrolyte,
however, no polymer backbone peaks were observed, whereas a very stable redox
couple (labelled A/B in Figure 8.5) was observed in 0.1 M TBAP/ACN. This is due to

the fact that polythiophenes are, in general, more hydrophobic than polypyrroles an

electrochemical switching is less efficient in aqueous media [191]. The redox coupl

(labelled A/B) observed is attributed to oxidation/reduction of the copolymer backb
This cyclic voltammogram is not typical when compared with the CV of other
substituted poly(terthiophene) films obtained by Cutler, et al [90,91].

E(V)

Figure 8.5. Post-polymerisation cyclic voltammogram of poly(27-co-25) in 0.1 M
TBAP/ACN (CH3CN) solution. Scan rate: 100 mV s'1.
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UV/visible spectroscopy of poly(27-co-25)

The UV/visible spectra of the poly(27-co-25) film (electrodeposited onto ITO coated

glass) were recorded (Figure 8.6). In the oxidised state, the spectrum of poly(27-co-

(Figure 8.6 (a)) exhibits a sharp peak (A) at 330 nm, two broad peaks at 505 nm (B) an
650 nm (C), and a free carrier tail that extends from 890 nm to longer wavelengths as
expected of polythiophenes in the conductive state. The spectrum of its reduced state

(Figure 8.6(b)) shows that both the peak C at 650 nm and the free carrier tail are los

This is in keeping with the loss of conductivity. On comparison with PTTh (Figure 7.9)
poly(27-c0-25) displayed a stable absorption peak (B) at 505 nm at both oxidised and
reduced states, which was not present in the spectrum of polyterthiophene, and can be
assigned to the absorption of the porphyrin moiety [233].

8.3.1.4. Conductivity of poly(27-co-25)

The conductivity of poly(27-co25) was determined to be 0.24 S cm"1. This is lower

than the conductivity of poly(BisTTh-co-TTh) (0.35 S cm'1), however it is very close t
the conductivity of PBisTTh (0.22 S cm"1).

8.3.1.5. Scanning electron microscopy (SEM) of poly(27-co-25)

The scanning electron micrograph (Figure 8.7) of the solution side of poly(27-co-25)
shows that it has a honeycomb structure for its morphology. This open porous

morphology would be beneficial for photovoltaics in that the larger surface area shou
enhance the current obtainable from the photoelectrochemical cell.

Chapter 8

271

«5

300

400

500

600

700

800

900

1000

1100

Wavelength (nm)
Figure 8.6. UV/visible spectra of poly(27-co-25) grown galvanostatically on an ITO
coated glass electrode: (a) oxidised state, (b) reduced state.
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Figure 8.7. Scanning electron micrograph of poly(27-co-25).
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Photovoltaic testing of devices incorporating poly(27-co-25)

8.3.2.1. Photoelectrochemical cells

The copolymer, poly(27-co-25), was successfully electrodeposited onto ITO coated
glass electrodes instead of platinum disk electrodes, in order to fabricate them into
photo-electrochemical cells. After poly(27-co-25) films growth, they were all
completely reduced at -0.8 V in 0.10 M TBAP/DCM solution before they were
assembled into photovoltaic devices. According to the previous results obtained from
chapter 7, it was concluded that polymers grown by cyclic voltammetry made the best
photovoltaic devices (highest energy conversion efficiency) compared with those grown

using constant potential or constant current density. Therefore, all photoelectrochemi
cells incorporated poly(27-co-25) that was grown by cyclic voltammetry with potential
limits -0.4 V/+1.2 V (ITO coated glass) at the scan rate of 100 mV s"1.

Initially, photovoltaic devices were made from copolymers grown by cyclic
voltammetry from a monomer solution containing 27 (5 mM)/25 (1 mM)/TBAP (0.1
M)/DCM with potential limits from -0.4 V to +1.2 V at a scan rate of 100 mV s"1. The
thickness of polymer films was determined through controlling the number of cycles
during growth. Liquid electrolyte #1 was used when fabricating photovoltaic devices.
Table 8.1 summarizes the photovoltaic characteristics obtained from these completely
reduced copolymers when fabricated into photo-electrochemical cells. These cells were
tested with a 500 W m"2 halogen light source, and the testing area was 0.04 cm2. The
ECE results are also plotted in Figure 8.8. The best cell incorporated a copolymer
grown for 15 cycles by CV, and had the photovoltaic characteristics: Voc = 212 mV, Isc
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= 435.3 u A cm'2, Fill Factor = 0.30, and Energy Conversion Efficiency (ECE)
0.055%.

Table 8.1. Characteristics of photoelectrochemical cells from poly(27-co25) grown by cyclic voltammetry from a 5:1 mole ratio for 27:25.
Number

ECE

Thickness

of cycles offilm(urn)

Fill Factor

(%)

Voc

Isc

(mV)

(uA cm"2)

5

0.910

0.041

0.29

217

317.8

10

1.284

0.042

0.27

214

368.0

15

1.458

0.055

0.30

212

435.3

20

1.865

0.055

0.28

239

403.8

25

2.420

0.043

0.29

242

303.8

0.030

0

5

10

15
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30

N u m b e r of C V growth cycles
Figure 8.8. Energy conversion efficiency values of photoelectrochemical cells
incorporating poly(27-co-25) grown by cyclic voltammetry against number of C V
cycles.
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Effect of m o n o m e r mole ratios during copolymer growth on photovoltaic

devices response

The poly(27-co-25) copolymerisation was further optimised in order to obtain the bes

photovoltaic devices. A series of monomer mole ratios of 27 : 25 was investigated for
the copolymer growth. The following co-monomer mole ratios of 27 : 25 were selected:

5 mM : 1 mM, 5 mM : 2 mM, 5 mM : 5 mM, 2 mM : 5 mM, and 1 mM
copolymers were also fully reduced at -0.8 V before they were assembled into
photoelectrochemical cells. Liquid electrolyte 1 was used when fabricating
photovoltaic devices. Table 8.2 summarises the photovoltaic characteristic results
obtained from these reduced copolymers. The results show that the Energy Conversion

Efficiency (ECE) and short circuit current (Isc) are affected by the thickness of the
and the monomer mole ratios during copolymer growth.

Figure 8.9 shows the best energy conversion efficiency (ECE) results obtained from

different monomer mole ratios of 27 : 25. The best photovoltaic device (ECE = 0.0895)
incorporated a copolymer grown for 20 cycles by cyclic voltammetry at 100 mV s"1,
with potential limits -0.4 V/+1.2 V, from a monomer solution containing 27 (5 mM)/25
(5 mM)/TBAP (0.1 M)/DCM. This device had Voc = 246 mV, Isc = 581 uA cm"2, Fill
Factor = 0.3110, and ECE = 0.0895% under a halogen lamp intensity of 500 W m'2.
These results suggest that the monomer mole ratios used during poly(27-co-25) growth

has a great influence on the photovoltaic responses. This is probably due to the dif
copolymer structures obtained from different monomer mole ratios. The copolymer,
grown from different monomer mole ratios, would have different percentages of 27 and
25 in the copolymer film.
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Table 8.2. Characteristics of photo-electrochemical cells from poly(27-co-25) with
different monomer mole ratios of 27 : 25.
Number

ECE

Fill

Voc

Isc

of cycles

(%)

Factor

(mV)

(pA cm"2)

M o n o m e r 27 : M o n o m e r 25 = 5 : 1

5

0.041

0.29

217

317.8

10

0.042

0.27

214

368.0

15

0.055

0.30

212

435.3

20

0.055

0.28

239

403.8

25

0.043

0.29

242

303.8

M o n o m e r 27 : M o n o m e r 25 = 5 : 2

5

0.031

0.29

210

253.4

10

0.041

0.29

251

277.8

15

0.050

0.30

234

361.6

20

0.067

0.31

264

416.3

25

0.045

0.28

264

303.4

M o n o m e r 27 : M o n o m e r 25 = 5 : 5

5

0.032

029

242

224.4

10

0.048

0.29

236

348.1

15

0.060

0.32

235

405.6

20

0.090

0.31

246

581.0

25

0.064

0.32

266

383.8

M o n o m e r 27 : M o n o m e r 25 = 2 : 5

5

0.039

0.30

203

314.3

10

0.063

0.33

244

395.0
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Number

ECE

Fill

Voc

*sc

of cycles

(%)

Factor

(mV)

(uA cm"2)

15

0.076

0.35

233

463.5

20

0.058

0.32

181

500.0

25

0.056

0.31

193

458.8

M o n o m e r 27 : M o n o m e r 25 = 1: 5

5

0.034

0.33

193

263.5

10

0.053

0.34

195

398.8

15

0.063

0.31

181

568.8

20

0.061

0.34

179

504.6

25

0.041

0.32

184

344.3

0.10

0.08

0.06
td
0.04

0.02

5:1

5:2

5:5

2:5

Ratio of 27:25
Figure 8.9. Comparison of the best energy conversion efficiency (ECE) results obtained
from poly(27-co-25) with different monomer mole ratios for 27 : 25 in the
polymerisation solution.
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Table 8.2 also shows that both E C E and Isc have the same trend with respect to the

increase in polymer thickness. Whereas the other two characteristics, Voc and fill fact

appear independent of the thickness of the polymer film. These trends suggest that film
thickness and short circuit current were the two dominant parameters to influence

energy conversion efficiency of photoelectrochemical cells. This is in keeping with the
conclusion obtained from other kinds of polymer photovoltaic devices in chapter 7.

8.3.2.3. Effect of different liquid electrolytes on photovoltaic devices response

Continued investigations of poly(27-co-25) based electrochemical cells were carried ou

by studying the effect of using different liquid electrolytes. Liquid electrolyte 1 was
prepared by dissolving I2 (60 mM) and tetraproplammonium iodide (500 mM) in
ethylene carbonate/propylene carbonate (1:1 by weight). Liquid electrolyte 2 was
prepared by dissolving I2 (60 mM) and tetraproplammonium iodide (500 mM) in ionic
liquid, ethylmethylimidazolium dicyanamide (III). In this case, poly(27-co-25) was
electrodeposited onto ITO coated glass electrode by CV from the monomer solution
with the mole ratio of 5 mM : 5 mM of 27 : 25 in 0.1 M TBAP/DCM.

Table 8.3 summarises the photovoltaic characteristic results obtained from these
reduced copolymers, poly(27-a>-25), with different liquid electrolytes (#1 and #2). For
the same sample, it can be seen that the ECE and Isc decreased when using ionic liquid
electrolyte #2. This is emphasized in Figure 8.10, which shows that higher energy

conversion efficiencies were obtained when using liquid electrolyte #1 instead of ionic

liquid electrolyte #2, especially for thicker films (20 and 25 cycles). The best result
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Table 8.3. Characteristics of photo-electrochemical cells obtained from poly(27-co-25)
(5 : 5) using Liquid electrolyte 1 and 2.

ECE

Fill
Factor

(%)

Voc

Isc

(mV)

(uA cm"2)

Number
of cycles

#1

#2

#1

#2

#1

#2

#1

#2

5

0.032 0.027

0.29

0.28

242

206

224.4

224.4

10

0.048 0.040

0.29

0.31

236

235

348.1

288.8

15

0.060 0.053

0.32

0.30

235

242

405.6

360.0

20

0.090 0.065

0.31

0.32

246

252

581.0

411.9

25

0.064 0.036

0.32

0.29

266

230

383.8

266.9

0.08

Ce

0.06

U

0.04

:£

0.02

10

15

20

25

Number of CV growth cycles

Figure 8.10. Energy conversion efficiency (ECE) of poly(27-co-25) when using Liquid
•14

n

electrolyte 1 or Liquid electrolyte 2.
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E C E response is 0.0895%) for liquid electrolyte # 1, which is 3 7 % higher than that for
ionic liquid electrolyte 2 (0.065%). However, ionic liquid electrolyte 2 should be
stable up to 250 °C and has negligible vapour pressure. Therefore,
photoelectrochemical cells using ionic liquids should be much more stable when
exposed continuously to sunlight.

8.3.2.4.

Photovoltaic devices with zinc incorporated

Typical UV-visible spectra of monomer 27 with or without zinc incorporated were
recorded at a monomer concentration of 0.04 mM in DCM (Figure 8.12). They show

that monomer 27 with zinc coordination has a higher light absorption than without z
incorporated. As expected, zinc in monomer 27 enhances light harvesting between 300

nm to 600 nm and this should be useful in promoting better photovoltaic performance.

c«

300

400

500

600

700

800

900

1000

1100

Wavelength (nm)

Figure 8.12. UV/visible spectra of monomer 27 with or without zinc incorporated: (a
non-zinc, (b) zinc coordinated. Concentration of monomer 27 was 0.04 mM in DCM.
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Further investigations of poly(27-co-25) were carried out by comparing the results with
those obtained from samples of poly(27-co-25) films with zinc incorporated. In this
study, all reduced poly(27-co-25) (5 : 5) modified ITO coated glass electrodes were
exposed to a solution containing zinc acetate (0.001 M) + TBAP (0.1 M) in methanol
for two days. These copolymer modified ITO coated glass electrodes were rinsed

thoroughly with acetonitrile, and were allowed to dry. Liquid electrolyte 1 was used f
photovoltaic testing. All other working conditions were same as before.

Table 8.4 summarises the photovoltaic characteristic results obtained from these
reduced copolymers with and without being zinc-soaked. The results show that the
values of ECE, Fill Factor, and Isc all increased after the copolymer was zinc-soaked,
while the value of Voc decreased. Figure 8.13 compares the ECE values for both zincsoaked and free base poly(27-co-25). The best result was for the copolymer grown for
15 cycles where the ECE value was doubled (0.06% to 0.12%) compared to nonmetallated samples. Irrespective of copolymer thickness, the ECE values for poly(27co-25) with zinc incorporated always showed increases relative to the free base

copolymer. This is possibly due to the zinc in the coordinated porphyrin moiety, which
helps increase the quantum yield in the photovoltaic device. This is supported by the
elemental analysis of zinc in the polymer, which shows that the mole ratio of
zinc:porphyrin is 1:4. This means that one out of four porphyrin sites is metallated.
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Table 8.4. Characteristics of photo-electrochemical cells obtained from zinc-soaked and
free base poly(27-co-25) (5 : 5)

ECE

Fill

Voc

Isc

(%)

Factor

(mV)

(uA cm"2)

Number

Free

Zinc-

Free

Zinc-

Free

Zinc-

Free

Zinc-

of cycles

base

soaked

base

soaked

base

soaked

base

soaked

5

0.032

0.069

0.29

0.35

242

210

224.4

487.5

10

0.048

0.100

0.29

0.39

236

216

348.1

615.0

15

0.060

0.116

0.32

0.36

235

185

405.6

881.3

20

0.090

0.113

0.31

0.34

246

202

581.0

797.5

25

0.064

0.079

0.32

0.31

266

198

383.8

628.8

0.14

0.11

£

0.08

u
0.05

0.02
0

5

10

15

20

25

30

N u m b e r of C V growth cycles

Figure 8.13. Energy conversion efficiency (ECE) of photoelectrochemical cells
incorporating poly(27-co-25): (a) free base, (b) zinc-soak.
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Comparison

of photovoltaic

characteristic

response

of different

photoelectrochemical cells based on different polymers

Table 8.5 summarizes the best photovoltaic characteristic results obtained from diff

photo-electrochemical cells, poly(27-co-25) (*l, free base or zinc soak), P(27-co-25)
(#2), PTTh (#l), PBisTTh (#1), and poly(BisTTh-co-TTh) (#1). It shows that the best

photovoltaic device is obtained from poly(27-co-25) after a zinc soak and using liqu
electrolyte 1.

Table 8.5. Comparison of the best photovoltaic characteristic results for
different photo-electrochemical cells from poly(27-co-25), poly(BisTTh-coTTh), PBisTTh, and PTTh.

ECE

Fill
Factor

Voc

Isc

(mV)

(uA cm" 2 )

0.090

0.31

246

581.0

0.065

0.32

252

411.9

0.116

0.36

185

881.3

0.028

0.31

172

246.2

0.035

0.38

195

229.0

0.069

0.35

212

475.0

Type of Polymer

(%)

poly(27-co-25)
(#1 free base)
poly(27-co-25)
(#2 free base)
poly(27-co-25)
(#\ and with zinc soak)
PTTh
(Liquid Electrolyte# 1)
PBisTTh
(Liquid Electrolyte #l)
poly(BisTTh-co-TTh)
(Liquid Electrolyte # 1)
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The comparison of E C E and Isc results is shown in Figure 8.14, which shows that

photovoltaic devices based on poly(27-co-25) (a, b, c) exhibit a significant impro

in energy conversion efficiency (ECE) and short circuit current (Isc) as compared to
PTTh (d) and PBisTTh (e), and poly(BisTTh-co-TTh) (f). This improved performance

obtained from poly(27-co-25) is likely due to the porphyrin moiety. The results fr
zinc soaking experiments confirm this.

Figure 8.14. Comparison of the best E C E and Isc responses based on: (a) P(27-co-25)
(#1), (b) poly(27-co-25) (#2), (c) poly(27-co-25) (#1 & zinc soak), (d) PTTh, (e)
PBisTTh, and (f) poy(BisTTh-co-TTh).
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CONCLUSIONS

The copolymer of ?ra«5-5,15-bis([2',2".5",2'"-terthiophene]-3'yl)-2,8,12,18-tetra-nbutyl-3,7,13,17-tetramethylporphyrin (27) with 2,2':5'2"-terthiophene (25) was

successfully electrosynthesised. Its composition was analysed and the results show th
its doping level by perchlorate (C104") was the same as that of PBisTTh and
poly(BisTTh-co-TTh). In general, this copolymer had low conductivity but, however,
its UV/Vis spectra still showed the expected differences in absorbances between its
fully oxidized (conducting) and fully reduced (semiconducting) states.

On comparative studies, the copolymer, poly(27-co-25), produced the best photovoltaic
cells as compared to the homopolymers, PBisTTh and PTTh, and copolymer,
poly(BisTTh-co-TTh). This is due to the fact that poly(27-co-25) contains a light
harvesting moiety (porphyrin) cross-linking the polymer backbone.

It also can be concluded that the monomer mole ratio of 27:25 during poly(27-co-25)

growth had a great effect on the photovoltaic response (Figure 8.2). The best mole ra

of 27:25 for photovoltaic devices is 1:1. This is due to the different percentages of
and 25 in the copolymer backbone produced from different monomer mole ratios during
growth.

A summary of the best results for photoelectrochemical devices is given in Table 8.5.
Significant improvement in Voc and Isc as compared to the devices described by
Yohannes et al. [93] from poly(3-methylthiophene) have been obtained. Furthermore,

with comparison our more recent work, e.g. Cutler et al. etc [90,91], shows that the E
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and ^ values of these devices are also significantly higher than those published for
polyterthiophene) and poly(nitrostyrylterthiophene). The trends in % energy
conversion efficiency (ECE) versus polymer thickness are similar to those for the Isc

response (Table 8.2). This again confirms that the Isc is the dominant parameter to a
ECE.

The best device was made from the copolymer, poly(27-a?-25), grown by cyclic
voltammetry from a 1:1 mole ratio for 27:25, and zinc soaked before being assembled

as a photovoltaic device. This device had Voc = 185 mV, Isc =881.0 uA cm"2, fill factor
= 0.36, energy conversion efficiency = 0.116%.
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