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ABSTRACT

RUTHENTUM-CONTAINING POLYMERS
- SYNTHESIS, CHARACTER!SATION -A\D ELECTROCHEMICAL
PROPERTIES.

Author:.- Suzanne M. Geraty, B,Sc., GRSC.

In this work, the synthesis and characterisation of a
series of ruthenium-containing metallopolymers based
on poly-H-vinylimidazole are reported, with a view to
subseguently Investigating their electrochemical
properties and potential applications of electrodes
modified with these polymers. The prepared complexes
were characterised using spectroscopic and
electrochemical techniques. It was found that the
products, or ratios of products, obtained depended on
the reaction conditions, 1i.e. polymermetal ratios,
reflux time and reaction solvent. The two main
products obtained were of the from
[Ru@ipyaz@NVI)Cl]T and [Ru(bipy}2 PNVI)2] > The
electrochemical properties of these materials were
examined as Tilms on the surface of glassy-carbon
electrodes. Sweep-rate dependence, electrolyte
dependence and Tilm stability were subsequently
studied. The electrochemical response was found to
depend strongly on the nature of the supporting
electrolyte. Glassy-carbon electrodes coated with
methanolic solutions of [Ru(bipy) n (P\VI*CI] and
TRu(bipy) (PNVI)2 ] were used to study = the
photochemical properties of these materials.
Electrolyte dependence was again found to be very
significant,, both as a function of the reaction
product and as a function of Tilm stability.
u.(bipy) (PNVI)CIJwas found to exhibit interesting
r.ochem.rcal properties, particularly in sulphate-
based electrolytes where a photostable sulphate
intermediate complex was found to form. This lends
possibilities to potential applications In switchin
devices. The photoresponsive properties o)
u(bipy)Z(PNV!J%_p] have also been 1Investigated in
e presence " suitable external quenchers. The
diffusion co-efficient of the electron in the film was
Iinvestigated using the technique of chronoamperometry.
The charge-transport diffusion coefficient was
determined to be of the order of 10 cms . The
mediating properties of the monosubstituted complex
were studied. This complex was found to catalyse the
oxidation of Fe(ll) to Fe (I1l) 1s aqueous solution.
Two substrates, (\NHM)2Fe(@©0)2 and KMFe(CN)g were
studied for this purpose. ~Electrolyte and Tfilm
thickness were found to be important features iIn the
results obtained for these studies. All results
obtained were compared to similar results previously
obtained for polyvinylpyridine based analogues.



CHAPTER 1

Properties and Applications of Modified Electrodes



1.1 Concept and Characteristics of Modified

Electrodes

Twenty years ago the concept of controlling the
surface structure of electrodes In a general way at
the chemical level was unknown. Today, the electrode
surface 1s seen to be the ground on which the

electrochemistry of the next decade will be built

The use of molecular reagents to manipulate the
properties of electrode surfaces has attracted
considerable attention recently due to the wealth of
potential applications in areas such as
electrocatalysis, electrochromic devices, the
fabrication of molecular electronic devices and solar

energy conversion 222

In the 1960°s electrochemists were directing theilr
attention chiefly toward development of a selection of
techniques for characterisation purposes. These new
techniques included cyclic voltamiretry and
differential pulse voltammetry which were really
developed around this time. Around 1970 some hew
techniques were emerging i1ncluding Auger electron
spectrometry and low-energy electron diffraction.
These provided the ability to obtain information about
surface structures. It was at this point realised

among chemists that these surface structures could be



tailored or adapted for specific purposes. Thus the
restriction to carbon and a few metals for electrode
surfaces could be removed. It was thus realized that
the surface of an electrode iIs a convenient place to
build microstructures and putting adept ones there can

prove to be very useful.

The development of modified electrodes only really
started In 1975 as a result of the systematic work
carried out by Murray*s group in the United States 73
Prior to this development, systems were investigated
whereby molecules, such as alkynes or alkenes, where
chemisorbed onto a platinum electrode surface "A.
This tendency for olefins to chemisorb irreversibly on
platinum electrodes was thus exploited to attach a
variety of reactive entities to the electrode surface
and the electrochemical properties of these systems
could then be investigated. Other work iIn this area
investigated, for example, 1s the anchoring of a
dinitrogen complex to the electrode surface . Here
Leigh and co-workers, adopting methods developed by
Murray and his co-workers AN anchored an
organonitrile compound to a tin oxide electrode via
the organic moiety and employed the free CN group to
bind molybdenum and tungsten also bearing dinitrogen.
These surface species were then characterised. In the
early years of modified electrodes the main iIntention

was to develop methods for making modified electrodes



and establishing the presence of the film on the host
electrode surface. The properties of these films were
also characterised. However, with significant
progress in these areas the emphasis of iInterest has
shifted and lies iIn the understanding of electron

transfer processes etc. within the film.

Murray, being responsible for the earliest
developments i1n modified electrodes, was also involved
in a lot of the earliest exanpl.es of these modified
electrode systems. In 1976, he reported
electrochemical and ESCA evidence for the irreversible
electrochemical reduction of methyl-pyridinium ions
covalently bound to SnOp and TiOp electrodes . With
further work the same group reported the first example
of a reversible electrochemical reaction for a redox

centre covalently bound to an electrode surface

One can divide the study of modified electrodes into

three main areas:

1 . the preparation and characterization of the films

2 . the Investigation of the applications of these
systems

3. the Kkinetics of the electron transfer processes

involved.

I will deal firstly with the former of these areas.



It has been shown that in a solvent in which both the
oxidized and reduced forms of a polymer are insoluble
or strongly adsorbed on the electrode, the electrode
should closely resemble a chemically modified
electrode 29 - 32~ A typical example of this
type of system involves the preparation of a
polyvirj.yl-ferrocene-coat.ed platinum electrodes

Other materials have also been used for the purpose of
electrode modification, including [Ru(NEb)sL]** (L is
a large aromatic ligand) attached to a graphite
electrode , or 2,2 " bipyridyl complexes of ruthenium
attached to platinum oxide electrodes _3C, to name but
a few. There are various described procedures for the
attachment of a variety of molecules, such as
p;yridine-pent-amineruthenium an complexes, to
electrode surfaces n n n . -Once o011 the
surface these materials can then be characterised and
their electrochemical properties as films rather than

in solution can be studied.

Of ail the materials used for electrode modification,
polymeric molecules have advanced as one of the most
potent agents iIn this reg;ird. One of the nmost-
attractive aspects of polymeric coatings 1iIs the
relative ease with which they can be applied & simple
dip coating by i1mmersion of the electrode iIn a
solution of the polymer often suffices to produce

.- - - - a
sufficient quantities of anchored ligand sites ’ \‘B



Several examples of this have been presented in
the literature 7, 29, 31, 39 _In jJgg WOrJ* by Oyama
and Anson n involved the attachment of
pclyvinylpyridine and polyacrylonitrile moileties to
graphite electrode surfaces with the subsequent
incorporation of ruthenium based ligands. In this
manner, the behaviour of [Ru(edta)]3+, [Ru(NH3)"L]3+
and Cu(ll) complexes was studied by electrochemical
techniques 1.e. cyclic voltammetry. Different
properties of the system were 1investigated including
the iInfluence of supporting electrolyte concentration
and ligand substitution reactions which were found to
occur Still on the theme of polymeric coating,
Nafion, an 1on exchange polymer, has been studied In
this regard - [Ru(bipy)3] was incorporated into
the polymer Tilm and the resulting electrode was
studied electrochemically. Unusually large peak-to-
peak separations were observed and explained by
limitations in the overall rate of the redox process
by mass transfer within the film, charge transfer at
the substrate/fTilm iInterface and associated chemical
reactions of the electroactive forms. Peak currents
were fTound to be proportional to (scan rate)l”
indicating that the current was controlled by electron,
diffusion In these thick polymer layers of Nafion =

containing [Ru@ipy)s3 J'r.

There are several important characteristics of TfTilms



on electrode surfaces which have been i1nvestigated.
One of the most prominent of these is the electrolyte
effect which can i1nfluence various aspects including
the voltammetric response, photoprocesses observed for
various systems and electrocatalytic processes. It
has been observed iIn several cases that the shape and
nature of cyclic voltammograms obtained depend on the
electrolyte used ~ ~ - ~ . This effect can be two-
fold 1.e. there can be a pH effect or the influence of
the nature of the counter-ion which effects its

penetration into a given polymer layer.

In 1976 work carried out by Brown and co-workers ~ ,
relied upon the tendency of certain classes of
reactants, phenanthrenequinones to adsorb very
strongly on graphite electrodes to produce
electroactive surface species which could subsequently
be examined. Studies 1indicated the possibility of
influencing the electrochemistry of these adsorbed
reactants by altering the composition (pH, Hligand
concentration) of the electrolytes used for the
eelectrochemical investigations. It was found that the
peak potential shifted with each change iIn pH.
Variations were also found when the electrolyte
composition was altered. e.g. with addition of
imidazole or pyridine anodic shifts in peak potentials

were observed.



Systems using poly(@-vinylpyridine) (%)) or
polyacrylonitrile, with 1ncorporated [Ru(edta)]o‘L
[RU(NH3)5L]3+ have been studied 40. Differences
between anodic and cathcdic peak potentials were found
to vary with electrolyte concentration. Decreasing
the electrolyte concentration was found to iIncrease
the difference 1In the peak potentials. Overall,
results showed that changes 1i1n 1i1onic strength of
supporting electrolytes composed of small unhindered
ions can have profound effects of voltammograms
obtained for reactants anchored to electrode surfaces
- this 1s attributed to the double layer effects on
charge transfer Kkinetics. Swing and co-workers 4~/
have studied the permeability of polycationic
complexes, anchored to electrode  surfaces, to
ferrocene, ferrocenium, tetracyanoquinod. imethane
(TCNQ) and TCNQ-. Permeabilities were found to vary
with electrolyte concentration. Permeability 1is
independent of, decreases and INncreases, with
decreasing electrolyte concentration, for the neutral
compounds ferrocene and TCNQ, cationic ferrocenium and
anionic TCNQ-, respectively. The main factor
governing the changing permeability with electrolyte
concentration 1iIs the permeant partition coefficient
into the polymer. The effect of the counter ion
concentration on the cyclic voltamrmetric behaviour of
TCNQ polymer film electrodes was studied iIn different

AO
aqueous electrolytes .



The variations of the peak currents and peak
potentials as a function of the counter 1ion
concentration is explained In terms of salt or 1ion-
pair formation between the reduced redox sites iIn the
film and the counter 1ions, as well as the
polyelectroiyte behaviour of the surface layer. With
Increasing concentration of the supporting
electrolyte, the reduced polymer Tfilm adopts a more
compact structure and the diffusion of the counter

ions becomes hindered.

There can also be situations where no dependence on
the kind of supporting electrolyte is found Itaya
and co-workers have shown that the structure of the
polymer poly(N-methylethyleneimine), Is not strongly
affected by pH or the kinds of electrolyte used. On
the other hand, Gyama and®™ Anson 49 observed
differences iIn the response of Ru(lll)(edta) attached
PVP  modified electrodes with various supporting
ele-ictrolytes. The difference was explained by the
facilitation of electron transfer because of
protonation of the pyridine groups. The comparison
of the above two systems indicates that the
electrochemical behaviour 1s dependent on the

properties of the film materials.

In 1986, Doblhofer and co-workers S0 studied the role

of 1onic transport in polymer-modified electrodes with

10



poly-4-vinylpyridine based films. A combined
diffusion/migration mechanism for [Fe(CN)6]3~
transport across the TfTilm 1s demonstrated. The
overall observed effect IS dependent on the

electrolyte concentration.

The pH effect of the supporting electrolyte i1s also an
important consideration and has been the subject of
some study. In 1981, Samuels and Meyer devoted an
entire paper to this theme where they employed an
oxidation catalyst based on Ru(lV) bound to the
electrode surface and studied pH "encapsulationi iIn a
polymer film It was found that at pH values less
than 4, the potentials of the couples 1In question
varied with (H,, whereas at pH values greater than 4,
the redox couples were no longer found to respond to
pH changes iIn the bulk solution. This was attributed
to the deprotonation of the unbound pyridyl groups iIn
the polymer at higher pH. Electron transfer iIn a
surface coating polymer bound dopamine has also been
found to depend on the pH of the supporting
electrolyte ~ . Cheek and co-workers have studied at
the potential-pH response of platinum surfaces
modified, by electropolymerised phenol (PhOH) Tfilms "%
This response was studied over a pH range from 3 to
11. The pH response of the coated e3.ectrode indicated
that protons could reach the electrode surface through

the polymer film. It was also found .hat the film had

11



only a small effect on the pH response of the
electrodes studied implying efficient electron
transfer through the modified electrodes. The pKa
values of the surface bound anthraquinone polymers
were determined ~ . One other point to note iIs the
stability of the coating, which can often be largely
dependent on the pH of the bulk solution : It i1s
also iImportant topoint out the influence of
electrolyte composition/electrolyte pH on processes
associated with the film e.g. photoprocesses. Other
important parameters which have been 1nvestigated
include scan rate effect and electron transport but

these will be discussed in later chapters.

Apart from studies of TfTilms on electrodes one must
also consider the modes of preparation of the modified
electrode. Most of the work mentioned has involved
the application of pre-prepared materials to the
electrode surface. However another important means of
Tilm preparation is electrochemical polymerization. A
solution of monomer can be oxidised (as with phenols)
°* ° or refUceQ (as with activated olfins " ” °'
under dry conditions) to intermediates which
polymerize sufficiently rapidly as to form a polymer
film directly on the electrode. This method tends to
yield few gross pin-holes in the films since exposed

surface reacts rapidly with monomer to accentuate

polymer growth at the pin-holes. To grow Tilms of

12



significant thicknessr the polymer film must itself be
redox active and capable of electrocatalytically
oxidizing or reducing fresh monomer, or the polymer
film must be rather permeable to fresh monomer.
Otherwise electrode passivation soon occurs and film

growth i1s halted.

1.2 Applications of Modified Electrodes.

Having discussed the preparation/studies of
properties, of modified electrodes one must consider
the. 1mpetus behind their development, which is largely

due to their potential applications.

Surface confined redox-polyrners can undergo [large
optical spectral changes upon oxidation and reduction.
This may be useful in the development of new kinds of
display devices. Molecule-based materials offer the
11ty to develop systems having a wide range of
colours that depend on potential. Molecules sometimes
"nave several accessible redox states, each with a
characteristic spectrum. Studies of these type
systems have lead to the development of several types
of electrochromxc devices 1'% 97 W SQ
Electrochromic polymers that are good electronic
conductors in one redox level such as poly-3-

methylthiophene polypyrrole or polyaniline ~

have been studied. Voltammetric and spectral studies

13



on thin films of Prussian Blue have shown interesting

electrochromic properties °° M

It has been shown that an electrode modified using
bathophenanthrolinedisulfonate and polycations such as
poly(N-methylpyridinium 1odide), poly(N-
methylethyleneimine) with an incorporated Fe complex
can be wused for the purpose of electrochromic
applications A monomeric metal complex, tris
(5,5" -dicarbo (3-acrylatoprop-1-oxy)-2,21-bipyridine)

ruthentum(Il) was spin coated onto optically
transparent SnOp and thermally polymerised to yield a
polymer-modified electrode with multicolour
electrochromic properties o It has further been
shown by Elliot et al. that electrodes modified with
tris (G,5" - dicarboxyester -2, 2 "-bipyridine)
ruthenium(ll) show electrochromic properties, with the
advantage that these fTilms are stabte EA - Normally
redox chromophores have rather limited colour ranges.
Discrete molecular species usually exist 1In a
relatively small number of oxidation states, thus only
a small selection of colours is possible. Mixtures of
chromophores can cause complications with overlapping
transitions so a single chromophore with a Hlarge
number of oxidation states IS advantageous.
Spectroelectrochemical studies of a variety of tris
complexes of ruthenium, with ring substituted

bipyridine have shown properties which make several of

14



these complexes potentially interesting as redox

adjustable chromophores.

Electrocatalysis, being one of the most important
applications of modified electrodes, has been the
subject of extensive and rapidly growing research. In
some cases an application may be the result of the
joint effect of photochemical and electrocatalytic
properties, In biological systems e.g. the visible
light-driven oxidation of cytochrome C indicates that
It may be possible to exploit redox enzymes as
catalysts for multielectron transfer, fuel-forming
reactions . Photocathcdes or p-type semi-conductors
have also been modified with molecule-based material
to 1mprove photoelectrochemical performance. A
noteworthy example, with respect to optical energy
conversion, concerns catalysis of hydrogen evolution
“pb. One elegant and potentially useful example of
electrocatalysis by means of molecular derivatization
of a surface i1s the catalysis of the reduction of

molecular oxygen in acid solution 57 r 138.

Catalytic activity has been reported iIn the case of
superficially oxidized graphite electrodes for the
oxidation of ascorbic acid ~ and of a poly-p-
nitrostyrene coated platinum electrode for the
reduction of oxygen . Other examples 1include the

use of a poly (,2 diaminobenzene) film electrode as a

15



potentiometric sensor for the determination of Co(ll)
in solution The catalysis of electrode processes,
such as Fe(ll) oxidation by multiply-charged metal
complexes, such as [IrCIg]™* electrostatically bound
to polyelectrolyte coatings PP on graphite
electrodes and the use of polymer-coated rotating disc
electrodes iIn diagnosing Kkinetic and conduction
mechanisms for [Fe(CN)g]4- oxidation by films of eve
with Incorporated Ru(ll)(edta) Jr have been
investigated \ In general, experiments 1In which
electroactive, molecular species, bound to the surface
of conductors are charged and iIn turn perform redox
reactions on solution species have been the subject of
a considerable amount of research A roA A

2 This effect is illustrated in Figure 1.1.

E"IGURE 1-1 Schematic diagram of a modified electrode
system

Red * Ox L Q—
Electrode Coating Electrolyte?

A most i1mportant aspect of electrocatalysis 1iIs the
study of the kinetics and electron-transfer
mechanisms, much of which has been carried out by

,Andrieux, Saveant and co-workers 18 73 ° 77 A

16



detailed analysis of this area will be presented iIn

Chapter 5.

Electrodes modified by electrochemically reversible
compounds e.g. quinones and transition metal
complexes, are widely used to catalyse the electrode
reaction of organic compounds, e.g. NADH 7% ascorbic
acid oxidation 9, oxygen 7 and carbonyl compounds
reduction The use of redox enzymes and other
biocatalyzers increase the possibilities of oxidative-
reductive electrocatalysis considerably e.g. redox
polymers for electrocatalytic oxidation or reduction
of NAD and NADH containing redox enzymes- It has been
shown that a benzidine modified pyrolytic graphite
electrode can be used to catalyze an electrode
reaction where ascorbic acid is the substrate 1In
question L. The design of this system was greatly
influenced by experience with mediators used to couple
electron transfer between electrodes and biological
redox components QA- Dautaras and co-workers also
investigated ascorbic acid oxidation using plasma
polymerised vinylferrocence film electrodes af - lron
based substances also constitute quite a large
proportion of the area of electrocatalysis o o .
Oxadation. of Fe(ll) 82° 83, mediation of the
Fe(d11)/"Fe(11) oxido reduction 87, reduction/oxidation

of ferrocene, ferrocenium, and

tetracyanoquinodimethane ~ , have been studied using

17



electrodes modified by films of polyvinylpyridyl bound
ruthenium complexes. This type of catalysis has also
been iInvestigated using Tilms of polyvinylpyridine
with incorporated [IrClIg]-2 8d. still considering the
iron containing substrates, the oxidation of Fe(ll) to
Fe(lll) by multiply-charged metal complexes
electrostatically bound to polyelectrolyte coatings on
graphite electrodes has been investigated . So poly-
styrenesulfonate has been studied as a possible
matrix for the mediated oxidation of [ferrocene-1,l1-
disulfonate [Fe(CpS)21QT by electrostatically bound
tris (2.2 bipyridine) osmium (1) °' .

The catalytic reduction of QU to H202 has been
investigated using electrodes modified with polymeric
attached metal loporphyrins O and adsorbed

- 0
anthraguinone polymers ‘.

Substrates of a more
"biological®™ nature have also been the subject of some
research. This i1ncludes the oxidation of NADH by
films of polymer-bound dopamine ~ , mediation of the
reduction of dissolved [I-aminophenazine, Ce(l1V),
Fe(lll) and 02 at electrodes coated with 1-
aminophenazine and the electrocatalvtic oxidation
of cytochrome-C at a quaternized pol .y—4~

vinylchloride/ferricyanide modified gold surface

The electrochemical response towards various other

substrates has been investigated such as, organic

18



dihalide reduction by poly-p-nitrostyrene coated

electrodes dibromoalkyl reductions using
electrodes with covalently immobi lized
metal lotetraphenylporphyrins reduction of Fe(lll)

(edta)- at electrodes coated with poly-1-lysine films
8, oxidation of [Co(tpy)2 ]2+, where tpy = 2,2.' ,2"-
terpyridine, at electrodes coated with poly-I1-lysine
copolymer with incorporated electroactive anions :
and TfTinally the oxidation of carboxylate anions at
electrodes coated with poly(4,4"-dibromo-4"-vinyl

triphenylamine) ™ .

It has been shown that semi-conductor photoelectrodes
provide a way of efficiently converting optical energy
directly to electricity, or stored chemical energy IiIn
the fTorm of high-energy redox products - An
approach to suppressing phot.ocorrosion is to modify
the semiconductor surface with a redox polymer that
can recapture photogenerated oxidizing equivalents: and
transfer them to appropriate solution species 0 One
example of such 1s the suppression of silicon

photoanode corrosion with anodically grown polypyrrole

Basic research in the area of electrode modification
has led to opportunities for the development of new
kinds of microelectronic devices involving molecular

materials as the active elements. Murray and co-

19



workers have  demonstrated the possibility of
fabrication microelectrochemical diodes having
characteristics (turn-on voltage and switching speed)
that depend on the combination of molecular materials
used Polymer-polymer bilayer assemblies that
could function as diodes, when 1@Immersed 1iIn an
electrolytic solution, have been demonstrated J .
Another 1mportant ‘'device" demonstrated. with a
macroscopic system, 1iIs the i1on-gate electrode which is
an electrcactive membrane Work mnvolving surface
modification to 1improve the rate of heterogeneous
redox reaction of biological redox reagents (enzvmes
and their substrates) should prove especially fruitful

In combination with microfabrication techniques.

The examples given have 1i1llustrated some of the
potential applications of modified electrodes. More
detailed descriptions of the applications which have
been studied for this project will be given iIn the

relevant chapters.

I «3 Modifying Materials

Having discussed the concept/characteristics and
applications of modified electrodes one must now

consider the materials which can and have been used

for this purpose.

20



There has been a natural progression in the changes iIn
materials used for electrode modification. Much of
the early work iIn this area was carried out using
chemically modified electrodes 24" 28* ~ +03<
Starting i1In 1973, the work of Lane and Hubbard
involved the study of the electrochemistry of
chemisorbed substituted olefins - alkynes and alkenes
react with platinun surfaces to fTorm 1irreversibly
chemisorbed species which can be used to bind other
reactants e.g. metal 1ions 1A The prepared systems
were studied by cyclic voltammetry. In 1977 Lenhard
and Murray succeeded in binding organosilanes to a
platinum electrode surface and 3,5 dinitrobenzami.de to
a platinum oxide surface, thereby achieving

reversible electrochemically active systems Or\. In
the same year, Moses and Murray achieved covalent
binding of nitrobenzamides to the surface of SnOp
electrodes again  preparing chemically modified
electrodes 28. These systems were then studied by
cyclic voltammetry and ESCA. Results showed that it
was possible to obtain reversible electron transfer
reactions for redox centres covalently bound to and
separated from, an electrode by a saturated molecular

chain.
Leigh and Pickett have described the anchoring to an

electrode surface of a metal complex (organonitrile

dinitrogen complexes of molybdenum and tungsten)

21



capable of binding dinitrogen - this i1s a first step
in the development of an electron capable of mediating

the protonation of alkylation of dmxtrogen 78.

The ease with which complexes of edta
(ethylened.i1.aminetetraacetate) binds to the surface of
a graphite electrode which IS coated with
polyvinylpyridine (PVP), or polyacrylonitrile @PAN)
has been exploited leAi This process iIs based on the
fact that one of the carboxyl groups of the EDTA 1is
not co-ordinated to the metal centre (Ru(lll) iIn this
case) and 1is, therefore available for coupling with
amine groups on the electrode surface» Once attached
to the electrode surface the Iligand substitution
chemistry of the meta.l complex can be studied as well
as their functioning as redox catalysts. Procedures
have been presented for attaching pyridine

pentamineruthenium an complexes to graphite
electrodes by covalent binding and 1irreversible
adsorption . The electrochemical behaviour of the
attached complexes was studied using differential

pulse voltainmetry and cyclic voltammetry.

Of all the materials used in electrode surface
modification, ruthenium based metal lopolymers
represent a class of materials which have received a
great deal of Interest. Interest In the area of

metallopolymers stems largely from the 1i1dea of
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combining the potential advantages offered by
polymeric materials with the extensive ground - and
excited - state chemistry which has been established
for poly(pyridyl) complexes of ruthenium. Monomeric
and dimeric ruthenium complexes have proven to be of
value i1n the development of redox catalysts 105, 106,
for the existence of exploitable excited states '°7
and as model compounds for the study of electon
transfer processes '4-.'&9’ Metallopolymers . which
ruthenitum-bipyridyl complexes are chemically bound to
poly@-vinylpyridine) ""r §zr "9~ L1 whose
preparations are largely based on the substitutional
chemistry of Ruibipy”~Clp "> have been extensively
reported. There are numerous examples of the above
mentioned polymers being used for the purpose of
electrode modification. This TfTacility of polymeric
ligands to act as anchoring groups for the attachment
of metal complexes to electrode surfaces "has been
studied.

1nq

in work by Oyama and Anson poly (4-
vinylpyridine) was applied to a graphite electrode
surface. The resulting coating had the ability to
extract metal complexes, [Ru(ecita)] SF  Ru (\Hg)Ht b
and cu(i1) complexes, from solution thus allowing
their electrochemical behaviour when incorporated into
a polymeric Tilm, rather than 1in solution, to be
iInvestigated. This polymeric moiety has been employed
for several such applications, J- A s *00

O
B( - Once on the electrode surface these
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metallopolymeric materials can be characterised
electrochemically and their electrochemical properties
can be 1i1nvestigated with a view to developing

potential applications already discussed.

The materials used for electrode modification, are
usually characterised largely by the potential of the
redox couples exhibited 1In various electrolytes.
Thus, by comparison with analogous materials it 1is
possible to determine the nature of the materials 1In
question. It i1s possible to determine the type of co-
ordination of the metal-containing ligand to the

Ift i
polymer-coated electrodes Qutm

and the quantity of
the metal Incorporated into the coating (by
integration of peak area of a cyclic voltammogram)
111, 113/ 11/, 119. with respect to electrochemical
properties much effort has been directed towards
electrolyte effect, charge transfer through the layer
and sweep-rate dependency by these TfTactors will be
discussed In more detail at a later stage. The
potential applications of these systems are very much
dictated by the electrochemical properties mentioned
above. For example, Oyama and Anson C, employing
electrodes coated with PVP containing []rCIg]ﬁ”, were
able to catalyse the oxidation of Fe"" to Fe®" (in
solution)» With detailed studies 1t was found iIn this
case, possible to distinguish currents, limited by the

rate of a redox reaction between a dissolved substrate
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and a catalyst anchored to an electrode coating, from
those limited by electron transfer through the

coating.

Ruthenium based materials constitute a large
percentage of the electroactive components
incorporated into polymeric Tilms. Many ruthenium
complexes are electrochemically and subst.itutionally
robust. A rich background of their synthetic, excited
state and catalytic chemistry exists iIn homogeneous
studies, their electron transfer rates are normally
very fTast and possibilities of multielectron transfer
rates exist. Considerable attention has consequently
been given to forming polymeric Tilms containing
ruthenium centres. Many of the films are based on co-
ordination to performed polymers m notably
poly(vinylpyridine), either as polymer Tilms already
on electrodes, or iIn more conventional synthetic
circumstances with later film forming steps. As 1s
typical of such co-ordination, chemistry, because of
steric or electrostatic Ilimitation, not all the
polyvinylpyridine ligands in these films become bound
to ruthenium centres. Other polymer containing
ruthenium complexes have been based on electrochemical
or organosilane polymerization of monomers of
ruthenium complexes, which produces full metallated
films and the most dense concentration of redox

centres.
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The earliest ruthenium-containing polymeric films are

] 1?0
dQ These were

those reported by Oyama and Anson
derived from poly(vinylpyridine) and polyacrylonitrile
Tfilms on basal plane graphite- These Tilms were
subsequently reacted with Ru.(lll)(edta), Rudl)
(edta), Cu2* and [RuiNHg )™OHp]31 solutions. The
resulting co-ordination reaction produced
electrochemical waves at potentials appropriate for
the pyridine co-ordinated forms of these complexes.
The extent arid stability of polymer adsorbed on carbon

IS best at high PVP molecular weight o

In similar work, Meyer and co-workers +J and Haas and
colleagues have synthesized the polymer complexes
[PVP-Ru{l ) (bipy)20H2]J2+ and [PVP-Ru(11)(bipy)2CIl]+
respectively. These films were found to exhibit well-
developed. generally symmetrical waves at the expected
Ru(l1)/(In) potential. The preformed [PVP-
Ru(bpy)(trpy)J>* polymers prepared by Calvert and

Meyer 111

have been especially well characterised.
The ratio of co-ordinated ruthenium redox sites to the
total number of pyridine sites iIn the polymer was
determined by elemental analysis, U.v./vis
spectrophotometry, X-ray photoelectron spectrometry
(XPS). Detailed electrochemical characterisation was
also carried out. The reductive electrochemical
polymerization of ruthenium complexes with vinyl-

substituted ligands has been reported. Numerous
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complexes of ruthenium have been electropolymerized to
form electroactive films on electrodes and have been

£c I ti

used successfully for many purposes J -

Of particular relevance to this project are ruthenium
based metallopolymers or polyvinylpyridyl based
materials. In 1980 Haas and Vos prepared and
characterised electrodes coated with poly 4
vinylpyridine bound ruthenium complexes The
ruthenium was i1ncorporated iIn a bipyridyl complex.
The metal lopolymers [Ru(bipy)2C1PVP]CI and
[Ru(bipy)2?y(PVP)]C1? were prepared as described
previously The fact that the redox potential of
the ruthenium complexes 1is readily changed by the
choice of the Iligands and the possible catalytic
activity of these compounds make this system
attractive. The metallopolymeric complexes were
attached to carbon, platinum, gold, rhodium and
iridium electrodes. The peak iIntensity obtained from
cyclic voltammograms was found to depend on the
polymer: metal ratio iIn the product and also on the
way the electrode was prepared. Better results were
obtained using longer curing times for the electrodes.
The linear dependence of the peak current on scan rate
and the symmetrical voltammograins i1ndicated fast
electron exchanging species., The materials were
characterised usingu.V./vis spectroscopy and

electrochemical studies.
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The properties of poly(pyridyl) Ru(ll) complexes of
PVP were also studied by Calvert and Meyer . These
materials were prepared by reacting PVP with Ru(ll)
Q, 27, 2"-terpyridine) (2,2'-bypridine) OH-?]22. The
preformed PVP-Ru(bpy)trpy polymers prepared here were
especially well characterised. The ratio of co-
ordinated ruthenium redox sites to the total number of
pyridine sites in the polymer was determined by
elemental analysis, U.V./vis spectrophotometry, NMR
and X-ray photoelectron spectroscopy - Redox
properties viere also i1nvestigated. Overall, the data
presented here suggested that a great deal of the
chemistry of monomeric complexes can be extended to
polymer-attached groups and that chemical composition
of the resulting materials with regard to the extent
of metallation can be established in detail. It has
also been shown that the metallopolymers are not
merely synthetic novelties but have the potential to
elucidate fundamental questions regarding such diverse
phenomena as the mechanism of charge transfer through
polymeric matrices, intra-molecular energy and
electron transfer and the effects of multiple

excitation within polymer strands.

Work carried out by Kelly and co-workers using
bipyridyl complexes of ruthenium follows largely as a
result of their use as iIntermediates in the

dissociation of water by visible light 119 199 They
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have prepared and characterised hydride complexes
(Ru(bipy)2 (CO)H]+ and a series of polymeric materials
reacting poly(-vinylpyridine) or poly(4-
vinylpyridine) with ruthenium (II) chloride iIn
methanol. Reaction times and polymer to metal ratios
were varied In order to give rise to the formation of
different products which were determined by elemental
analysis and 1iInfra red spectroscopy. Electronic
spectra were considered, as had previously been used
for bis@ipyridyDruthenium(11) complexes of poly(4-
vinylpyridine) Jn order to determine the co-
ordination sphere of the complexes. As already
mentioned, bipyridyl complexes of ruthenium (1I) have
been proposed as a photocatalyst for the decomposition
of water by solar irradiation. For an efficient
photochemical conversion system, the use of a
heterogeneous reaction 1s desirable because a
photochemical reaction 1In a homogeneous solution
usually accompanies the backward reaction which
consumes photochemically acquired energy. Thus, the
backward reaction could be hindered If the reaction
products could be separated from each other using a
heterogeneous system. To achieve this,
tris(bipyridyDruthenium (II) [Ru(bipv)3 ]}~ has been
incorporated into monolayer assemblies, but the
immobilization of this complex onto a polymer support
must be also useful for this purpose. The Tfirst

example of polymer-supported [Ru(bipy)3] ' was
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reported by Kaneko and co-workers They reacted
low molecular weight polystyrene (PSO) with
[Ru(bipy) 3 ]2+. The formation of (PSt-bpy”Ru
complexes was confirmed by elemental analysis and
U.V./vis and iInfra-red spectroscopy. They studied the
photochemical reduction of methylviologen (MV7+) and
found that Pst pendant [Ru(bipy)3] groups showed
catalytic activity of the photoreduction of this

species.

Mixed phosphine 2.2 1-bipyridine complexes of ruthenium
have also been prepared . These were of the type
[(bpy)2RuPPH3 )CI]+ and [(bpy)2Ru®Ph?PCH2PPh2)]12+ and
were prepared from the reaction of the appropriate
group 5 ligand and Ru(bpy)2Cl2. Spectral and
electrochemical studies were used to find information
about the nature of the Ru-group 5 ligand bond. It
was also desired to develop a synthetic chemistry
which would provide the basis for a series of di
(tertiary phosphine)-bridged Ru-Ru dimers. The
synthesised products were characterised using
electronic spectra, NMR and redox properties as iIs the

normal procedure.

Lindholm and Sharp have prepared polyelectrolyte
coatings directly on glassy carbon electrodes by
reacting PVP with alkyld.ihalides iIn the solid phase

"6 . Kexachloroiridate and hexacyanoferrate were then
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incorporated into these  films. This was done
for the purpose of catalysing or mediating the
transfer of charge between the electrodes and a
dissolved substrate. = The stability and other
properties of the Tilms were studied

electrochemically.

Redox couples that contain unbound amine, hydroxy or
carboxyla.te groups can be 1Incorporated at room
temperature into p-chlorosulfonated polystyrene fTilms
via sulfonamide, sulfonester or sulfonanhydride

linkages respectively '°°

This polymeric moiety has
been used In a wide variety of applications including
co-incorporation of more than one redox site,
fabrication of bilayers iIn which different redox
couples are held in separate films, selectivity and
directed charge transfer for redox coupH.es iIn the
external solution and 1ncorporation of emitting
chromophores into the polymeric Tilms. Polystyrene
also offers the advantage of ease of preparation and
control of molecular weight over a wide molecular
weight range. Also an extensive background chemistry
exists toward 1its functionalisation. The p-
chlorosulfonated polystyrene films can be cast onto
virtually any surface including platinum and glassy
carbon electrodes 190_ The redox couples incorporated
in these Tilms include polypyridyl complexes of

ruthenium, osmium and 1ron. Before and after
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Incorporation, the Tilms were characterised.
Electrochemical studies i1ncluded film stability, redox
potentials of the incorporated electroactive species
and also environmental dependence. As shown by
electrochemical, spectral and excited state
measurements, the bound redox sites retain many of the

properties of their solution analogues.

Other types of polymeric materials have also been
prepared and studied as TfTilms on electrode surfaces.
Polyester has been prepared and deposited on platinum
electrodes <= - The fTilms were analysed using X-ray
photoelectron spectroscopy and high resolution
scanning electron microscopy. Information concerning
the extent to which the polymer layer 1inhibited
electrochemical events was obtained by studying the
electrochemical response of the ferrocene/ferrocenium
couple iIn solution. The cyclic voltammograms obtained
using a bare electrode and a polyester coated
electrode 1indicated that the film impedes normal
electron transport. It was also found that, using a
coated electrode, a reversible fTerrocene couple was
obtained but no peak was observed for Tferrous
chloride. This thus illustrates a system of selective

inhibition.

Yasuda and co-workers have prepared and studied novel

semi.—conduct.ing organometallic polymers containing

32



((CO)sM (3-diene)) groups where M Is ruthenium or iron
127 They have described the unique electrochemical
properties of the complex poly [Fe(CO3 )(3-
((vinyloxv)ethyl)-"-1 ,3-pentadiene)] and the analogous

ruthenium complex.

More recently distyryl bipyridine and niethyldistyryl
bipyridine complexes of 1iron, ruthenium, osmium and
cobalt have been prepared by electropolymerisation
120 _  1"he metal complexes are fTirstly synthesised and
subsequently electropolymerised - the ligands undergo
coupling reactions when the complexes are reduced
eiectrochemically, resulting 1iIn the formation of
smooth and adherent electroactive polymeric films on
platinum electrodes. The electrochemical properties

of these films could then be studied iIn detail.

Systems consisting of polycationic coatings of
protonated poiy(L-lysine) with incorporated
electroactive anions have been prepared and studied by
Anson and co-workers o o and have been used to study
the Kkinetics of electron transfer cross reactions

within redox polymers.

Polyivinylferrocene) (PVW) has been widely used to
modify electrodes. PVF has been deposited

1oq

photochemically and electrochemically 1In 1ts

oxidized form 33 as poly(vinylferrocinium)

33



perchlorate. Vinylferrocene has been polymerized at
the electrode surface by radiofrequency plasma
discharge , or byelectrochemical reduction 1n

acetonitrile solution. These fTilms have been studied
by cyclic voltajnmetry and have found application 1in,

- ITT
for example, electrocatalysis .

There are numerous other examples of materials which
have been used to prepare modified electrodes,
including oxidized 1,2 diaminobenzene -
metallophenviporphyrins 94, anthroquinone polymers

poly-4-vinyl chlora.de/femcyanide & p-
chlerosulfonated polystyrene i , and polymerized
complexes of 4,4°distyryl-2,21bipyridine {with metal
containing ligands incorporated) Examples of
other such systems are too numerous to mention but a

most comprehensive list is available In the RSC Annual

Report, 1981 2jl.

The subject of this research has involved the
preparation of some poly-M-vinylimiaazole based
metal lopolymers, results of which have been reported
133, 134n~ interest iIn imidazole i1s largely due to
iIts analogues present in biological systems. Transfer
of an electron from one site to another in a molecule
or between molecules is one of the most fundamental
and ubiquitous processes In chemistry. As such it has

been the focus of experimental and theoretical studies
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for decades. In many relatively simple systems, the
process 1s well-understood. That 1s not true 1In
biological systems where electron transfer 1Is an
essential component of oxidation-reduction reactions.
In an 1nvestigation of such systems ruthenium has been
found to play an important role iIn studying the
electron transfer process within protein molecules.
Much of this work has been carried out by H. B. Gray
at the California Institute of Technology and S. S.
Isied at Rutgers University. Many proteins contain
imidazole rings in the form of L-histidine and these
groups are thought to be responsible for most of the
buffering capacity of proteins iIn the physiological pH
range and appear to be the principal sites of several
hydrolytic enzymes - this has stimulated a study of
the catalytic properties of polyvinylimidazole. The
ability of imidazoles to complex with metals and bind
dyes, the hydrophilicity of monomers and polymers and
the latter™s polyelectrolyte behaviour have stimulated
interest In Imidazole containing polymers  for
potential iIndustrial users. Much of the polymer
synthetic work involving the imidazole unit has been

carried out by Bamford and Schofield 1oc

The aim of this research project has been to
synthesise, characterise and also to investigate the
electrochemical, photochemical and mediating

properties of a series of ruthenium-containing poly-N-
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vinlyimi.dazole based metallopolymers. Results
obtained from these studies could be compared to those
obtained previously for poly-4-vinylpyridine
analogues. Experimental details are given iIn Chapter
Il followed by the synthesis and characterisation
which 1s contained iIn Chapter I1II. Details of the
electrochemical studies will be given in Chapter IV.
The photochemical properties and mediating properties
of these metallopolymers are given in Chapters V and
VI respective]v. Conclusions drawn from this research

are given i1n Chapter VII.
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CHAPTER 11

Experimental Section



EXPERIMENTAL SECTION

Instrumentation

UV-vis spectra were recorded on a Pye-Unicam SP8-200
or a Shimadzu UV 240 - spectrophotometer. Emission
spectra were recorded using a Perkin Elmer LS-5
Luminescence spectrometer. Spectra were recorded
using an emission slit width of 10 nm at room
temperature and of 2.5 nm at 77K and are not corrected
for photomultiplier response. Electrochemical
measurements were carried out using and E.G. and G.
Par Model 174 a polarographic analyser with and E.G.
and G. Par 175 Universal Programmer. An E.G. and G.
Princeton Applied Research potentiostat/galvanostat

Model 2,73 was also used.

A slide projector was included as a light source for
photochemical investigations involving modified
electrodes and a Pine Instrument, Model  ASRE,
analytical rotator was used for rotating disc
measurements. Glassy carbon or pyrolytic graphite
electrodes were coated with a known amount of a 10’_5

mol/dm  solution (based on Ru) of the polymer in

methanol. The electrodes were then left to dry for
several days. A saturated potassium electrode
(5.C.E. ) was used as a reference electrode. This was

replaced by a saturated sodium chloride electrode when
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perchlorate based electrolytes were used due to the
fact that potassium perchlorate precipitates out.
Redox potentials reported for modified electrodes are
average values obtained for different coatings.
Variations of both peak potentials and peak to peak
separations of up to 24mV are observed for different

electrodes coated with the same sample.

H.P.L.G. studies were carried out using a Shimadzu
SPD-6A system in conjunction with a ACS pump model

353 a 201 injector loop, a Partisil SCX radial PAK

cartridge and a Commodore S032-5K computer. The
detection wavelength used was 280 rim. The
chromatography was carried out using

acetonitrile/water (80/20) containing 0.08M LiCIO™ as

mobile phase. A flow rate of 2.0 ml/min was used.

Photochemical studies of solution species were carried
out using a high pressure mercury lamp and a glass

filter to cut out ultraviolet radiation.

Chronoamperometric experiments were carried out at the
Universite de Paris VII. Cyclic voltammograms and
potential step current--time curves were obtained using
a PAR (175) function generator and a home-built
potentiostat equipped with positive feedback
compensation. An Ifelec 2502, XY chart recorder was

employed. A Nicolet (3091) storage oscilloscope and
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an Apple computer were included fTor potential step
experiments. Elemental analyses were carried out at
the Microa.nalytical Laboratory at University College

Dublin.

Materials

Ru(bipy) 2c12'2H2° anc™® Rutbipy”CC”N were prepared
according tc literature procedures N N~
vinylimidazole was obtained from Aldrich and distilled
before used. Reagent grade solvents were used without

further purification.

Poly-N-Vinylimidazola ((PNVI)

Freshly distilled N-vinylimidazole was polymerized
with 2,21--azoisobutyronitrile (AIBN) as an initiator
in a 20:1 ratio. The bulk polymerisation was carried
out iIn vacuo at 70°C for two hours. After
reprecipitation from acetone, the filtered product was
then dried under vacuum at room temperature.
Molecular weight was estimated to be 46,000 as
determined by gel permeation chromatography. (Found:
C, 59.0; w, 7.0; N, 27,2. (CgHglISMO.H-,0)n requires C,
58.3; H, 6.8; N, 27.2%).
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Reaction Of PNVI With Ru(bipy)2Cl2

Methanolic solutions of PNVI and the ruthenium complex
were heated at reflux for up to three days. The
reaction conditions have been given in Table 3.1. The
materials were isolated by precipitation in
diethylether or acetone and the solids obtained dried
in vacuo. In some cases only half of the product was
isolated; the remaining half wes, used to IiInvestigate
the changes that occur 1i1n solution with time. PNVI
vias reacted with Ru(bipy)2C03 as described in the
literature for the corresponding poly-4-vinylpyr.idine

complex

[Ru@ipy)2 Melm)2](PFg)2

Ru(bipy)?C12 .2H20 (255mg, 0.5 mmol) and 1-
methylimidazole (Melm) (246mg, 3 mmol) were heated at
reflux 1n 150 cm ethanol/water (75;25; for three
hours. The product was then isolated as the PFg-salt
by addition of an excess of MEMPFg 1n water. The
solid obtained was recrystallised from acetone/water
mixtures and dried 1In vacuo. Yield 332mg,, 75%.
(Found: C, 38.9; H, 3.0; N, 12.5. C28H28F12N8P 2Ru
requires CfT 38.7; H, 3.2; N, 12.31%), Uv-vis
(methanol), (logS) 432 (3.99); 340 (3.89).
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[Ru@ipy). (Melm)CI]JPFg

Ru(bipy)2Ci122H20 (255mg, 0.5 mmol) and Melm (4mg,
0.5mmol) were heated at reflux in 150 cm3 ethanol for
seven hours. The product was isolated by the addition
of aqueous NH"PFg. The solid obtained was
recrystallised from acetone/water mixtures and dried
in vacuo. Yield 240mg. 70% (Found: C, 52.4; H, 3.3;
N, 12.0; CI, 5.7. C~H~ACIFgNgPRu requires C 52.6; H,
3.3; N, 12.41; CI, 5.3%). UV-vis, (methanol), (logE-.)
512 (3.84) ? . (3.83) .

[Ru@ipy) 2 (MeIm)H?0] (PF6)2 «H2°

69.9mg (0.103 mmoles) of [Ru(bipy)2(Melm)CI]PFg were
heated at reflux in 10 cm" water until dissolved,
which took about five minutes. The product was then
precipitated by addition of NHMPFg 1In water. The
filtered product (@78mg, 94%) was dried under vacuum
over night. (Found: C, 35.4; H, 3.0; N, 10.0
c24K26F6NG60PRu requires C, 35.1; H, 3.2; N, 10.2%).
UV-vis, (methanol) (log€r) 487 (3.94); 338 (3.98).
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CHAPTER 111

.Synthesis and Characterisation of a Series of
Ruthenium — Containing Metallopolymers Based on Poly-

N-Viriy3imidazole
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I INTRODUCTION

For reasons already outlined in Chapter 1, i1t was our
aim to synthesise a series of ruthenium containing
metallopolymers based on Poly-N-Vinylimidazole(®NV1),,
It was also our desire to compare and contrast the
properties of these materials with previously prepared

Poly-4-Vinylpyridine analogues ™ ~

There have been reports on the preparation of
transition metal complexes based on polyvinylpyridirie
11r jJ.2u These complexes have been formed by reaction
of transition metal halides, RU.CI3, or transition
metal chelates, Ru(bipy)2Cl2 with poly(4-
vinylpyridine) PVP or 1indeed poly @-vinylpyridine)
P(2-VP) 1n ethanol. PVP has proved to be a useful
material for the attachment of electroactive groups to
electrode surface 74 in an i1nvestigation by
Clear et al. ~, the spectroscopic properties (IR and
UV-vis) of monomeric methylpyridine derivatives were
used to elucidate the nature of the species formed by
the reaction of P(2--VWP) and PVP with RuCI?; The
solubility of the metallopolymers was found to depend
on the mole ratio cf reactants, their concentration
and reaction conditions. By reaction of the chelate
complexes RuibipyJdnC” with PVP, Kelly and co-workers
have prepared soluble complexes of the type

[Ru(bipy)2 (PVP)C1 ]+ and [Ru(bipy)2 (PVP)272+ which were
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identified by comparison of spectroscopic properties
with monomeric pyridine analogues . The decision to
study 2 ,2-bipyridyl complexes of ruthenium was
prompted by the growing interest in complexes, such as
[Ru(bipy)3 ]2+ and its analogues as sensitizer
catalysts for the photodissociation of water by
visible light » PVP 1i1s largely chosen as the
mwolymeric reagent because 1t i1s hoped that the co-
ordination chemistry of the Ru(bipy)2 analogues might
approximate to that of [Ru(bipy3)]ni and also because
there exists a substantial literature on the
preparation and properties of PVP, 1ts co-polymers and

metal complexes.

In recent years, many iInvestigations of ruthenium (II)
bis(bipyridyl) complexes of PVP have concentrated on
their behaviour in electrode coatings 4" 5' 7r 49
in a study of the behaviour of
[Ru(bipy)2 (PVP)CI]CI films on electrodes, Kaas et al.
investigated the possibility of iInformation storage
based on the echange 1n redox potential induced on
photsubstitution of such coatings ™ . In general the
photochemical properties of these systems have
provided a large impetus for their extensive
investigation but this factor will be discussed 1iIn

more detail i1n a later chapter.

Metal lopolymer films on electrode surfaces may also be



prepared be electropolymerisatfon °9% %" * 97 By
this method, Tfilm thickness may be systematically
varied. Bilayer fTilms of complexes having different
Rulll/Rul1l redox potentials constitute rectifying
interfaces and directed charge transfer from the
outside Tfilm to the electrode has been observed.
Metallopoly.mers of the type [(Ru(bipy) {trpy) (PVP) ]2+
have been prepared by reaction of
[Ru(bipy) (trpy)1120] with PVP and characterised by

— NMR, JTV-vi.s spectroscopy, elemental analysis and
electrochemical analysis both in homogeneous solution
and as TfTilms on electrode surfaces, were examined.
Certain complexes [Ru(bipy)2(PVP)X]n+ (where X = PVP,
CN", MeCN, NO2", NO-*, NO™?, N3~, OH2, OH"; n = 1, 2,
3 were prepared and found to retain the chemical and
physical properties inherent iIn the respective monomer
complexes Modifications in chemical and redox
properties of these species as fTilms were found to be
due to (@) spatial separation affecting bimolecular
processes and (@) pH dependent changes 1i1n local
environment due to protonated and unprotonated
pyridine groups on the main chain. Photophysical and
photochemical properties of [Ru(bipy)2(PVP)21°* in
solution ° and as fi.Ims i have been investigated 1in

some detail.

It has been our aim to carry out similar studies on

ruthenium containing rnetallopolymers based on a poly-
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N-vinylimidazole backbone in the hope of developing
some potentially useful applications, fTor example 1iIn

electrocatalysis or photochemical processes.
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111.2 RESULTS AND DISCUSSION

General

In a series of experiments hydrated bis(2,2"-
bipyridyl) ruthenium (I1) dichloride was treated with
PNVl wusing different reaction solvents and reaction
times. The stoichiometric ration of PNVI to ruthenium
was varied from 5:1 to 50:1. The metallopolymers were
either left in solution or isolated by evaporation of
most of the solvent and subsequent precipitation 1in
diethylether, The solids obtained were then dried in
vacuo at room temperature. The metallopolymers
isolated were found to be soluble immediately after
their 1i1solation but 1iIn most cases on storing for
longer periods, v/ould only partly redissolve. The
characterisation of the series of polymer-bound
complexes was accomplished by applying several
techniques to each sample. The data obtained were
compared with those for the mononuclear
model compounds [Ruipy)2Melm)23(- )H2F
[Ru@ipy)zMelm)CI]PFg and [Ru(ipy)2 Melm)H20](PFg)2,
where Melm - N-methylimidazoler chosen as model
compounds Tfor the expected polymer-bound complexes
[Ru@ipy)2 PNVI)CI ]+, and [Ru(bipy)2 (PNVI)27]2+
respectively. Spectroscopic and electrochemical data
suggest that the species [Ru(bipy) 2(PNVI)C1*H* and
[Ru(bipy)2(PNVI)2]9L are both present In most polymers
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prepared from Ru(bipy)2cr2*nr2n: their ratios
depending on the reaction conditions. Reaction of
[Ru(bipy)2 (CO3)] with PNVl vyields, as expected, only
the disubstituted product The formation of the
different species TfTrom Ru(bipy)pcI”™ *2H20 probably

occurs as shown i1n equations (1) - (4).

Ru(bipy)nCl2 + S --> [Ru(bi.py)?(@)CI]+ + CI" @

[Ruipy) @ CI]+ + PNVI —> [Ru(bipy) 2(PNVI)CITF + S

@)
Ru(bipy)2 (PNVI)CI]+ + H20 --> [Ru(bipy) 2 (PN\\r1)H20]2+

+ CI"
©)
[Ruipy)2®PNVI)H20]2+ + PNVI --> [Ru(ipy)2PNVI)2 32+
+ 0
€]

In these reactions S i1s either methanol or water. The
extent to which these reactions occur depends on the
reaction conditions, which, along with the elemental
analyses of the materials obtained, are given iIn Table
3.1. The elemental analysis of metallopolymers are
known to be rather inconsistent. It should therefore
be pointed out that the PNVI:Ru ratios calculated
can only be taken as an indication of the composition

of the products obtained.
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Table 3.1 - Reaction conditions and elemental

metal lopolymers.

PNVI

Code (m)

470
470
470
470
235
470
470

I & MM m O O W >

471

&

Rua

478
486
484
486
243

97

28

mol
ratio
5 :1
5 :1
5 :1
5 1
5 1
25 -1
10 1
50 -1
5 1

Solvent

methanol
ethanol
methanol
methanol
meth/E0 (1:1)
methanol
methanol
methanol

meth/f 0 (1:1)

analyses foreruthenium containing Poly-H-vinyimidazole

Reaction Elemental PNVI :© Ru
time 1h) Analysis Ratio obtained
72 51.4 4.9 18.2 7.7 4.4
24 50.9 5.0 18.0 7.7 4.2
24 50.6 4.9 17.7 8.1 4.0
48 50.4 4.8 18.0 8.4 4.0
72
72 5.4 5.8 23.7 3.4 14
72
72
72
~ PrePare”™ using Ru(bipy)2CO3m

a metallopolymers prepared using Ru(bipy)2r 2.2 H20;



One major problem encountered with these materials was
their Hlimited solubility- Metallopolymer solubility
i1s determined principally by the loading of Ru centres
along the polymer backbone and by cross linking of the
polymer chains. This however only applied to certain
of the samples iIn that the disubstituted complex could
not be successfully isolated since 1f any solid was
obtained it could not be dissolved completely, if at
all, in any solvent. For this reason the
disubstituted samples were left iIn solution. In the
case of [Ru(bipy)2(PNVI)CI]CI the product could be
isolated and retained solubility, but only up to about
three months after synthesis. This loss of solubility
was thought to be due to some cross linking occurring
in the sample with time. Samples were then
refrigerated and i1t was found that they did retain

solubility for any time up to one year or more after

preparation.
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HT .3 CHARACTERISATION STUDIES
111.3.1 Electronic Spectra

The absorption and emission (at room temperature and
liguid nitrogen temperature, 77K) spectra of the
prepared materials were recorded. Spectra of some
representative materials have been given iIn Figure 3.1
- 3.3. The absorption and emission maxima TfTor the
metallcpolyrners, together with the values obtained for

the model compounds are given in Table 3.2.

In the absorption spectra two bands are observed iIn
the visible region of the spectrum. As mentioned 1iIn
the iIntroduction, bands i1n this region are attributed
to metal-to-ligand charge transfer transitions MLCT)
of the type Tr*(bipy) < drf (Ru) © . Because of the
strong similarities of the electronic spectra of the
metallcpolyrners with those reported for similar
compounds i1n the Iliterature, these transitions are.

also thought to originate from bipy based MLCT states
7, 8_

The absorption maxima iIn the visible region do vary
with the [ligand composition of the complexes and
therefore are generally used for identification
purposes. To determine the co-ordination around the

central metal i1on in the polymer bound materials their
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Table 3.2 - Spectroscopic and electrochemical data for mctallopolymers and mononuclear model compounds

Sample (JSnax*3*55*’ (~mauern. K."r.)~ ¥SK(era- 77K) L, Product ratio
inm)a (hm;a (nm)15 mVc

[Ru{bipy)2 (Melm)21 ( ) 2 492,340 640 626 965*

[Ru(bipy) s{MeIm)CI]PFg 512,352 - 682 660*

[Ru(bipy)2 (Melm)H203( ) 2 487,333 - - 995*
A 502,347 633 630{685)  570(805) 5.7
B 507,352 643 GG 545(835) 7.5
n 502,343 633 689 570(805) >8

n 677*

D 500,343 630 682 535(810) 6.5
E 485,345 637 628 825(610) >0.15
F 485,345 626 617 590(835) 2.0
G 487,343 637 6.19 360 -

H 431,340 - 636 618 840 -

| 432,340 640 618 855(1025%*) -

[Ru{bipy)2 PNVI)K20]2+ 730(1020%)



Table 3.2

a : solvent methanol;
b : measured in ethanol glass at 77K;
C : electrolyte IM HpSO~.

Minor redox couples present are gi.ven 1In brackets;

scan rate 50 mV/sec.

Reference electrode see.

* : electrolyte is acetonitrile/0.1M

Tetraethylammoniumperchlorate.
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FIGURE 3-1-

(@) U-V_/Vis spectrum of sample C in methanol.
() U-V_/Vis spectrum of sample E 1in methanol.

Samole concentration 10_4 mol/dm3—
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units

Intersity arb-

FIGURE 3.2.

(1) Room temperature
of sample E 1In

@)

Sample

77 K emission
in ethanol.

concentration

emission spectrum
methanol .

spectrum of sample E

10 N mol/dm.
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FIGURE 3.3.

(1) Room temperature emission spectrum

of sample C 1In methanol.

(i) 77 K emission spectrum of sample C
in ethanol.

Sample concentration 10 ™ mol/dm3.
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absorption spectra were compared with those of
mononuclear model compounds, as has been done
previously with poly-4-vinylpyridine analogues ~.
However, as evident from the data given, 1In our case
the absorption maxima obtained for the different
compounds are very close together and from these data
alone no conclusions can be drawn as to the
composition of the synthesised materials. However,
the data do suggest certain probabilities. For
samples A-D the presence of [Ru(bipy)*PNVI)CI]CI 1is
suggested as the predominant species whereas
[Ru.(bipy)2 (PNVI )2 ]CI2 seems to be the main product for
samples E-1. The absorption maxima for the polymeric
complexes are observed at slightly higher energy than
those of the corresponding mononuclear compounds but

the overall trend i1s the same.

The results obtained suggest that increasing the
polymer -metal ratio and the reaction time leads to a
corresponding 1iIncrease iIn the relative amounts of
[Ru(bipy)2 (PNVI1)2J3Cl2 formed. Addition of water to
the reaction solvent leads to. the exclusive formation
of [Ru(bipy)2®PNVD)p]CI2. As these results are not
conclusive it was necessary to substantiate these

suggestions by other techniques.

Emission spectra were obtained both in fluid solution

at room temperature and in methanol glasses at "7K.
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Polymer bound Ru(bipyj2 complexes, like their pyridine
or methylpyridine analogues, are weak emitters at room
temperature. In the case of imidazole
metallopolymers, the disubstituted complex 1iIs a
relatively strong emitter at room temperature but
because the monosubstituted complexes luminesce weakly
at room temperature it was necessary to employ low
temperature emission spectroscopy to distinguish
between the two products. The materials synthesised
were excited at their absorption maxima of their
lowest energy MLCT band (G00nm) and their luminescent

responses were recorded.

As 1llustrated from the vresults recorded at room
temperature all samples were found to emit at
approximately the same wavelength (640nm). Their
behaviour could be explained by the fact that as the
monosubstituted complex is, at room temperature, such
a weak emitter relative to the disubstituted complex,
small traces of the Jlatter 1In a predominantly
monosubstituted sample, would emit strongly enough to
mask any weak emission from [Ru(bipy)-(PNVT)CIJCL.
This was substantiated by examination of the
individual spectra where two important factors are of
note. The spectra obtained for a sample expected to
contain mainly [Ru(bipy)2 (PNVI)C1]C1 exhibit a much
noisier signal and also evidence of a shoulder around

700nm as 1illustrated iIn Figure 3.2. These fTeatures
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were absent for expected disubstituted samples. At
77K the model compounds [Ru(bipy)2 (Melm)2](PFg)2 and
[Ru(bipy)2 (MeIm)CI]PFg emitted at 626nm and682nm

respectively while for the species
[Ru(bipy)2 (Melrn)H?20 J(PFg )2 no emission was observed.
At the same temperature the spectra obtained showed
marked differences between given polymeric samples.
For predominantly {Ru(bipy)2 iPNVI)CI.ICI samples
emission maxima were observed at approximately 700nm
as opposed to the 640nm emission at room temperature,
see Figure 3.3. For a pure sample 1t iIs expected that
at low temperature the emission should shift to higher*®
energy, lower wavelength and not to Hlower energy as
was observed here. This rindicates that the room
temperature emission at 640nm was not due to the
monosubstituted complex but to traces of the
disubstituted complex present iIn the sample as was
previously proposed. The expected disubstituted
samples exhibited emission at 625nm at low
temperature. Here we Tfind that the transition has
shifted to higher energy as expected. By comparison
with the emissions of the model compounds at 77K
mentioned above, one can clearly distinguish between
[Ru(bipy)2(PNVI1)2] which emits at 620nm. The same
conclusions are reached here as from the electronic
spectra concerning the nature of the products obtained
and the effect of the synthetic conditions used. The

absorption and emission data do not yield conclusive
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information about the presence of the aquo species

[Ru(bipy)2 (PNVI)H20]2+.
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I111.3.2 Electrochemical Characterisation

Electrochemical studies were used both for
characterisation purposes and for the investigation of
the electrochemical/photochemical properties of the
polymer film. In this section 1 will just address the
former. Synthesised Poly-N-vinylimidazole bound
Ru(b.ipy)2 ” complexes were attached to glassy carbon
and pyrolytic graphite electrodes and the modified
electrodes produced were studied by cyclic

voltammetry.

Data obtained for model compounds and polymeric are
given in Table 3.2. Typical examples of cyclic
voltammcgrams are given 1iIn Figure 3.4. The cyclic
voltammograms obtained in each case were found to show
a decrease 1In peak-to-peak separation with decreasing
scan rate and for scan rates up to 200mV/s,a linear
dependence of the peak current on the scan rate was
found as illustrated later in Figure 4.4. In general
the polymer films showed the electrochemical beherviaur
that: would be expected for surface bound, fast

electron exchanging species x ~

As indicated by the results given in Table 3.2 the
position of the Ru(l1)/Ru(lll) redox couple was found
to depend on the nature of the Iligands bound to the

ruthenium centre. From the results obtained for the
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FIGURE 3.4.

(@ cyclic voltainmograin of a glassy carbon
electrode coated with sample C.
Scan rate 50 mV/sec/electrolyte 1M BCIO™.

(b) cyclic voltammogcam of a glassy carbon
electrode coated with sample I.
Scan rate 50 mV/sec,electrolyte 1M HCIOM..
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modified electrodes 1t could be concluded that
depending on the reaction conditions used, two
different polymeric ruthenium species were obtained.
The iInfluence of the reaction conditions on the
products obtained could be judged from the ratio of
the peak currents of the two redox couples (Table
3.2). These results illustrate that for a synthesis
using methanol as solvent, short reflux times 1.e.
twelve hours and low PNVI:Ru ratio i1.e. 5:1 a product
with a redox potential of approximately 550mV was
obtained which 1s attributed to a monosubstituted
complex by comparison with those for model compounds,
(see Table 3.2) and other similar metallopolymers .
6 - Longer reflux times, addition of water to the
reaction, and higher PNVI:Ru ratio lead to the
formation of a product with a redox couple of about
&omiv. This redox couple has been assigned to the
complex [Ru(bipy)2 PNVI)2] again by comparison with
analogous compounds. As is evident, these results are
found to be iIn agreement with those obtained using
spectroscopic techniques. Again no trace of any aquo

species was observed.

Using cyclic voltammetry one can also clearly monitor
any changes which occur in the metallopolymers with
time, particularly when in solution. Over a period of
several months electrodes were periodically modified

with an ageing polymer solution. With time a redox



couple was found to develop at a potential of "730mV at
the cost of the original signal at 570mv. This
indicated a change in the co-ordination chemistry of
the polymer bound metal complex. In conjunction with
photochemical studies, (see Chapter V), this new redox
couple has been assigned to the formation of the aquo
species, [Ru(bipy) 9 (PN\A)H20]2+- This process is
irreversible and suggests that the
[Ru@ipy)2 PNVI)CII species IS not stable in
solution. Increased concentration of
[Ru(bipy) 2 (PNVI)CI]4” relative to [Ru(b.ipy)2 PNVI)p]2r
in any sample leads to formation of increased amounts
of [Ru(bipy) 2 (PNVI 12Y. The disubstituted complex,
[Ru(bipv) 2 (PNVI)2]41 was not found to undergo ligand

substitution under similar conditions.
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111.4 CONCLUSIONS

The results reported here indicate that i1t is possible
to control the products or ratios of products obtained
by controlling the synthetic conditions. This 1is
quite contrary to results obtained with Poly-4-
vinylpyridine where [Pu@ipy)2®VP)CI]+ was the only
product obtained up to PVP:Ru ratios of 100:1 ". It
is also important to note that the nature of the
polymer-bound, metal complex changes with time both in

solution and in the solid state.

It 1s clear that the materials prepared here cannot be
characterised sufficiently using the techniques
employed because of the fact that isolated materials
become insoluble with time. It was observed that the
disubstituted complex could not be successfully
isolated which iIs a disadvantage in the sense that one
could not prepare accurate concentrations of the
material and as a result of this, extinction co-
efficients could not be calculated; nor could emission
intensities for different samples be compared. As a
genera], comment the solubility of these materials did
prove to be a problem iIn that even the monosubstituted
complex only retained its solubility when
refrigerated. This suggested that cross-linking is
most likely to be the determining factor with regard

to the solubility of these materials. It was also
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observed that the corresponding aqua  complex,
[Ru(ipy)2(PNVI)H20] could net be prepared using any
of the preparative procedures described but only
appeared as a result of a thermal reaction in
solution, over a long time period, of the

monosubstituted complex or by photochemical means.

The strong luminescentproperty of the disubstitutsd
complex does suggest its potential for use in
photochemical processes, which will be discussed iIn

Chapter 5.
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CHAPTER 1V

E7i.ectrocherai.cal Properties of Ruthenium Containing

Poly-N-Vinylimidazole Based Metallopolymers
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v. 1 INTRODUCTION

Our interest iIn poly-n-vinylimidazole metallopolymers
has been elucidated iIn preceding chapters. In this
section the electrochemical properties of the

synthesised materials are discussed.

The effect of electrolyte and pH on the
electrochemical response of redox systems has been the
subject of extensive studies iIn relation to different
types of system N ~ In 1976, Brown and co-workers,
using pyrolytic graphite electrodes modified with 9,
10-phenanthrenequinone and iron protoporphyrin,
studied how the electrochemistry of the system could
be altered by changing the pH of the supporting
electrolyte . For the Ilatter of these two systems
the shift in potential as a function of pH was found
to resemble 1ts behaviour iIn homogeneous solution.
The behaviour of other anthraquinones where a slope of
60 mV s obtained from a pH versus potential plot, and
the pH dependence of ant.hraquinone polymers absorbed
onto vitreous carbon or mercury electrodes has been
studied Redox peaks were found to be narrower 1In
acidic or slightly alkaline electrolyte. Their
pH/potential relationship was studied over a pH range
of 2 to 12. At pH values greater than 12 the surface
coverages (3? ) ~ and values obtained for the peak

current (ip) were Tfound to decrease slowly with
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sequential scanning indicating iInstability at higher
pH. In the pH range, 2 to 12, "X was found to remain
constant although peak shapes were found to change
with pH indicating different limitations on charging
of the layer at different pH values. Polymer-bound
dopamine has been adsorbed onto electrode surfaces and
the cyclic voltammetric behaviour was monitored as a
function of pH ~. For the pH range studies, pH 1 -->
pH 10, values ofaep were approximately constant over
this range. The electrochemical charging rate is
dependent on the amount of polymer adsorbed. For
larger values of surface coverage larger values of A Ep

were obtained indicating slower charging of the layer.

These type of phenomena have been investigated for
different types of systems. Of particular IiInterest
for this research are polypyridyl ruthenium (1)
complexes of poly- (4--vinylpyridine) and other similar
materials. Koval and Anson have attached polyvinyl
pyridine pentamineruthenium (1) complexes to graphite
electrodes 8. A study of the cyclic voltammetric
behaviour 1indicated a symmetrical shape (A = 0
which led to the conclusion that surface behaviour was
involved, 1.e. this shape is common to thin layers,
whereas thicker fTilms exhibit diffusional behaviour.
This effect was also observed for platinum oxide
electrodes with covalently bound 2,2 "-bipyridyl

complexes of ruthenium (1) . Again symmetrical
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voltammograms were observed indicating "surface”
behaviour. It was also TfTound here that the redox
potentials of the (bipy)2Ru(l1)/(111) couples varies
with the nature of the ligands bound. This effect was
also observed by Haas, Zumbrunnen and Vos for
electrodes coated with [Ru(bipy)2 PVP)YCI]CI,
[Ruipy)2 PVP)2]2+ and [Ru(bipy)2 (PVP)H20j2+ 10. It
was Tound that the electrochemical response of the
coated electrode surface was dependent not only on the
nature of the polymer, as was previously found by
Calvert and Meyer x , but also on the nature of the

attached ruthenium complex.

Oyama and Anson have prepared electrodes coated with
PVP (poly4-vinylpyridine) or PAN (polyaerylonitrile)
with incorporated metal complexes based on;
[Ru(edta) ]3+, [Ru(NK3)5H20]3+ and Cu (1) 12. At pH
values less that 2, it was found that a large amount
of i1mmobile anionic charge was generated within the
polymer coating. The creation of such, large charge
densities 1Is expected to be sensitive to changes 1iIn
the nature and concentration of the supporting
electrolyte that supplies the counter-ions needed to
balance the electrogenerated charge 1in the polymer
layer. It was found that decreasing the concentration
of the electrolyte lead to a large 1increase 1in A Ep
which is attributed to ohmic drops in the more dilute

electrolyte. Effects on shapes of cyclic
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voltammograms resulting from changes in size of
supporting electrolyte ions have been reported
previously Changes iIn 1ionic strength of
supporting electrolytes composed of small sterically
unhindered 1ons can also have profound effects on
voltammograms of reactants anchored to electrode
surfaces, as reported by Oyama and Anson . Haas and
Vos and Calvert and Meyer ~ have also been
interested in the electrolyte dependence of the
electrochemistry of electrodes coated with poly(4-
vinylpyridine) bound ruthenium bipyridyl complexes.
Shifts in the potential of the redox couples were also
observed with variation 1In ionic strengths, achieved
by addition of KClI to the electrolyte. Calvert and
Meyer also attribute the change 1n redox potential
observed wupon a change of electrolyte to the
probability of an alteration 1iIn anion absorption
within the polymer fTilm An unusual pH effect was
observed in the polymer films composed of
[Ru(l D) (bipy)2n2°] groups bound to poly(4-
vinylpyridine) ~. At pH values less than 4, the redox
couples of these systems were found to vary with pH as
expected. At pH values greater than 4 where the
unbound pyridyl groups in the polyrner TfTilm become
deprotonated, the redox couples no longer change as a
function of pH of the bulk solution. The reason for
this 1s supplied iIn the fact that protonation gives

rise to an open structure so the electrolyte, upon
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easy penetration 1i1nto the layer, can dictate the
properties of the redox sites. Deprotonation at high
pH leads to the opposite effect. These effects were
specific for the aquo complex. This behaviour 1is
explained by the involvement of protons iIn the Ru™+/2+
redox couple, because of the formation of
[ (bipy)2RulVPVP] species. Electrodes coated with
films com%osed of PVP with iIncorporated [Fe(CN)50H2]Oi
have also been 1nvestigated . No electrochemical
response was detected in the presence of non-acidic
electrolytes. At low pH values however, a more open
polymer structure TfTacilitates counterion entry into
the Tilm. Different electrochemical responses were
obtained using quaternized PVP ( Q.PVP), because of
swelling of the less hydrophobic QPVP films, whose
high density of fixed and pH i1ndependent charges
produce i1ntrapolymer 1interactions, that facilitate
both the counterion migration and segmental motion of
polymer strands essential for rapid oxidation and

reduction of the metal complexes within the coating.

The permeation of polycationic films of poly[tris(4-
methyl-4"-vinyl-2,2"-bipyridine)ruthenium(11)] ** +to
various substrates e.g. ferrocene, has been found to
vary with electrolyte concentration . The results
obtained allowed separation of the contributions of
partition and diffusion of the electroactive permeant

into and within the polymer. The permeability
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dependence of electrolyte concentration varied with
the nature of the permeant 1.e. whether cationic,
anionic or neutral. The electrolyte concentration
also caused variation iIn half-wave potential values
for the reduction/oxidation of the permeants.
Doblhoffer and co-workers have studies the diffusion
or migration of the substrate [Fe(CN)g]™- across a
poly-(-vinylpyridinium) +film . It was found that
increasing the electrolyte concentration causes the
Donnan exclusion to break down. Anions and cations
from the electrolyte enter the polymer matrix.
Depending on their concentration and mobility, they
can transport charge across the film and can determine

the redox processes.

Similar studies were carried out by Elliot and
Redpenning using electrodes modified with [tris(5,5T-
dicarboxyester-2 ,2 "bipyridine)ruthenium(11)]c B
They studied the stabilities of the polymer TfTilms -
the complex 1in the polymer changes from 2+ to 4-
species. In the course of transversing the entire
oxidation state range, the solvent and supporting
electrolytes i1ons would be expected to iInfluence the
stability and response of the polymer, and indeed the

degree of polymer swelling and thus the nature of the

solvent found to effect the electrochemical response.

Studies of sweep rate dependence on the
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electrochemical response have also been the subject of
much work as they provide information about the
kinetics of the electron transfer i1In a given polymer
system 18, . One such example 1is illustrated
by Degrand and Miller 6, where the peak shapes and
separations are fTound to depend on sweep rate. The
shape and characteristics of waves in cyclic
voltammograms depend on the thickness of the resulting
films. As a general comment, thin Tfilms exhibit a
linear dependence of 1Ip on sweep rate and AEp
approaches the diffusion free theoretical values of
zero at slow sweep-rat.es. Large A Ep values and
diffusional tailing 1is explained by slow electron
transfer. If/1Ep decreases with decreasing sweep rate
then the electrochemical behaviour 1is Kkinetically
controlled. With most systems which have been
studied, tailing of the redox wave and larger A Ep
values appear with 1Increasing sweep rate. By
monitoring the sweep rate dependence one can thus
detect the transition between surface (thin layer) and

diffusional behaviour “ 21,

In this section the electrochemical properties of
electrodes coated with the synthesised materials are
investigated. The dependence of the electrochemical
response on the electrolyte, pH and sweep rate was
investigated. The permeability of the films to a

substrate material is also studied. Chrono-
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amperometric experiments were carried out to allow

determination of the charge transport in the Tilm.
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1v. 2 RESULTS AND DISCUSSION

1v-2.1 Electrolyte Effect

The significance of the choice of supporting
electrolyte on the electrochemical response has been
discussed in the introduction to this chapter. The
electrochemical behaviour of representative samples of
the synthesised materials was studied In a series of
electrolytes. (Table 4.1). These results were
obtained from cyclic voltammetric studies, examples of

which have been i1llustrated iIn Figure 4.1.

As indicated from the tabulated results, the
electrochemical response depends strongly on the
nature of the supporting electrolyte. Considering the
results for Sample C, as a representative sample of
[Ru(bipy) 2 (PNVI)C1]C1, 1t 1is evident from the redox
potential and the peak shape that the least amount of
diffusional behaviour occurs, 1.e.A Ep is lowest, when
IM H2S04 1s used as the supporting electrolyte. The
slowest electron transfer occurs when BCIO4 or
CH3CN/TEAP are used. The same results are obtained
for the disubstituted complex. In general, the
influence of the electrolytes used is reflected in the
shape of the cyclic voltammogram, where much broader
bands with larger peak-to-peak separations are

obtained in high pH or perchlorate media than in Ilow
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mV vs SCE

FIGURE 4.1.

(@ Cyclic voltammetric response of a
[Ru(bipy). (PNVI)C1]+ coated electrode.
Electrolyte - 0.9M NaClO.+ 0.1M HCIO..
Cclverage :;1 x 10 Smoles/cm? .

(b) Cyclic voltammetric response of a
[Ru(bipy). (PNVI)C1]+ coated electrode.
Electrolyte : 0.9M NaCl + 0.1M HC1.
Coverage : 1 x 10 moles/cm

Scan rate = 50mV/sec.



TABLE 4.1. Effect of different electrolytes on the
E, wvalues of the species [Ru(bipy)(PNVI)CI]
(sample C) and [Ru(bipy)Z(Pl\l\/T)Z]2+ (sample 1).

El/2
Electrolyte [Ru(bipy)2 (PNVDCI]+ [Ru(bipy)2 (PNVI)2]2+
1M H2S04 585(30) 860(60)
1M HCI 605(50) 925(50)
1M NaCl 660(55) P2.0(60)
M HClO4. 550(100) 825(110)
* CH3CN/ TEAP 665(125) 1025(90)

Measurements were taken using polymer modified glassy
carbon electrodes. Surface coverage 3 x 10 8moles/cn’

scan rate 50 mV/sec.All potentials are mV vs SCE.

Values iIn brackets are peak-t;o-peak separations.

* Electrolyte concentration 1M TEAP in CH”CN.
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pH sulphate or chloride media. This is most likely
explained by the nature of the metallopolymer

electrolyte interface.

Because of protonation of the polymer backbone the
metallopolymer is more easily penetrated by an acidic
electrolyte, 1M HpSO”®, and this may lead to a lower
redox potential iIn acidic media. The Jlower redox
potential in the acidic perchlorate medium 1iIs not
understood. The polymer 1is not soluble iIn this
electrolyte and probably presents a closed structure
not Tacilitating penetration of perchlorate ions.
This would be expected to hinder electron transfer and
lead to a redox couple at higher potential but this 1is
not the case. It 1s possible that, with a closed
structure the ruthenium centres are closer together,

resulting iIn a faster charge transport process.

The electrochemical behaviour of the aquo species
[Ru(bipy)2 (PNVI)2H20) [Clp, which was prepared
photochemically, was also studied in a series of
electrolytes. On placement iIn 1M HCl, the system
immediately reverses back to the monosubst.i1tuted
species i1ndicating how Hlabile the aquo ligand 1is 1iIn
chloride electrolyte. This effect i1s illustrated in
Figure 4.2. The system could be reconverted to the

aquo complex by photolysing again in 1M HCION. On

integration of the area under the cyclic voltammogram
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Figure 4-2. Cyclic voltanunogram of [JRu(bipy)2 (PNVI)H Oj™+
in 1M HC1.

Sweep rate = 50mV/sec.
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it was Tfound that there was Qlittle or no loss of

product from the electrode surface.

This study 1i1ndicated that the aquo complex is
photostable (nhot degraded) but very Hlabile showing
immediate response to experimental variations 1i.e.
of electrolyte. This dependence of the
electrochemical response on the electrolyte,
concentration or nature of counterion, 1S a property
common to many systems ~ ®r A . Overall it can
be said that the change 1in electrochemical behaviour
(redox potential) observed upon a change of
electrolyte 1is probably due to an alteration in anion
absorption within the polymer film as has Dbeen

previously found with similar systems A

1v.2.2 Sweep Rate Dependence

In order to examine the sweep rate dependence of these
poly-N-vinylimidazole based systems, the peak current
was measured as a function of sweep rate for sample C,
which contains predominantly [Ru(bipy)2 (PNVI)C1]C1.
Other samples were also studied and similar results
were obtained. This relationship was iInvestigated in
two different electrolytes, 0.2 M NaCIO™ and 0.1 M
H2SO04. The cyclic voltammograms obtained were found
to show a decrease 1In peak-to-peak separation with

decreasing scan rate. These features are illustrated
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in Figure 4.3 and the results are given In Table 4.2.
A linear dependence of the peak current on the scan
rate was found to exist up to a certain limit. This
limit was found to be dependent on the electrolyte
used. In 0.2 M NaClO™ the limit of the linear range
was found to be 140 mV/s; in 0.1 M HpSO™ the limit of
the linear range was found to extend to 200 mV/s.
Above these Hlimits the peak current was linearly
proportional to (scan rate)!*"~. (See Figures 4.4 (@)
and (b)). The difference In the two responses can be
explained quite easily In terms of the ability of the
electrolyte to permeate the layer. The polymer layer
is protonated iIn the acidic sulphate medium and thus
presents a more open structure for permeation by the
electrolyte, facilitating the electron transport
process. This deduction is supported by the fact that
at any sweep rate the peak-to-peak separation 1is
smaller iIn the acidic electrolyte than at neutral pH.
Overall 1t can be concluded that the polymer Tilms
showed the electrochemical behaviour characteristic of

surface-bound, fast electron exchanging species
1v.2.3 Stability of Coated Electrode Surfaces
The stability of the films for all samples was found
to depend on the electrolyte used. As a general

observation, the monosubstituted complex was found to

be more stable iIn the variety of electrolytes used,
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Table 4.2 - Sweep-rate Dependence of AEp.

Sweep Rate A Ep
mvV/s mV
2 75

4 80

6 95

8 100
10 110
20 115
30 120
40 125
50 130

Measurements taken wusing polymer modified. glassy
carbon electrodes. Surface coverage 1.4 X 10%“®
moles/cm?, of [Rufbipy)? PNVI)CI]+. Electrolyte 0.2M
NaC104 .
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0 500 1000
E (mV vs SCE)

FIGURE 4.3.
Scan rate effect for an electrode coated

with 2.7 x 10 “moles/cm”™ [Ru(bipy),,(FNVI)CI ]

Electrolyte : 0.2M NaClO04.
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current  (MA)

Peak

FIGURE 4.4

@

Scan rate (mV/sec)

Plot of peak current versus scan
rate.

Surface coverage :2.7 x 10 "moles/cm’
of [Ru(bipy)2 (PNVI)CI]+.
Electrolyte : 0.2M NaCIO™.
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current  (MA)
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90

10 12 14 16 18

(Scan rate) (mV/sec)
FIGURE 4.4 (b). Plot of peak current versus
(scan rate) 2
Surface coverage : 2.7 X 10~ 8moles/cm?
of [RuGipy)2(PNVT)CI}+.
Electrolyte : 0.2M NaCl1l04.



than the disubstituted complex. The Tilm stabilities
could be monitored by sequential cyclic voltammetric
scanning. In the case of the complex
[Ru(bipy)2 PNVI)CI]CI, the Tilms were found to be
initially a little unstable in 1M H2SO4 or other
strong acids in which the polymer films are soluble.
However, they do reach an "equilibrium” situation
where no more material is leached off the electrode
surface. The stability was found to improve somewhat
by use of the cross-linking agent, 1 ,10-dibromodecane
as has been employed by Lindholm and Sharp ~ . It
should be noted that the materials were very sensitive
to light with the occurrence of some photochemical
reactions. These processes will be discussed iIn
detail iIn the next chapter. With respect to the
disubstituted complex instability iIn most electrolytes
used was found to be a particular problem. In low pH
sulphate based electrolytes, it was found that films
of the complex, [Ru(bipy)2 (PNVI)2T** , were completely
degraded or leached off the electrode surface as
observed by sequential cyclic voltammetric scanning.
Indeed, for this complex the process was complete with
the final scan being equivalent to that for a bare

electrode.



1v.2.4 Effect of Addition of the Substrate,
K4[Fe(CN)g], to Electrolyte on Cyclic
Voltammetric Response of

[Ru@ipy)2 ®PNVI)CI]CI Coated Electrodes

The permeation of iron-containing substrates through
the polymer film will be discussed i1na subsequent
chapter 1In relation to mediated electrocatalysis.
Here the <effect of such a substrate on the
electrochemical response of the film-coated electrodes
IS Investigated and also the role of the supporting

electrolyte itself iIs studied In this regard.

In the absence of any substrate, cyclic voltammograms
were recorded, at varying sweep vrates, for a
[Ru(bipy)2 (PNVD)CI]CI coated glassy carbon electrode.
As expected the peak current was found to iIncrease

with Increasing scan rate.

In the presence of KM[Fe(CN)g] in 0.2 M NaClO™, cyclic
voltammograms were recorded for varying sweep rates iIn
the range 2 mV/s to 100 mvV/s. In the range from 10
mv/s to 100 mV/s i1t was found that the peak current
for the Ru(l11)/Ru(lll) redox couple 1increased with
Increasing sweep rate. In this range it was found
that with decreasing sweep rate a new band was
starting to develop around 400 mV, as illustrated 1iIn

Figure 4.5. This effect became much more obvious at
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FIGURE 4.5. Effect of scan rdtG
Surface ~coverage : 1.2 x 10

Electrolyte : 0.2M NaClO~.
Substrate : ImM K~M[Fe(CN)d]

on substrate penetration
moles/cm? [Ru(bipy)2 (PNVICIT
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the lower sweep rates as shown iIn Figure 4.6. It was
in fact found that the intensity of the band due to
the i1ron redox couple iIncreased with decreasing sweep
rate. This suggests that we were not just looking at
the reaction of Fe(ll) with the bare electrode. If
this were the case an increase iIn peak current with
Increasing sweep rate would be observed. Instead we
are looking at a process which 1Is dependent on
migration or diffusion of the iron complex through the
polymer layer. At slower sweep rates the substrate
has more time to migrate through the film and so the
signal becomes stronger. However, we could also be
looking at some mediated oxidation of the Fe(ll) by
the Ru(ll) present in the layer. At a bare electrode,
the Fe(l11)/Fe(111) redox couple occurs at 260 mV as
opposed to 400 mV using the coated electrode. One
other point to note here is that the Fe(ll) oxidation

IS i1rreversible.

Increasing the amount of material bound to the
electrode surface approximately two-fold caused an
alteration of response for similar experiments. As
indicated in Figure 4.7, even at the lowest sweep
rate, 2 mV/s, no definite peak for the Fe(ll)Fe(ll)
redox couple was observed. The oxidation wave of this
couple appeared as a shoulder of the Ru(Cl11)/R(III)
oxidation wave. This would imply that the layer 1is

too "thick™ to penetrate through and does substantiate
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the 1dea that we are looking at a migration process of
the 1iron complex through the polymer Tfilm to the
electrode surface. Increasing the K*MFe(CN)g]
concentration to 2 mM does allow detection of the
Fe(d1)/Fe(111) redox couple which however only becomes
visible at 2mV/s. At higher sweep rates 1t appears
that the i1ron just serves to enhance the intensity of
the Ru(l11)/Ru(lll) couple. This is attributed to the
fact that the Fe(dl)/Fe(ll) couple IS not
distinguishable as a separate band; also the intensity
of the oxidation band is somewhat stronger than that
of the reduction signal which fits in with the result
that the Fe(ll) oxidation 1s 1irreversible. This
compares with studies carried out by Cassidy and co-

TQ o T4A

workers J

This type of work is quite similar to some carried out
by Doblhoffer, Braun and Lange where they
investigated the effect of Increasing the
concentration of background electrolyte to prevent
other ions diffusing into the layer. By comparison to
their results, 1t would appear that the negatively
charged iron complex [Fe(CN)g]”™~ 1is drawn iInto the
layer in order to balance out the positive charge
resulting from the oxidation of Ru(ll). Using only
0.2M NaClO™ must not supply sufficient anions (C104~)
for this purpose so the [Fe(CN)g]™- migrates into the

layer.
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Similar experiments were carried out using other
electrolytes. Using a perchlorate electrolyte at pH
of 2.0 the electrochemical response of the coated
electrodes was measured as a function of sweep rate iIn
the presence of K4 [Fe(CN)d]- In this case the peak
current was found to iIncrease with 1Increasing sweep
rate for both the ru(ll)/Ru(lll) and Fe(l)/Fe(lll)
redox couples iIndicating the penetration of the
substrate to the electrode surface, see Figure 4.8.
Another point of note is that the Fe(11)/ Fe(lll)
redox couples occurs at 300 mV indicating that i1t does
not depend on migration through the Tfilm or any
mediation by the ruthenium present iIn the Tilm. It
should also be noted that at this lower pH, the Fe(ll)
oxidation 1s reversible. This suggests a direct

reaction at the bare electrode.

Experiments were also carried out in chloride media at
pH 2.0 and pH 6.0. Considering first pH 2.0, the peak
current of both redox couples iIncreased with
Increasing sweep rate as expected. In an acidic,
chloride based electrolyte one achieves a very open
structure so anions and substrate can diffuse freely
through the  film thus allowing reaction of the
substrate Fe(ll) to react at the bare electrode.
Results are illustrated in Figure 4.9. Similar
results were obtained for a pH 6.0 chloride

electrolyte, (Figure 4.10), indicating that i1t was not
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FIGURE 4.8. Effect of scan rate on substrate penetration.

Surface coverage : 0.9 Xx 10_9moles/cm2.

Electrolyte : 0.9M NaCIO,ZL + O.1IM HCIO4.
Substrate : ImM K4[Fe(CN),6]
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FIGURE 4-9. Effect of scan rate on substrate
penetration.

O
Surface ~coverage : 1.1 x 10 moles/cnm
Electrolyte :im HCI.

Substrate : ImM Kn[Fe(CN)?;
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Figure 4.10. Effect of scan rate on substrate
penetration.

Surface coverage : 1.2 x 10 moles/cm_

Electrolyte : 0.2M NaCl.

Substrate : ImM K4[Fe(CN)0]
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just a pH effect which was observed but one dependent
on the nature of electrolyte used. In this way the
permeability of the metallopolymeric film iIs seen to
be dependent on the nature of the supporting
electrolyte 1ons. This thus determines whether a
mediated redox reaction or a reaction at the bare

electrode i1s observed.

1v.2.5 Chronoamperometric Experiments

The determination of the electron diffusion rate iIn
the Tilm has been studied. This parameter was
investigated for this system iIn the presence of a
supporting electrolyte and iIn the absence of any
substrate material. The techniques commonly used for
this purpose are chronocoulometry (charge-time plots)
or chronoamperometry (current-time plots) oL - 99
The Hlatter, also known as potential jJump, has been
employed here. This technique has been widely used to
determine the charge transport rate, defined by the
apparent diffusion co-efficient, DCT, 11n polymer
coatings. The charge transport can be controlled by
1) hopping of the electrons between neighbouring
oxidized and reduced species, 2) diffusion of the
counter-ion In the layer or 3) movements of polymeric
chains. Values of DCT (or more precisely those of
DCTh2C, C being the concentration of electroactive

sites In the coating) are obtained by stepping the
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potential between two limits which are dependent on
the redox couple iInvolved. The resulting 1-t
responses are transformed according to the Cottrell

equation 11 ,

I = n FADct1s2 CT\ _1/2 t -1/2 (@)

to give, 1i1deally, a straight line or a large straight

line component.

RESULTS AND DISCUSSION

The chronoamperometric response was recorded for both
the anodic and cathodic processes In two different
electrolytes with different pH values. The potential
was stepped from 0.3 V to 0.9 V for the oxidative
process and from 0.9 V to 0.3 V for the corresponding
reductive process. The current was recorded as a
function of time on a digital oscilloscope. The use
of short-time data is limited by the rise-time of the
potentiostat-cell system and uncertainties in
correcting the total measured current for the non-
faradaic current attributable to double-layer charging
was carried out by repeating the potential step
experiment in a region where the electroactive species
contained iIn the polymeric film was unaffected 1i.e.
from - 0.2 V to + 0.4 V and + 0.4 V to - 0.2 V for

oxidation and reduction respectively. The currents
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observed for these last experiments were then
subtracted from those observed for experiments
involving the actual redox couple to give a value only

for the faradaic current.

Experiments were carried out using glassy carbon
electrodes coated with different amounts of the
electroactive species, [Ru(bipy)2 PNVICI]CI. The
surface coverages were calculated by running cyclic
voltammograms before the potential jJump experiments.
Integration of the area under the peaks allows
calculation of these coverages , results of which are
indicated in Table 4.3. Surface concentrations can
also be calculated from the potential jump experiments
from he values of total charge passed. However, large
discrepancies were found using the two methods, as
illustrated in Table 4.3. Values were consistently
found to be smaller using the latter method indicating
that only part of the layer was active during the
potential jump experiments. Differences were found to
be greater where higher surface coverages were
involved which would be expected as thinner layers

would facilitate electron transport in the film.

Values for the diffusion co-efficients studied under
different experimental conditions and calculated from
the slopes of the 1-t plots for anodic and cathodic

reactions have been given iIn Table 4.3.
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Typical chronoamperometric responses obtained have
been i1llustrated in Figure 4.11 (@&, ® ., (©, ad
(d. It is evident from the examples given that there
iIs more deviation from the "linear" Cottrell plots
when 0.2 M NaCIO™ at pH 6, Is used as the supporting
electrolyte. This can be explained by the fact that
iIn a more acidic (pH 2) electrolyte the polymer film
presents a more open, swollen structure thus
facilitating electron transport. The  chrono-
amperometric results tend to support the contention
that 1on transport within the polymer layer is the
rate determining process, at least for a significant
fraction of the reduction or oxidation time. The
degree of polymer swelling and thus the nature of the
solvent should therefore impact significantly on the
electrochemical response time. Here, by realising the
variation 1In response with different electrolyte,
important information is gained with respect to film
permeability which 1s of particular iInterest 1In
relation to the evolving theory of mediated
electrocatalysis, examples of which will be

illustrated 1In a later chapter.

Comparison of the responses fTor different Tilm
thicknesses studied showed significant variations.
Decreased Tilm thickness resulted iIn more linear
Cottrell plots, the linearity being a desirable
feature of the system as the slopes of the plots would
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be more accurate with less deviation from linearity.
This has important consequences iIn the determination
of the diffusion co-efficients of the electrons iIn the
film; more accurate slopes will give more
representative values for De. As illustrated in Table
4.5 values of DO, calculated using equation (1) were
found to be of the order of magnitude of 10--*<%ors-1.
In the pH 2 electrolyte the average values of De were
found to be 1.98 X 10~® cm2 s-~ and 2.39 X 10*-"-°an 2
s-~ for the oxidation and reduction processes
respectively. In the pH 6 electrolyte the average
values of De were found to be 1.84 X 10--~ cm2 s-~ and
0,91 X 10-1® cm2 s-~ for the oxidation and reduction
processes respectively. These values parallel in
magnitude those found previously for poly-

4(vinylpyridine) analogues as was expected

It should be noted that each of these experiments was
carried out iIn duplicate and very good agreement was
found between similar experiments. With this i1n mind
the values calculated can be considered representative

for the system under investigation.
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FIGURE 4.11(b).

0.725 1.451 2.175 2.901
£ -L
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M = —7.36547669 E-05As1/2.
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FIGURE 4.11(c)-

Cottrell plot fTor reduction of [Ru(bipy)2(PNVI)CI]
0.9 M NaCl04 + 0.1IM HC1(M4.

Vertical :© 1.48972973 E-04 Ampere/cm.
Horizontal : 2.90125764 sec '2/cm.
M = 6.63829114 E-05 A.s"/2.
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M = 3.28096003 E-05 A.s /2.
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Table 4.3 - Results of Chromoamperometric Experiments

@
T Ru
EXPERIMENT (X 108)
NUMBER mol cmA

1. 4.13
2. 3.38

3. 2.1
4. 1.27
5. 2.77
6. 0.87
7. 3.07

8. 1.8
0. 2.19
10. 2.7
11. 0.69
12. 1.08
13 . 1.63
14. 1.77
15, 0.7
16. 0.68

(1D Represents

the

(2)
I

Ru b~

X 109) (X 108)
mol cm~2 s"mol cm-2
4.32 1.79
4.8 2.03
4.6 1.86
4.85 1.685
6.0 2.225
7.45 2. 62
7.71 2.445
4. 59 1.88
5.3 2.29
3.49 1.42
3.35 1.215
4.24 2.423
2.4 0.86
3.69 1.32
2.51 0.73
1. 37 0.73
calculated fTilm thickness

the area under the cyclic voltammogram.

a
D,

(X 1010)
mnzs'&

1.79
2.03

2.225
2.62
2.62
2.445
1.88
2.29
1.42
1.215
2.423
0.86
1.32
0.73
0.73

from

(@ Represents the film concentration determined from

applied charge passed (indicated from potential
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Jump experiment).

(3 Experiment 1 -> 4 oxidation process at pH2.

(0.9M Na C104 + 0.1M HC104).

5 -> 8 reduction process at pH2.

9 —> 12 oxidation process at pHs6 .

(0.2M Na C104).

13 —> 16 reduction process at pH6 .

a: De 1i1s equivalent to DCT and was calculated

according to equation ().
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IvV. 3 CONCLUDING REMARKS

It has been illustrated here that the prepared
ruthenium based poly-N-vinylimidazole polymers exhibit
electrochemical properties common to other systems,
including electrolyte, pH and sweep rate dependence.
It has also been shown that these materials are
somewhat less adherent under certain conditions than
their polyvinylpyridine based analogues. This
property could therefore limit their applicability to,
for example, mediated electrocatalysis. This will be
discussed iIn detail in Chapter 6. In relation to
this, the addition of K4[Fe(CN)6] did provide some
interesting results. Of particular interest is the
observation of a mediated oxidation of Fe(ll) 1In an
electrolyte which provides a closed polymeric
structure. This implies that, for this case, the iron
() was oxidized in the layer and not at the bare
electrode. The 1irreversible nature of this mediated
oxidation i1s also an important feature to note. The
problems associated with choice of electrolyte for
these systems i1.e. iIn relation to layer stability, are
a most important consideration as has been
i1l lustrated. The chronoamperometric experiments
served to illustrate different Tfeatures. One
important result was the difference in values of 1 Ru
obtained using different methods, indicating that the

whole film is not oxidized or reduced in the process
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as would be expected for short times.

As previously mentioned values of De obtained are
similar to those obtained for poly(@-vinylpyridinium)
analogues Here, Doblhoffer and co-workers

estimated the electronic diffusion co-efficient to be

10~12 to 10-11 cm2 S-=2*
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CHAPTER Vv

Photochemical Properties of Synthesised Ruthenium

Containing PoXy-N-Vinylimida.zole Polymers
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V.1 INTRODUCTION

The intensity of 1interest iIn the chemistry of
bipyridyl complexes of ruthenium has been largely
generated by the use of these complexes as
photocatalysts iIn the photodissociation of water by
visible light “ 5. Because of this and other
potential applications, for example, iIn electrochromic
devices © the photochemical properties of these
metaii1opolymeric systems have been the subject of a

great deal of research.

I order to construct an efficient photochemical
conversion system, the use of a heterogeneous reaction
IS desirable, since photochemical vreaction 1In a
homogeneous solution usually accompanies the backward
reaction which consumes the photochemically acquired
energy. Thus the backward reaction could be hindered
iIT the reaction products could be separated from each
other by using a heterogeneous system. With this 1iIn
mind, the incorporation of the photochemically active
component, such as, [Ru (bipy)3]ni , onto a polymer
support must be considered to be a useful way to
immobilize the complex as an alternative approach to
other methods i1ncluding monolayer assemblies J and

micelles 11

Polymeric complexes of ruthenium ({I1) and their
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monomeric analogues represent a class of such
materials which have undergone a lot of study iIn this
regard " 2@. Ru( 1l )bis (bipyridyl) complexes
have®been bound to polymeric backbones N~ N

including poly-4-vinylpyridine and the photochemical
properties of these systems have been .iInvestlgated
both in solution and as Tilms on the electrode
surface. Kelly and co-workers ” prepared a series of
bis (bipyridyl) pcly-4-vinylpyridine ruthenium ()
complexes and studied the photoreactions of these
materials iIn methanol solutions. It was concluded
from IT//vis spectroscopic studies that these complexes
underwent photosubatitution reactions , This
feature did unfortunately iIndicate the unsuitability
of these materials as solar energy converters. The
phot.osubstitution reactions observed by Vos and co-
workers, have £een studied m solution and as

coatings on an electrode surface

In the latter case, photochemical ligand exchange can
be detected as the redox potential changes markedly
with photosubstitution. This i1s Important where the
coating 1s to be used to protect photoanodes or to
catalyze a redox couple. The photoprocesses, as
illustrated iIn equation 1, were Tfound to be
irreversible. This offers the possibility of

information storage.
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Equation 1

[Ru(bipy)2CI(PVP)] hV +L > [Ru(bipy)2L(PVP)]2+ (@)
electrolyte
Such photosubstitution processes can be rationalized
by assuming that under 1Irradiation “MLCT to an
empty ligand based T¢* orbital takes place, and that
via intersystem crossing a MLCT becomes occupied.
Since this state is iIn thermal equilibrium with an
antibonding ligand field state, the Ru-ligand bond 1is
weakened and the photosubstitution is facilitated A0
Also 1t has been observed, for experiments carried out
with modified electrodes, that the nature of the
photoproduct depends strongly on the electrolyte 1

This allows the synthesis of a range of new

materials, that can not be prepared by thermal means.

The preparation and photochemical behaviour of
polystyrene pendant tris(bipyridyl) ruthenium (I)
complex, [Ru(bipy)3]71, has also been studied '!
Analysis was carried. out using U.V./visible
spectroscopy. The authors also examined the catalytic
activity of the ruthenium (II) polymeric complex
towards the photoreduction of methyl viologen (W' )
where the photochemical formation, of MV+ was followed
spectroscopically. The study of photoelectrochemical
cells in relation to photoresponses has also been, the

subject of Interest. A  photoresponse, as a
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photocurrent, 1i1s obtained as a consequence of the
electron transfer between the excited state of the
photosensitzer, for example [Ru(bipy)3]'*, in the film
and redox quenchers either i1n solution or incorporated
in the film. A typical example of the type of process
involved 1s i1llustrated in Figure 5.1

FIGURE 5.1. Schematic diagram illustrating the

photocatalytic properties of a
modified electrode.

ctrode Coated Layer Solution

When the electrode 1s coated with the Ru complex
however, the [Ru(bipy)3]"QI formed by the photoreaction
can. react at the electrode. Meyer and co-workers have
illustrated a photoelectrochemical cell based on
electiron transfer quenching of the excited state
[Ru(bipy)a]g‘L in which visible photolysis gave 0? and
an appreciable photocurrent was obtained 22. They
also described the design of a photoelectrochemical
cell based on the irreversible oxidative quenching of

the excited state [Ru(bipy)3 ]2+ by [C o ( )3] - In
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the former of these two systems, the photochemical
production of [Ru(bipv)s3 |3+ was coupled with oxidation
of Fe2+(ag) to Fe™t(ag) In a second compartment which
occurs with the production of appreciable
photocurrents. With regard to the photochemical
splitting of water, the experiment indicated that such
photoelectrochemical cells have the distinct advantage

of the component half reactions,

2H* + 2e~ — > HoQ @)

and H2G -—> 2H+ + 2e" + 1/202 (©))

to be studied separately.

A photoelectrochemical cell which accomplished the
reduction step, 2H+ + 2e~ --> 112 (2 had previously
been reported Here the authors describe the
operation of a cell iIn which the oxidation, H?0 —
2e~ H 2H+ + /2 Op (@) 1is driven with quite high
efficiency following visible photolysis. There are
several examples vreported iIn r.he Iliterature where
photoresponses have been obtained from Ru(ll)-2,2 *-
bipyridine chromophores bound in thin Tfilms. One
application is based on the known quenching of the
metal to ligand charge transfer (Q(LCT) excited state
of [Ru(bipy)3] by methyl viologen (MV2+). In
solution the overall quenching scheme involves

excitation,
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[Ru(bipy) 372+ [Ru(bipy)3]2+* (4)
and bimolecular quenching,
[Ru(bipy)3]2+* + MV2+ ———— > [Ru(bipy)3]3+ + MW+ (B)

The recombination step limits such schemes to
transient energy conversion and storage. In an
electrode-bound film, electron capture reactions
inhibit the backward process, in this way preventing
the infusion of the photochemically acquired energy
into the backward reaction.

Meyer and co-workers ' °°

have reported the
photophysical ad. photochemical properties of
Ru(l1)-bipy chromophores attached to a relatively
short chain poly-4-vinylpyridine polymer.
Photoeffects were also observed with this polymer

adsorbed on electrodes 1iIn the presence of the

irreversible oxidative quencher [Co(C204)3]9‘. Oyama
and co-workers 26 have studied photacurrent generation
of graphite electrodes coated with polymer Tfilms
confining tris( .2 "bipyridyDruthenium(ll) and
viologen. It was found that under illumination, the
electrodes exhibited photocurrent responses in contact

with aqueous solutions containing only supporting
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electrolyte. In this situation Nafion was used as the
supporting film for incorporation of [Ru(bipy)3T* and

methylviologen chloride on the basal plane graphite.

The polymer complex, [Ru P(St-Vbipy)(bipy)3]’*, where
P(St-Vbipy) 1is polymerised styrene vinyl bipyridyl,
has also been wused 1In the production of a

o |
Q- Results

photoresponse in the presence of MV
indicated that excitation of the ruthenium complex was
responsible for the photoelectrochemical process as 1iIs
to be expected. Kaneko and co-workers no have also
carried out a preliminary study o1 the photocurrent
produced by a carbon electrode modified with a
polyanion layer containing the [Ru(bipy)3]* complex.
Irradiation of a bare electrode in a mixed solution of
[Ru(bipy)3F* and MV’* vyielded no photoresponse.
However, with electrode modification a photoresponse
was observed. It was considered here that the
photoactive electrochemical system can be applied iIn
solar energy conversion systems as a kind of
photodiode. The Tact that photochemical processes
between two compounds can be utilized to obtain
photoresponsive electrodes i1f the reaction components
are coated on the electrode as a membrane has prompted

further work by Kaneko®s team °™ .

Graphite electrodes
were made photoresponsive by coating with bilayer
membranes of Prussian Blue and polymer pendant

[Ruibipy™] ' . The photocurrent, which was induced by
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irradiating the coated electrode, was fTound to be
proportional to the applied potential and also the
light Intensity. Major processes for the photocurrent
generation iIn this system concern the excitation of
the ruthenium complex, and the role of Prussian Blue
as an electron mediator has been suggested. Murray
and co-workers have carried out similar studies "Q
with platinum electrodes coated with
[(bipy)2Ru(PVP)2 12+, iIn the presence of MV2+, a
cathodic photocurrent was generated - It was
however small In magnitude, but It was enhanced by the
presence of 02. Although a photocurrent was
generated, the photochemical cells used were not
considered as energy conversion devices but rather as

booster cells where H2G2 is produced by electrolysis.

Krishnan and co-workers ol have described a
voltainmetric study of 1irradiation of n-type tin(1V)
oxide modified with Nation Tilms containing
[Rulbipy”™] ni . The spectral response of the sensitized
photocurrent was found to be the same as the
absorption spectrum of the "ruthenium complex. The
anodic pnotocurrent at the absorption maximum was
found to be higher forthin films than for thicker
films. They also examined the quenching of the
luminescence of incorporated [Ruibipy”] - by solution
species with different permeability and at different

oxidation states of the ruthenium complex.
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The effect of film thickness and the magnitude of the
photoresponse has been 1i1nvestigated by Cosnier an
They used platinum electrodes coated by
electropolymerized polypyridyl complexes of Ru(ll)-
co.ntai.ning pyrrole groups and as an external quencher,
4 methyibenzendiazonium tetrafluoroborate. It was
found that after a limiting value of photocurrent was
reached. This situation compares well with the effect

of Tilm thickness with redox polymer electrodes In

electrochemical catalysis

The direct electrochemistry of cytochrome C at a
surface-modified gold electrode was used as the source
of reducing equivalents for a membrane enriched 1iIn
photosystem 1 These researchers have suggested
that faradaic electrochemistry is well-suited to the
investigation of heterogeneous electron transfer In

complex biological systems. Upon illumination of the

coated electrode, a  photochemically generated
reduction current was  observed. This  work
demonstrates how it IS possible to unite

photosynthetic and electrochemical electron transfer

systems.

Another i1mportant photochemical property of some of
these modified electrode systems is electrogenerated
chemiluminescence (ECL) . Rubinstein and Eard have

studied Nafion-coated electrodes and electrogenerated
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chemiluminescence of surface attached tris(2,2"-
bipyridine) ruthenium (I1). Upon applying a positive
potential to the electrode iIn an aqueous solution
containing oxalate 1ions, a very intense, constant
light emission identified as the Qluminescence of
[Ru(bipy)3]94’*, was generated. Similar studies, were
carried out by Abruna and Bard E(i , Where they prepared
a chemiluminescent polymer based on a tris@-vinyl-
4"methyl-2,2 "-bipyridyl) ruthenium (1) system. ECL
was observed In MeCN from a platinum electrode coated
with a polymer fTilm of the above-mentioned system.
Pulsing between +1.5V and -1.45V ECL was found to
decay iIn this example and this was attributed to
generation of some electroinactive products in the
polymer Ffilm - as determined by running cyclic
voltammograms before and after the ECL experiment.
[Ru(bipy)3]9‘i has been 1incorporated into polymerised
2,2"-bipyrazine and ECL studies were carried out 1iIn
the presence of oxalate ions, pHe 3 . The reaction

sequence involved is i1llustrated iIn equations 6-9.

[Ru(bipy)3]2+ --> [Ru(bipy)3]3+ + e" ()

[Ru(bipy)3]3+ + tC2047]2 - > [Ru(bipy)3]2+ + CO2
+ CO2~ @

C02_ + [Ru(bipy)3 j2+ — > [Ru(bipy)]3+ + CO2 @)
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[Ru(bipy) 13+ + [Ru(bipy) 313+ —> [Ru(bipy)s]2+* +
[Rubipy)s]2+ (9

The oxalate 1ons appeared to have rapid access into
the film and ECL was observed. A luminescence probe
has been used for measurements of electron-exchange
rates in polymer films on electrodes

Photoluirdnescence experiments in. which the electron
exchange rate i1s related to the rate of quenching of
an exciton iIn a bimoleciilar encounter, were carried
out using [Ru(bipy)3]2+ 1mmobilized iIn a layer of

sulfonated polystyrene.

Ellis and Meyer ~ have prepared polystyrene-coated
platinum electrodes with incorporated [(bipy)9 Ru(b~
phen NH2)]°*e For these modified electrodes emission
was observed but was quenched when the redox sites
were oxidized electrochemically or chemically to
Ru(ll). Complete quenching was also obtained in the
presence of excess Ce(lV). Partial regeneration of
emission does occur by re-reduction of redox sites 1In
the film to Ru({ll) by electrochemical means..
Rajeshwar and co-workers ~ have studied the
photoelectrochemical oxidation of halide 1ons at
naked, catalytically modified and polymer-coated n-
cadmium sulfide electrode n aqueous media.
Photoanodes were prepared from n-cadmium sulfide

stabilized in CI” or Br- containing agqueous media
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through the use of catalytically modified polymer
coating. RuC™ was used as the catalyst iIn a polymer
matrix comprising a polystyrene backbone with pendant

[Ru(bipy )3 ]2T moieties.

Ferrocenophanes have been suggested as effective
catalysts in the photoelectrochemical hydrogen
evolution from acidic aqueous media

Ferrocenophane does catalyse the evolution of hydrogen
from acidic media where this reaction would otherwise
be i1nhibited by overvoltages. This can also be
effected by i1llumninated p-type silicon cathodes and
continuous hydrogen evolution <can be observed.
Deposition of the polymer p-type silicon produces a
permanently modified and photoelectroactive cathode.
It was found that when connected to a platinum anode
the i1llumination of this photocathode lead to
liberation of hydrogen at a more positive potential
than for 1its evolution on shiny platinum under the
same conditions* No loss iIn activity was obtained on

continuous irradiation.

The design of electrochromic materials represents
another important area with respect to the
photochemical properties of some of these redox
systems. The crucial properties of electrochromic
materials are, the colour (colours) 1involved, the

change i1n absorptivity per unit charge passed to



effect the colour change, the speed of switching from
one colour to another and the durability of the
electrochromic material. There are several reported
examples in the literature of systems which can and
have been applied to the design of electrochromic
devices. Lacaze and co-workers ™ have prepared poly-
N*-vinylcarbazole modified electrodes and i1t was found
that the colour can be bleached by electrochemical

reduction.

This Dbleaching process was found to be more
pronounced In the presence of tetrafluoroborate 1ions
BF?)" than i1n that of hexafluorophosphate i1ons
PFg)~ or in tetrabutylammoniumperchlorate.
Bathophenanthrolinedisulfonate and other polycations

for example, poly(N-methylpyridinium iodide) have
been wused for electrode modification. These
electrodes could be used for an electrochromic device,
the colour change being from red to transparent and
the system exhibited excellent stability. The same
research group has prepared polyviologens-
poly(styrenesulfonate) modified electrodes d . The
change of the colour of the polymer film on electrodes
was from red to pus:ple. Kaufman and co-workers have
prepared thin-film electrochromic materials which were
found to change colour reversible with good switching
speed and with, no degradation of materials Elliot

and Redpenning studied the stability and response
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of multicolour electrochromic polymer modified
electrodes prepared fTrom tris(5,5"- dicarboxyester-
2,2bipyridine) ruthenium (I). This system yielded
polymer modified electrodes with multicolour (7
colour) electrochromic properties. The  system
exhibited rapid electrochemical responses through the
seven oxidation states. From these examples it can be
seen that these redox systems have several different
potential applications which will be further exploited

in the future.

In this laboratory the synthesis and analysis of the
photochemical properties of some poly-4-vinylpyridine
complexes of ruthenium (1) ™ -~ My main
interest has been iIn poly-N-vinylimidazole complexes
of ruthenium (11). In this chapter, 1t will be shown
that these synthesised materials exhibit interesting
photosubstitution properties. They can however, under
the right conditions, also be used for the generation
of appreciable photoresponses iIn the presence of

suitable external quenchers.
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V.2 RESULTS AND DISCUSSION

V.21 Photoelectrochemical Properties of Poly-N-

Vinylimidazole Based Metallopolymers

The photochemical properties of the synthesised
polymeric complexes were = 1nvestigated by
electrochemical means. Photolysis was carried out on
thin films of the PNYlI based metallopolymers 1iIn
different electrolytes. It was hoped that results
obtained would indicate a potential application of
these systems in solar energy conversion oOr

information storage devices.
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Photolysis in 1 M H2S04

[Ru(bipy)2 (PNVI)CI]+ (sample ©) was photolysed in
IM H2S04 . The half-wave potential of the starting
redox couple was found to occur at 570mV (Table 3.2).
On photolysis, the intensity of this band was found to
decrease with the development of two new bands
indicating the presence of two new materials. These
bands are found at 730mV and 540mV as shown in Figure
5.2. It was found that within a few minutes an
equilibrium situation was reached with the peak
heights of the newly-formed bands remaining the same.
The photosubstitution process was slowerwhen the
electrode was continuously cycled through the
oxidation potential during the photolysis. IT the
electrode, still in solution, 1is subsequently placed
in darkness total conversion tc a single species at
730 mV, with no loss of product from the electrode
surface, was observed, as illustrated In Figure 5.3.
On re-irradiation of the coated electrode the system
was found to revert back to theequilibriumsituation
with two redox couplesThe conversionsfrom one
state to another were found to be fast and reversible.
Clearly the species at 730 mV 1s more stable In the
dark while the species with a redox couple at 540 mV
Is stabilized by photolysis. By comparison with redox
potentials obtained for similar metallopolymers and

with model compounds the species having a redox couple

154



FIGURE 5.2

Photochemical reaction of sample C in 1IMH2r4 *
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FIGURE 5.3.

E vs SCE (mV)

Cyclic voltammogram obtained after leaving the
irradiated the electrode- of Figure 5-2. in
the dark for several minutes..
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at 730 nV was 1identified as [Ru(bipy)2 (PNVI)H20 .
The development of a second redox couple at 540 mV 1s
possibly explained by the formation of a
photostabilized sulphate complex [Ru(bipy)”™(PNVI1JSOM]
by comparison with results obtained previously by

10
Haas, Zumbrunnen and Vos X .

Results obtained here indicated that this system could
be used for iInformation storage or switching devices.
In the former case the electrode remembers whether it
has been 1irradiated or not, as determined by cyclic
voltammetry. In the Jlatter <case the Tast
interconversion process implies the possibility of
being able to "switch"™ from one situation to another
without any difficulty. [Ru(bipy)9 (PNVI)2] (sample
E) was photolysed in 1M H2SOM. This leads to the loss
of the electroactive centre from the electrode
surface. This could suggest that both the polymeric
units are substituted thus causing the loss of the
ruthenium based ligand from the electrode surface -
ice. the material Dbreaks up completely. The
photochemical behaviour of the aquo complex
[Ru(bipy) 2(PNVI )H20]21°, as prepared by photolysis of
the chloro complex in 1M KCIO®, was also investigated
in 1M As was expected the equilibrium
situation already mentioned and i1llustrated in Figure

5.2, developed immediately.

157



Photolysis in 1M HCION

[Ru(bipy)2 (PNVI)C1]+, sample C, was photolysed in 1M
HCIO™. It was found that this material does undergo a
quantitative conversion to the aqua species with a
redox potential at 750 mV as 1illustrated iIn Figure
5.4. Thi.s provides a very useful method for the
preparation of the aqua complex and allows the study
of [Ru(bipy)2 (PNVI)H20]2+, a material which cannot be
prepared easily by other means. When
[Ru(bipy)2 (PNVI)2 ] sample E was photolysed i1n 1M
HCIOA, the fTilm was found to be photostable with no
formation of any new products and no loss of product
from the electrode surface. As no photosubstitution
was observed here the complex might have interesting
properties as a photosensitzer under these conditions.
This will be discussed In a later section. The
photostability of the PNVI based material, iIn this
electrolyte, seems to be greater than observed for the
analogous PVP based metallopolymer [Ru(bipy)2 (PVP)]9~'°§

18

Photolysis in CHoCN/O.1 M TEAP

Photolysis of [Ru(bipy)2 (PNVI)C1]+ in CH3CN/.IM TEAP
leads to loss of the electroactive centre from the

electrode surface. This was an unexpected result and

was contrary to other similar experiments using this
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FIGURE 5.4.

(mV)

Photochemical reaction of sample C i1n 1M HCIO.
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electrolyte using polyvinylpyridine based analogues.
Photolysis of [Ru(bipy)p®NVI)2] in the above
electrolyte also lead to the loss of the electroactive
centre from the electrode surface. This rules out the
use of these materials 1In solar energy conversion
systems under these conditions. The photoproduct
[Ru(bipy)2 (PNVI)H20]2+ was also i1nvestigated. On
immersion into CH3CH two redox couples were observed
immediately. The first which occurred at 1010 mV was
attributed to the aqua species; the second couple
occurred at 1155 mV was attributed to the formation of
the H3CN complex JRu@ipy)2 PNVI)(CH3ICN)]J2+ 14 and
the- intensity of this band was found to iIncrease with
continuous scanning. The peak height of the first
couple experienced a corresponding decrease. However,
on irradiation, the CH3CN species was found to be
unstable and the peak height was found to decrease.
The aqua species was photostable and the peak
intensity was found to iIncrease correspondingly. It
was also observed that there was a loss of jjroduct
from the electrode surface on continuous scanning 1In
this electrolyte as determined by integration of the
area under a cyclic voltammcgram. The above features

are i1llustrated in Figures (G.5) to (6.6).
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FIGURE 5.5.

0 . 500 1300
E vs SCE (mV)

Cyclic wvoltametric response of Sample C iIn
CH3CN / 0.IM TEAP .
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FIGURE 5.6.

500 1300

E vs SCE (mV)
Photolysis of Sample C in CHYXCN / 5.1 M TEAP .



v.2.2 Photosensitizing Properties of Poly-N--

Vinylimidazole Eased Comp3.exes

The 1nitial experiments iIn this section were carried
out using the external quencher, paraquat (or methyl
viologen W™ ). The material used to coat the
electrode surface was [Ru(bipy)2(PNVI)2J2+- The
supporting electrolyte must satisfy certain criteria;
the metallopolymer must be stable iIn 1t, particularly
under 1irradiation, the quencher must be soluble in it
and the electrolyte must penetrate the layer well.
Overall a perchlorate based electrolyte would be most
suitable but for methyl viologen a sulphate based
electrolyte was used to facilitate the second of the
above conditions. By using this electrolyte the
stability of the layer had to be compromised. The
electrode potential was set at 0.3V - here the
ruthenitum was maintained In an oxidation state of 2+.
Under irradiation a photoresponse, in the form of a
photocurrent, was obtained as illustrated iIn Figure
5.7. The magnitude of the photocurrent was found to
be 10jiA/ar*-. This was found to decrease with time;
and from cyclic voltammograms run before and after the
experiment this decrease was attributed to the loss of
the electroactive centre from the electrode surface.
Typical magnitudes of the photo currents obtained 1In

the literature are of the order of 10-100 )iIA/ce as
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Figure 5.7

Photoresponse of an electrode coated with 2.8 x 10~-® moles/cm2

of [Ru(bipy)2 PNVI )2]
Electrolyte :0.914 Na”S04 + 0.1M H2S04 -

Substrate : 2mM wMv2~ .,
fRU(BPY) a(PNVI) 232+ hv A tRu( BPY) 2 (PNV1) 2i2+*
ERU(BPY) 2 (PNV!) 2]2+" - MV2+ ty [Ru(BPY) 2(PNVI) 213+ + MV4
[RUCBPY) 2 CPNVI) 2J3+ s~ tRu( BPY) 2 (PNVI) 2)2+
LIGHT OFF LIGHT ON

(-ve-)
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hes, been found here. However the instability of the
film iIn this sulphate electrolyte does [limit the
viability of potential applications of this system.

For this reason, other electrolytes were used.

By comparison with work carried out by Murray and co-
workers i1t was decided to iInvestigate the use of
oxalates as external quenchers °9. Using these
materials allowed the use of perchlorate based
electrolytes which are more amenable to the stability
of the metallopolyir.eric coating. The system was
investigated as a function of film thickness and

quencher concentration.

The photoresponse was first studied using
[Fe(C204)N]3_ - It was found that the photocurrent.
rose and reached a steady-statevalue quickly. The
high current level could be maintained for a few
minutes but was found to decrease with time as
illustrated 1In Figure 5.8, This decrease was
attributed to the irreversible loss ot Fe.fl] - from
oxalate or possibly the reduction of [Ru(bipy)j i by
released oxalate which 1s 1In competition with
diffusion of substrate to the electrode as was

previously found by Murray et al 9.

This typical type of response obtained has been

illustrated In Figure 5.8. Equation 10 --> 13 explain
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Light on Light off

9 100nA

99T

IMinute

Figure 5.8

T .
Photoresponse of a glassy cagbon electrode coated with 2-4x10QmoIe£/cm [RJ(b-EEy),Z,(H\kﬂ)']
Substrate : O.0OIM [Pe(~204)3J _in 0.SM NaCl0o4 + o.IM HCiO4

a] — Gi *av x



the series of reactions involved. in this

photoresponsive system.

[Ru@ipy)2 PNVI)2]2+, -——> [Ru(bipy)2 (PNVD2]2+* (10

[Ru@ipy)2 PNVI)2 J2+*, [Fe(C204 )3 ]3-——>
[Ru@ipy)2 PNVI)?13+

[Fe(C204)3]4" (@N))

6H20 + 6H4 + [Fe(C204)3)4'" ——>
[Fe(H20)6]2+ + 3H2C204 (12)

e —

[Ru(bipy)2 P\WI1).2]3+ — > [Ru@ipy)2 PNVI)23 (@)

For this system, different experimental parameters
were varied including the film and quencher
concentration. This work 1i1s similar to studies
carries out by Cosnier and co-workers who investigated
electrodes coated with polypyridyl complexes of
ruthenium(l 1)-containing pyrrole groups in  the
presence of 4-rnethylbenzenediazonium tetrafluoroborate
as external quencher 32. Results obtained from our
studies are given in Table 5.1. The data show that up
to a limit, an 1increase iIn Tilm thickness and an
Increase In guencher concentration result 1In an

increase in the photocurrent. It must however be
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Table 5.1 Photoresponse as a function of Ffilm

thickness and substrate concentration.

[Hu] [Fe(C204)33 ] iphoto
moles/cm2 moles/L pA/cm2
1 X 10~3 0.21
2.8 X 109 5 X io~3 0.32
1 X o= 0.32
1 X 10«3 0. 22
5.6 X 10"9 5 X 10~3 0.27
1 x 12 0.286
1 X 10-3 0.47
1.3 X 10-8 5 X 103 0.5
1 X 10~2 0.57
1 X 10-3 0.39
2.8 X 10"8 5 X 10~3 0.42
1 X 10“2 0. 40
1 X 10-3 0.57
5.2 X 10“8 5 X 10-3 0.494
1 X 10~2 0. 41
1 X 10-3 0.76
8. x 1o 8 5 x 10~3 0.704
1 x 10~2 0.565
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noted that the results cannot be treated
quantitatively. This 1s due to the fact that the
light source 1i1s not consistent - light from a
projector i1s reflected from a mirror onto the
electrode surface so obviously the position of the
lanp and mirror are crucial but not one hundred per
cent reproducible. For this reason, any results
obtained can only be treated in a qualitative fashion.
It was also observed that thinner films gave rise to a
faster attainment of the plateau current state as
illustrated In Figure 5.S. This effect wasalso
observed when Cobalt oxalate was used as a substrate.
For this substrate similar photocurrents were obtained
as for [Fe(CiO4)3]jF' but 1t took a longer time to
achieve their maximum value. Apart from the
disubstituted complex, [Ru(bipy) 2 (PNVI)C1]+ was used
but iIn the presence of ferrous oxalate as external
quencher, no photocurrent was observed,, Only a slight
deflection of the pen resulted and was attributed to
the presence of trace amounts of disubstituted complex
as confirmed by cyclic voltammetric studies. The use
of the aqua complex, [Ru(bipy)2 (PNVDKX20F"*, for this
purpose was also studied andagain no photocurrent was
observed in the presence of suitable quenchers. No
photocurrent was observed substantiating the
conclusion that the photocurrents obtained were a
result of the irreversible oxidative quenching of the

excited state of the ruthenium polymer by the quencher
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@)

1 Minute

(b)

- i
FIGURE 5.9. Effect of surface coverage on photoresponse.

(@ Surface coverage = 1.5 x 10 Qmoles / cm
Substrate concentration = 2.0 x 100 tnoles/L.

() Surface coverage - 2-4-X 1078 moles /cm ™2
Substrate concentration =2-0 X 10%moles/L—

ELECTROLYTE : 0-9M NaClO™ + w.1*1 BC104_
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which diffuses in the film. Another parameter which
was varied during the course of these experiments was
the potential at which the electrode was held. It was
necessary that the electrode be maintained at a
potential where the ruthenium iIs In the 2+ oxidation
state so it was varied between +0.2V and -10.5v. It
was found that a maximum current was observed at +0.3V
so this potential was used for all other experiments
In this section. The effect of electrode rotation on
the photocurrent response was subsequently
investigated. It was expected that electrode rotation
would lead to an 1iIncrease iIn photocurrent but the

opposite effect was observed.

The only possible explanation which | could propose
for this strange effect was that as the light is
reflected from a mirror through the solution onto the
surface, the swirling motion of the electrolyte due to
electrode rotation does in fact decrease the amount of
light reaching the Tilm. IT this were true the
photocurrent would be expected to decrease with
Increased rotation speed. This effect was observed
and i1s i1llustrated in Figure 5.10. To iInvestigate the
true effect of electrode rotation on the
photoresponse, an optically transparent electrode
would be required, so that irradiation can take place

through the electrode from the top.
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' 000rpm
100nA

¢ 400rpm

200rpm

Figure 5.10 Effect of rotation speed on the
magnitude of the photoresponse.

Surface coverage = 2.4 x 10 ° moles / an?

Substrate concentration. = 0.0ImM [Fe(C,,0. )J ™ 0.S M NSCI
‘ +0.1M HCI.

Electrode potential = 0.3 V.
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Although the nature of these studies has only been
qualitative it has been demonstrated that this system
can be wused in the generation of a photocurrent.
Increases in film thickness and quencher concentration
give rise to an increase in photocurrent produced, up
to a certain limit of film thickness. Decreases in
the magnitude of the photoresponse is primarily
attributed to the substrate being irreversibly used up
and not due to the loss of metallopolymeric film from
the electrode surface as determined by cyclic
voltammetry. The unexpected result relating to the
effect of electrode rotation has already been
mentioned and explained to some extent. The
significance of optimizing the light source 1iIn this

system and cannot be overemphasised.
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V.3 CONCLUDING REMARKS

The work discussed 1in this chapter has 1illustrated
some of the interesting photochemical properties
associated with the synthesised materials with a view
to some potential applications. One of the most
interesting reactions was the photolysis of
[Ru(bipy)2 (PNVI)C1]C1 in sulphuric acid leading to the
formation of two photostable products. As explained
this, system could possible function as a switching
device. The 1instability of the materials in various
electrolytes did, as before, present certain problems,
particularly for the disubstituted complex where the
material under photolysis was jJust leached off the
electrode surface with continuous scanning in
different electrolytes. Photochemical substitution in
the case of the monosubstituted complex 1led to the
formation of the corresponding aqua species which
could not be prepared by any other means. Studies of
the photoresponsive properties of [Ru(bipy): (PNVI)]

using a suitable substrate demonstrated how light
energy could be converted .into redox energy and 1in
turn Into electrical energy with the generation of a

photocurrent.
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CHAPTER VI

Mediating Properties of Poly-N-Vinylimidazole Based

Metallopolymers
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Vi .1 INTRODUCTION

A great deal of 1information on the electrochemical
properti.es and the catalytic applications of coated
electrodes can be obtained by observing their
behaviour towards redox systems in solution using
rotating disk electrodes XY Polymer Tfilms on
electrodes do provide a convenient narrowly defined
spatial region in which redox centres may be
immobilised for electrocatalysis or sensing of
electrochemically 1inaccessible analytes. Polymeric
films can act as 3-dimensional redox catalysts and in
this manner increase the amount of catalyst, by
comparison with monolayer coverage of the electrode.
This will thus increase the catalytic efficiency or
the signal iIn the case of a sensor. Within the film
the availability of substrate for reaction with the
catalyst depends on both the ability of the substrate
to partition into the film and to freely diffuse to
catalyst centres. In this situation an i1mmobilised
reversible redox centre can act as a Tfast electron
transfer mediator for a solution species which is
oxidized or reduced slowly or not at. all at the bare
electrode. This concept is illustrated in Figure s ,1.
Mediated electron transfer is only possible when the
polymer half-reaction 1is appropriate to cause the
reduction or oxidation of the solution species. The

overall intention of the process is to diminish the
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Figure 6.1 Schematic diagram illustrating
m mediated electron transfer at

a modified electrode.



overpotential required for direct oxidation/ reduction
of the substrate and also to prevent poisoning of the
electrode surface, as often occurs iIn the presence of
various substrates. In redox catalysis the catalyst
couple 1i1s involved in anouter sphere electron
transfer reaction within the substrate, playing then
simply the role of an electron carrier between the
electrode and substrate and preventing at the same
time direct reaction of the substrate with the bare
electrode. Theoretical models for such reactions have
been developed by Saveant: and co-workers ® and also by
Albery®s group "a,k,, In our case we are dealing with
an 1irreversible oxidation process and the reversible
case will therefore not be discussed. The models
described by Saveant and Albery are overall very
similar and give results of a similar nature. In the
Albery model, reaction of the substrate at the bare
electrode 1is included. In this chapter the results
obtained will be discussed using the Saveant/Andrieux

model .

The kinetics of electrochemical reactions mediated by
redox polymer Tfilms have been studied for the case of
a reversible as well as an irreversible cross-exchange
reaction using rotating disk electrode voltammetry 20~

31. The 1irreversible process can be illustrated as 1in
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Film Diffusion  Layar Solution

FIGURE 6.2. Schematic diagram 1illustrating
irreversible cross-exchange reactions

at a modified electrode.
P/Q 1s the mediator couple incorporated in the Tfilm.

A is the substrate and B the initial product after
reduction or oxidation. In this system the

electrochemical reaction can be illustrated as

follows
@ P + e Q attached mediator couple.
@ Q+A ->P +8B A/B i1s the substrate couple.

- reaction () can be considered as the mediation
reaction. In such studies a kinetic zone diagram 1is
applied, as illustrated in Figure 6.3, which shows the
possible factors governing kinetic control. S

indicates substrate diffusion control, R corresponds



29 -2 <15 -1 05 0 05

Figure 6.3 , Kinetic zone diagram.
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to kinetic control determined by the speed of electron
cross-exchange and E relates to control by electron
diffusion through the layer. This approach has been
applied to many systems. For example, when the
catalytic reaction is very Ffast compared to the
diffusion of the substrate in the film, the reaction
takes place in a thin reaction layer, at the Tfilm-
solution interface. The irreversible treatment is
valid for cases where the current corresponding to the
reduction of B at the electrode surface 1is negligible
compared to the mediated -current i.e. for the

irreversible oxidation of A at the coated electrode.

In the Saveant model different criteria can be used to
classify the nature of the mediating process . The
plateau current 1 for the mediated process can be

expressed iIn terms of four characteristic currents (i)

to (iwv).

©O) i~ = FSC”°B/J" Substrate solution diffusion
current which is equal to the
plateau current at a Dbare
electrode of the same surface
area-

(i1) is = FSCA°kDs/4 Substrate film diffusion
current.
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(iii) 1E - FSCp°DEAY) = FSX°De /0
Film electron diffusion like

transport current.

(iv) ik = FSC.AokKiCp°(®™ = FSCN°kKiXv®
Cross-exchange reaction

current.

The Tilm thickness (@ is considered as constant. DE 1is
the diffusion co-efficient TfTor the diffusion like
propagation of electrons in the Ffilm, Ds represents
the diffusion of substrate 1in the film, Kk 1is the
partition co-efficient of the substrate between the
film and solution, and K@ is the second order rate
constant of the réaction between the substrate and the
active fTorm of the mediator in the Tfilm. Using the
above expressions the mechanism and Kkinetics can” be
characterized. These factors can be studied as
functions of film thickness or substrate concentration
via Koutecky-Lev.ich plots which help 1in detex"mining
the nature of the kinetic control 1involved in this

type of mediated electrocataiysis.

The Saveant model employs Koutecky-Levich treatment
for its analysis. Diffusion of the substrate from
the bulk of the" solution to the Tfilm-solution
interface 1s regarded as stationary with a diffusion

layer thickness (S) given iIn equation (3)()-
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<5= 4.98D1/3 I1/6W"1/2 A @

D can be calculated according to equation €)1
D = (E)IV))
n?ASCpe

where D = diffusion coefficient ofsubstrate in
solution,

"» = kinematic viscosity (cm?s-x)

A = electrode area (cm")

S = slope of Koutecky-Levich plot

Co = substrate concentration (mol L_1)

The Koutecky-Levich treatment is based on equation (4)

1 = 1 + 1 (4)

where 1A is the current due to substrate diffusion to
the electrode surface and iF is the current due to the
kinetic limitations of the modified electrode surface.
Also i1n the treatment of these results Andrieux,
Saveant and co-workers have presented some diagnostic
criteria fTor the determination of rate [limiting
factors, as illustrated in Table6.1. As a general
comment it can be said that for the study of mediated

substrate oxidation, the use of Koutecky-Levich plots,
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0Sl1

Table 6.1.

Diagnostic criteria for the determination of rate

Limiting Second
behaviour wave
® Yes
(G+B) No

® No

©) No
€D) No
ER) Yes
ayVv =

4 _93Dx//3y1/6[Y"in cm

1~A§CAT VS- /0 .

Linear Slope
Variation
with c

Yes Inversely

Yes

Yes

Yes

Yes

No

propor tional
Yes
Independent

Inversely
proportional

Inversely
proportiona:

Expressiona

V/FSDcA®

Intercept

Variation

with cA”

Inversely
proportional

ykDs/FSD (kcA°Ds+ T °/}ded) Yes

0

//FSDc.

y/FSDcA®°

LoaTipt 72 {EIA-iCAT-1/2 = FScp©cA1 "2ki

proportional

(rpm)1~,

D and V

to (CACYX/4

in cm2 s ~].

Independent

Inversely
proportional

Inversely
proportional

372 is

limiting factors for charge transport.

Expression

I/FScA°k X ° K1

| /FS(kcA°Ds+T°/0DE)

"L/FSX°DE
| /FScA°kDs

N M /ESCACKD:s i X o 1/Ak]M

independent of <0 and



in conjunction with the Andrieux Saveant model, is
valuable and results obtained can be interpreted using

oL TO
existing models

Protonated poly (L-lysine) films containing
[Fei: (edta) ]2- as counterions have been used for the
development of a new model for the interior of poly-
electrolyte coatings on electrode surfaces = . The
purpose was to demonstrate the viability of the two-
phase model for the i1nterior of polyelectrolyte films.
The coating was divided conceptually into two regions.
The first, termed the ™"Donnan domains™ represents the
region where the counterions are confined by
electrostatic forces; the second comprises the
remaining volume of the coating which is assumed to be
occupied by the supporting electrolyte solution. This
concept 1is illustrated in Figure 6.4. Two modes of
charge transport within the film, and the 1iImportance
of coupling them, are considered. The coupling served
to 1increase the overall charge transport rate by
accentuating the role of the more rapid of the two
transport modes. Charge propagation in the two-phase
coating can be explained in terms of the
characteristic currents (1) to ((v) listed earlier.
The authors studied the current-potential curves for
the reduction of [Fe(lll)(edta)]“ using the polymer
coated electrode, with a subsequent evaluation of D,

De and k as a function of film thickness and
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FIGURE 6.4.

A i tic model for a portion of a swollen
cationic Tilm on an electrode surface. The film
has been equilibrated with a solution containing
an electroinactive supporting electrolyte coaposed

of C ™*X and the oxidised half of an electroactive
couple , Z /Z2-. The electrode potential 1is adjusted
to the Ilimiting current plateau for the reduction of

Z ~ to Z2~ _ Solid 1lines represent the polyelectrolyte
chains. The dashed Ulines indicate the regions of
extension of the ' Donnan Domains ' containing the

electrostatic Tields generated by the TfTixed cationic
sites on the chains . The remaining empty space 1is
filled by the supporting electrolyte solution that
permeates the coating.



substrate concentration. Chronoamperometry and
chronocoulometry were wused here to study charge

transport in the Donnan domains.

Several different types of polymer-modified electrode
systems have been studied in this way. Andrieux and
co-workers have examined the effect of film thickness
on values of diffusion co-efficients previously
examined for systems, where the reduction of
1 ,2-dibromo-1,2 diphenyl ethane was catalyzed at
poly-p-nitrostyrene coated electrodes It was
found that the catalytic efficiency increased to a
limiting value as the amount of chargeable polymer
increased. In a Tirst approach the movement of
electrons and diffusion of substrate through the film
were considered to be fast enough not to interfere
kinetically. It was considered here that at a
monolayer deriva.tized electrode bearing the same
catalyst couple 1In both cases, the possibility of the
catalytic efficiency being increased with film
thickness was somewhat contradicted by the. fact that
it would be more diffigult for substrates to cross the
film and for electrons to propagate in the opposite
direction. For the polyvinyl Tferrocene or poly(p-
nitrostyrene) system, the electron diffusion co-
efficient was determined to be iIn the range of 1 - 3 X
10 cmz /sec. The authors attributed three major

governing TFfactors to the control of the catalytic
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process. These are the rate of electron transfer
between the electrode and first Ilayer of redox
molecules, the propagation of electrons through the
film and the migration of counterion resulting 1in
ohmic drops. Several other such systems have also

been the subject of such investigations.

Degrand and Miller have studied an electrode modified
with polymer-bound dopamine which catalyses NADH
oxidation. It was found that the response obtained
was not dependent on the concentration of catalyst
bound to the electrode surface x . Chemically
modified electrodes have been employed as
potentiometric sensors in which they investigated the
pH response of a poly (1,2 diaminobenzene) coated
electrode i1n a phosphate buffer . The response of

this Tfilm- coated platinum electrode to Co(ll) was

also 1iInvestigated. However, no change in electrode
responseto varyingconcentration of Co(ll) was
obtained.

Oyama and Anson have prepared adherent coatings of a
cationic polyelectrolyte on pyrolytic graphite
electrodes * . [IrClg]™ was 1incorporated in the PVP
film and the system was found to catalyse the
oxidation of Fe%L to Fe present in solution. They
describe the successful acceleration of a simple

electrode reaction using electrostatically as well as
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co-ordinatively bound catalysts. The main purpose of
this work was to explore the diagnostic utility of
voltammetry with rotating disc electrodes in studies
of electrode surfaces and electrode coatings. It was
found that such measurements can be quite valuable
especially when they are analysed by means of
reciprocal plots of (limiting current)«:1 versus

(rotation speed)“lyo. Thus it was possible for this
system to distinguish between currents limited by the
rate of a redox reaction between a dissolved substrate
and a catalyst anchored to an electrode coating from
those limited be electron transfer through the
coating. At low rotation rates, the transfer of FezT
through the rather thick Levich layer, controls the
current so that linear i vs ®i/2 behaviour results.
At higher values of Q, the thickness of the Levich
layer decreases and the magnitude of the current 1is

controlled by the rate of the redox reaction between
94-

Fe and [IrCIgf'_ confined 1in the polyelectrolyte
film. In this case the reciprocal plot, i1 vs «T/>2
is used.

Peerce and Bard have studied reactions between fTilms
of poly(vinylferrocene) and solution species 34. The
authors studied the effect of poly(vinylferrocene)
films on the cyclic voltammetric behaviour of
dissolved substrates as a function of sweep rate and

film thickness. They also studied channels in Tilms
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on electrode surfaces and the diffusional behaviour of
the electrons through the film by chronoamperometry.
They concluded that the movement of ions through the
film also plays a role in the electrochemical
oxidation and reduction of the polymer Tilm 1itself.
The kinetics and electrocatalysis of dibromoalkyl
reductions using electrodes coated with covalently
immobilized metallotetraphenylporphyrin have been
studied by Rocklin and Murray J . There have been
several reports of successful qualitative approaches
to mediated electrocatalysis 16-19, 33, 36-41 ~ut
there have been few quantitative electrocatalytic
reduction measurements by using rotating disk
electrode voltammetry. The rate of reaction for the
above system J was found to be independent of the
amount of metalloporphyrin on the electrode surface, a
feature found in other systems. Results obtained did
suggest that the rate of diffusion of electrochemical
charge through the layer is faster than the rate of
diffusion of substrate through the layer. However,
comparison of electrocatalytic rates for the different
mediation involves specific interactions between
substrate and metalloporphyrin rather than being a

simple outer-sphere electron transfer event.
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The treatment of the data is based largely on equation

®

1max nFAkch Cs 0.62nFADs2/3 D <«1//6 Wi<s2 Cs

where iraax represents the limiting current for
electrocatalytic current- This implies that when the
intercept of a i1/imax vs 1/% P plot 1is zero, the
current is limited solely by the rate of mass
transport of substrate from the solution to the
rotating electrode, and not by the rate of substrate-
reduced porphyrin chemical reaction. This treatment
has been commonly used iIn modified electrode studies
33, 39, 42 jJn most cases it has been found that
charge transport is likely to control the current. As
illustrated in the work of Rocklin and Murray , for
electrocatalysis by a polymer-films with control by
the rate of the chemical step, whether the quantity of
cevtalyst sites corresponds to the outermost layer of
the Ffilm or to that 1i1In the total Ffilm (?§ t) 1is
predicted by panels of A and B in Figure 6.5 to depend
on the ordering of chemical flux charge transfer fTlux

and substrate Tflux.

When the species incorporated in the coating is also

present in the solvtion being studied the current
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FIGURE 6.5~

Schematic concentration — distance profiles for

metal deposition at a reducing polymer — coated
electrode. = concentration of reduced polymer
sites (—— ) or concentration of metal 1ions - ---)
CT = total, concentration of polymer redox sites or
bulk: concentration of metal. ions outside polymer
Dots represent distribution of metal particles,

SUBS = rate of diffusion of metal 1ons through the
polymer (step 1); CT = rate of charge transport through

the polymer (step 2); CHEM = rate of reduction of metal
ions by the reduced polymer sites (step 3).
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flowing at such electrodes was found to be limited by
the rate of electron exchange reaction between the
solution-phase reactant and 1its oxidized or reduced
counterpart present in the film on the electrode
surface. Anson and co-workers have measured such
self-exchange rates for [IrClg]2-/3- and [Fe(CNg]l3-//"-
.incorporated by poly(@-vinylpyridine). Their analysis
of the results 1included the use of Koutecky-Levich
plots previously mentioned. The thickness of the
Levich layer was found to be inversely proportional to
the rate of rotation of the electrode. The Levich
plot exhibited expected Qlinearity at an uncoated
electrode but 1iIncreased deviations appeared as the
quantity of polyelectrolyte coating is increased. The
slopes of these plots were TfTound to be 1Inversely
proportional to the concentration of the reactant.
Intercepts of the plots were therefore identified with
values of the limiting current density where
(i-Le0 ~ F(Kp>x)aPP T 1Ir(11l) Cb Ir(1V) solution and
Kex is the expected second order rate constant. The
methods used here are of general applicability to

multiply charged reactants.

The permeation of electroactive solutes such as
ferrocene or diquat through ultra thin polymeric films
of electropolymerized [Ru~rbipy)™] on electrode
surfaces has been investigated Specifically,

rates of permeation of electroactive solutes through
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redox polymer Tfilms to the electrode have been
measured as a function of film polymeric structure and
of solute size and charge. Thorough understanding of
solute transport through thin films 1iIs important 1in
describing the catalytic or iInhibitory behaviour of
such films, so much attention was addressed to this
area. It was found in these studies that different
substrates exhibited different permeation rates
through the same film of poly[Ru{vbipy) ;s ]

Koutecky-Levich treatment and the data obtained for
the system confirmed the membrane-diffusion model 1i.e..
that a solute diffused to an electrode through a
membrane diffusion barrier with diffusion constant Ds
or that the reciprocal limiting current is equal to
the sum of the reciprocal Kkinetic and reciprocal
limiting currents. The authors have also addressed
the problem of film imperfections iIn relation to the

transport of electrochemical charge.

Anson and co-workers have investigated the kinetics of
electron-transfer cross-reactions within polylysine
co-polymer with incorporated electx"oactive anions **
The authors employed the normal Koutecky-Levich
treatment of results as described by Andrieux and cc-
workers Anson and co-authors have employed

chronocoulometry and chronoamperometry as mentioned

previously iIn Chapter IV.



While several different modified electrodes have
1 4e

already been reported in the literature
electroactive coatings containing [Ru(bipy’\]?+
continue to be of iInterest because of the fast
kinetics of electron exchange and the very favourable
excited state and ground state properties of the redox
couple An 1mportant reaction iIn the design of
efficient photoanodes iIs the Co(ir) catalyzed
oxidation of HMO by [Ru(bipy): ]2+ where the latter 1is
incorporated into polymeric Ffilms. Ghosh and Bard
have iInvestigated hydrogen evolution at electrodes
described above However, no catalysis of this
reaction was observed. Still considering the use of
pyridyl based materials, electrodes coated with
polystyrene sulphonate as a matrix for mediated
oxidation of ferrocene-. - " disulfonate in
acetonitrile by electrostatically bound
tris(s,. "bipyridine)osmium (11l1) have been studied ~

The author studied the rate-limiting factors
controlling the system and Koutecky-Levich plots ad.
chronocoulometric experiments were employed. The
response was studied as a Tfunction of substrate
concentration. Using the Andrieux/"Saveant treatment
of kinetics and the experiments mentioned above,
charge transport was reported to follow the SR
mechanism 1i1.e. a rapid cross-exchange reaction and
slow substrate diffusion through the film. Pyridyl

based complexes have also been investigated by Morris
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She and her co-workers have studied the physical
nature of poly(@-vinylpyridine) films loaded, at pH3,
with a Tferricyanide (catalyst) 1iIn an 1ion exchange
process. Molecular oxygen was used as the substrate
due to 1ts advantages of electroactivity, neutral
charge and nearly universal solubility. Koutecky-
Levich analysis for this system indicated a rotation-

independent substrate penetration current.

Niwa and Doblhoffer have studied the inter-
relation between the electrochemical behaviour of
polyvinylpyridinium coated electrodes and the 1ion
exchange properties of the coating 6. The
[Fe(CN) g]3-74- charge transfer reaction was studied,
with the anion exchange polymer-coated electrodes.
Analysis of the results indicated that the redox ions
were practically not admitted to the electrode surface
and the fTilm acted as a barrier for the [Fe(CN)g]3-74-
charge transfer reaction. On the other hand
[Fe(CN)g]3- was found to replace [Fe(CN)g]4- and
[SO™]™ in the Tfilm. Consequently in this situation
the system acts as an efficient barrier for the
oxidation of [Fe(CN)g]™- while the [Fe(CN)g]3“

reduction proceed inhibited.

Protonated poly-4-vinylpyridine films containing

electroactive anions, [IrClg]3- have been studied for

the purpose of catalysing or mediating the transfer of
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charge between the electrode and a dissolved substrate
49 . The kinetics of Fe(ll) oxidation by this system
has been examined. The charge transport through these
films was studied iIn terms of apparent current density
or apparent electron diffusion co-efficient, DE 50-51/
The values were derived from slopes of

chronocouiometric experiments.

In- this section it will be demonstrated how ruthenium-
containing poly-N-vinylimidazole based polymers coated
on the surface of graphite or glassy carbon electrodes
can _.be used for the mediated catalysis of Fe(ll)
oxidation in aqueous solution. In this 1investigation
rotating disk experiments have been analysed using the
Saveant model. The results obtained are discussed
with respect to the nature of the charge-transport

process and the polymer-electrolvte interface.
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VI .2 RESULTS AND DISCUSSION

The mechanisms and Kkinetics of various catalytic
reactions have been discussed in the introduction to
this chapter. Studies on the mediator properties of
ruthenium-containing poly-N-vinylimidazole were

concentrated in the following areas:

1. Effect of Ffilm thickness on the catalytic

efficiency.

2. Effect of substrate type and concentration on the

results obtained.

3. Determination of the rate limiting factors;
substrate diffusion (D ), electron diffusion (De)

or speed of electron cross-exchange.

4.. Effect of electrolyte concentration, nature and pH

on the mechanism and kinetics observed.

In the following series of experiments the catalytic
properties of [Ru(bipy)z (RNVI)CI]JCI modified glassy-
carbon electrodes towards the —catalysis of the
oxidation of Fe(ll) 1in aqueous solution have been
investigated as a function of the parameters mentioned

above.
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The two 1iron-containing substrates 1investigated were
{NHs )2Fe (S04 52 which exists as [Fe(H:20)6]2+ in aqueous
solution and K4 [Fe(CN)g] also 1i1n aqueous solution.
The difference 1i1n the nature of these two complexes
and their electrochemical behaviour is expected to be

a function of their overall charge.
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Vi.2.1 Mediation of (QOH").Fe(S0-,. Oxidation by
[RuMipy). PNVI)CI]CI (Sample 6)) Coated

Glassy Carbon Electrodes

Using rotating disk electrodes coated with different
concentrations of the mediator (metallopolymer) the
electrochemical response of the iron containing
substrate was studied at varying electrode rotation
speeds. A typical example of such a response is
illustrated in Figure s .6 . Analysis of these results
i.s achieved by employing Koutecky-Levich plots “where
(ilirny_1 is plotted against These plots
allow calculation of D, the diffusion co-efficient of
the substrate in solution, and Ks. Results are
treated according to the Andrieux-Saveant treatment of
kinetics as discussed above. Values of D were
obtained using equation (3 already listed. As
illustrated in the kinetic 2zone diagram there are
certain models which can be applied. Koutecky-Levich
plots were linear and a single oxidation wave observed
except for extremely thin films, Koutecky-Levich plots
showed slopes and intercepts which are 1inversely
proportional to the concentration of the substrate.
Based on these fTacts, an "SR" mechanism was assumed.
One other criterion is that iA (equivalent to plateau
current observed at a bare electrode) is less than iE
(charge propagation current density). This was

observed for this system as there was no plateau
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current observed for a bare electrode. For
illustration refer to Figure 6 .5 . On the basis of
this assumption, values of the surface rate constant,

K , could be calculated according to egi.iat.ion (6 ) 49

nF cFe”~Ru

where i1~ is the reciprocal of the intercept of the

Koutecky-Levich plot.

For the experiments described here, sulphate,
perchlorate and chloride based electrolytes were used.
Considering fTirst perchlorate based electrolytes it
was found that no oxidation of [Fed’\O)’\]’Q"’ was
observed at the modified electrode. This was not due
to the loss of the film from the electrode surface as
confirmed by cyclic voltammetry. This result was
attributed to the fact the the polymer is insoluble in
perchlorate solutions and will therefore not swell.
Because of this the metallopolymer Tilm presents a
closed structure thus preventing penetration of the
positively charged Fe(ll) substrate. This phenomenon
was Tound to occur regardless of the pH. For these
reasons the perchlorate-based electrolytes were
unsuitable for these studies. Next a sulphate based
electrolyte, namely 0.9M MN2sos + o 1M HASON, with a
pH of approximately 1.8, was used. A typical response

using these conditions 1is illustrated in Figure 6.7.
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2200 rpm
-1800 rpm

1400rpm
1000rpm

10jjA V 600rpm

200rpm

Orpm

1000
imV)

Current—potential response for a
RDE coated with [Ru(ipy} (PNVI)CI]
Film thickness = 7.2 x 10 °moles/cm? .
Substrate 1-5mM (NHs )2Fe(S04)2.

Sweep rate : 5mV/sec.

Electrolyte : 0.9M NaCl + 0.1M HC1,,
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2200 rpm
1800rpm
1400rpm
IGOOrpm

600rpin

200rpm

FIGURE 6.7. Current-potential response curve for a

RDE coated with [Ru(bipy)2(PKVI)CI]+ .

Film concentration = 1.2 x 10~3moles/cm2.
Substrate =: ImM (NB4)2Fe(SC>4)2.
Electrolyte : 0.9M Na2S04 + 0.1M H2S04.
Sweep rate : 5mV/sec.
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However, with time the response 1is found to tend
towards that of a bare electrode surface. So although
a good response 1is obtained initially, the instability
of the fTilm iIn this electrolyte rules this system out
for extensive studies. It was decided to employ
chloride based electrolytes as previous
electrochemical studies indicated the stability of the
metallopolymer film in this electrolyte. The response
of ferrous ammonium sulphate was studied at different
sweep rates and using different film thicknesses. The
reproducibility of these results and the stability of
the metallopolymer Tilm were two iImportant factors

which were assigned due consideration.

Studies on the subject of the catalysis of the
oxidation of Fe(ll) in aqueous chloride solutions
require also an investigation into the cyclic
voltammetric behaviour of the polymeric Ffilm .iIn such
electrolyte. This served two purposes; namely the
determination of the film concentration per unit area
and also the study of the condition of the film i.e.
whether any changes were incurred during the course of
the experiments. The two pH values used here were
pHI.O-pf12.0 and pH5.0-pH6.0. The fTormer condition 1is
achieved using a 0.9M NaCl/0.IM HC1 electrolyte. The
higher pH media were obtained using Nad solutions,
particularly 1.0M NaCl. Very different results were

obtained in these two situations. At the higher pH
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values response for the Fe(ll) oxidation is hindered.
An initial response 1is obtained but after a few
minutes the response stops. One could attribute this
result to a loss of product from the electrode
surface. However, this idea was ruled out by running
a cyclic voltammogram before and after the experiment.
The shape of the voltammogram was however found to
change after the experiment. The band corresponding
to the Ru(ll) to Ru(lll) oxidation was TfTound to be
broader but on immersion In HC1l the previous response
i.e. with a narrower, sharper band, returned. This
would seem to 1indicate that the polymeric Ffilm was
effected by the high pH but previous experiments in
this electrolyte 1iIn the absence of any substrate
showed no change on continuous scanning In 1M or o .2M
NaCl. This suggests that the layer was effected by

the presence of (NHM)2Fe(S0~)2 in the electrolyte.

Experiments run in more acidic chloride based
electrolytes 1i1.e. 0.1M HC1 or O0.00IM HCI exhibited
different responses. Considering firstly the 0.1M HCI
electrolyte having a pH of approximately 1.3 a
response was obtained is 1illustrated in Figure s .s .
The Koutecky-Levich plot, Figure 6.9, shows a linear
response over most of the rotation speeds except at
200 rpm, a Ffeature which is common in such experiments.
Cyclic voltammograms run before and after the

experiment show a loss of a small amount of product
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2200 rpm

mvV vs SCE

FIGURE : .. . Current—potential response curve for a
RDE coated with 0.9x 10 rnoles/cm” of
sarnple C.

Sweep rate ; bmY/sec.
Electrolyte : 0-1M HCI.
Substrate : 2ral (NH. ). Fe(S04)2.

2200 rpm
1800 rpm
1400 rpm
1000 rput

600 rpm

200 M

o rpm

SR

FIGURE 6.10. Current-potential response- curve for
RDE coated with 0.95x10 moles/cm of
sample C-
Electrolyte : 0.001M HCI.
Sweep rate : 5mV/sec.
Substrate : 1.5mM (N\H. “Fe (SC. ). .
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(~10%) from the electrode surface. This can be
explained by some instability incurred in the film due
to the strongly acidic nature of the electrolyte.
This phenomenon was previously observed in cyclic
voltammetric studies. Using a 0.001M HCIl electrolyte,
pH3 .0, different responses were obtained, an example
of which is given iIn Figure 6.10. Firstly it should
be noted that the polymeric film was found to be more
stable at this pH. One 1important factor to realise
here 1is that the electrolyte concentration here 1is
very Jlow so the experimental conditions are very
different 1in this case from the other electrolytes
used. Current-potential responses were recorded for
different concentrations of substrate. Calculations
of D and Ks for the two systems indicate that values
of D do not significantly change and are of the order
6 X 10-scmz2s_1. It should also be noted that for
calculation of K using equation () values of T R
(surface coverage) are very important but the
integrated area under a cyclic voltammogram run
immediately before in the appropriate electrolyte at a
scan rate of 50mV/s. We will consider now a pH2.0,
0.9M NaCl + O0.1M HCIl, electrolyte. This electrolyte
was TfTound to be the most suitable for systematic
experiments of this nature due to the stability of the
film. A series of experiments were run using
different concentrations of substrate and different

film thicknesses. Film thicknesses of 1.2 X 10’Q, 3.5
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X 10 9 and 7.12 X 10 s moles/cmz2 were used mainly for
these studies using as a substrate, (NH™)2Fe(SO0™)2,
with concentrations ranging from 0.5 X 10 J to 2.0 X
10-3M solutions. Examples of the types of responses
obtained are illustrated in Figures 6.11 - 6.12. All
experiments were carried out in duplicate and fTairly
good agreement was obtained between different runs.
Tables ofresults 1i1ncluding values of D and Ks are
presented accompanied by representative Koutecky-
Levich plots, see tables 6.2 - 6.4. One very
important feature to note 1iIs that at the Qlowest fTilm
thickness of 1.2. X 10-¢ moles/cm2 a second wave 1is
visible particularly at higher concentrations of
substrate and higher rotation speeds. This is
illustrated in Figure 6.12. This 1is attributed to the
reaction of the substrate at the bare electrode 1i.e.
unmediated oxidation of the Fe(ll) in solution.
Koutecky-Levich plots are 1illustrated in Figure 6.13.K =
This feature had been observed previously by Oyama and
Anson 00 in the study of the catalysis of Fe(ll)
oxidation of PVP (poly-4--vinylpyridine) with
incorporated [IrCIg]g* coated pyrolytic graphite
electrodes. Here two oxidation waves were observed
except at low rotation speeds (100rpm) where the rate
of the catalytic cycle is apparently adequate fTor all
Fe(ll) reaching the electrode surface to be oxidized
at the potential of the Tirst wave. In these

situations the second wave, appearing at higher
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Table 6.2 - Results of Koutecky-Levich plot analysis.

[Fel *Intercept-: D
(X 10 3) X 1064) (X 10 D) (X 10 ©)
moles L~1 mAcm mol ~Ls 1 cn¢s X crfs 1
0.5 1.76 3.04 2. 41 3.07
0.75 1.76 2.03 3 .36
1.0 4.33 3.74 2. 25 2.99
4. 695 2.7 2. 45 3.44
2.0 9. 39 4_.055 3.68

(Intercepty)-1 fTor fTirst oxidation wave,
a Diffusion co-efficient for first oxidation wave,

b Diffusion co-efficient for second oxidation wave.

It should be noted that the intercept for the second

wave was equal to zero implying Ks -->0f£>

(NHM)pFe (S04 )2 was used as a substrate and 0.9M NaCl +

0.1M HCI electrolyte at pH 2.0.

[Ru(bipy)z (PNVI)CI]CI concentration was 1.2 X 10'9

moles/cm2.
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Table 6.3 - Results of Koutecky-Levich plot analysis.

Inter-

[Fe] Slope cept-1 Ds Ks
moles L-1 mA 1s 1 mAcm-2 crns-1 mol-1Ls-1
0.5 X 10«3 602.37 2.35 3.76 X 10-s 1.33 X 104
0.75 X 10-3 368.66 2.82 4.265 X 10-s 1.545 X 10"
1.0 X 10«3 280.17 7.04 4.18 X 10-s 2.21 X 104

5 X 10-s 206.32 6.335 3.6 X 10-s 1.35 X 107
2.0 X 10«3 162.33 9.4 3.35 X 10«5 1.56 X 104

All experiments were carried out using the substrate

(NHz )pFe (S04 )? at a sweep rate of 2mV/s.

The electrolyte used was 0.9M NaCl + 0.1M HCI at a pH
of 2.

[Ru(bipy)2 PNVI)CI]CI concentration was 3.5 X 10 o

.9
moles cm
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Table 6.4 - Results of Koutecky-Levich plot analysis.

Inter-
LFe] Slope cept . Dg Ks
moles L. . mA*;, s. mAcm- ., cm. S . mol "~Ls. .
0.5 X 10-3 537 .95 4.5 4.39 X 10-s 1.395 X
0.75 X 103 364 .65 5.0 4.32 X 10 s 0.945 X
1.0 X 1CT-s3 260.43 6.67 4.66 X 1CTs 0.935 X
1.5 X 10-3 180.8 20 4.385 X 10«5 1.955 X
2.0 X 10-3 137 .37 20 4.30 X 19*“5 1.46 X

All experiments were carried out using the substrate

)2”e(SO0~)2 at a sweep rate of 2mV/s.

The electrolyte used was o.9m NaCl + 0.1m HCIl at a pH

of 2.

[Ru(bipy)2 {PNVI)CI JCI concentration was 7.12 X 10 o

moles cm“2.
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FIGURE 6.11.

Current-potential response curve for
a RDE coated with 7.2 x 10 °moles/cm
of sample C.

Electrolyte
Sweep rate
Substrate

1

0.9M NaCl + O.IM HC1.
5mV/sec.
.5mM  (NH™ )Fe (SOMN-
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2200rpm
1800rpm

14-00r pm

1000rpm

600rpm

00! pm

FIGURE 6-12. Current-potential response curve for

a RDE —coated with 1.2 x 10_9moles/cm2
of Sample C.

Electrolyte : 0.9M NaCl + O0.1M HC1,,
Sweep rate : bmY/sec-

Substrate : 2mM (NHMFe (SOM) N -
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w-1/2 (sec)

FIGURE 6 -13. Koutecxy-Levich corresponding
to Figure 6.12.

(@) Corresponds to first
oxidation wave (#"560mV)

(b) Corresponds to second
oxidation wave (™"M00mV)



rotation rates, has a limiting current similar to that
observed at a bare electrode and was Tfound to vary
linearly with The ratio of Fe(ll) oxidized by
means of the Ru(lll) catalyst to that oxidized by
penetration of the polyelectrolyte film was found to
decrease with 1increasing rotation speed as would be
expected, see Figure 6.14. This conclusion was also
drawn by the authors mentioned above. This feature 1is
explained by the fact that with an open structure (the
polymer 1is soluble iIn choride media and thus swells)
and a thin Tfilm Tfacilitate fast penetration of the
substrate to the electrode surface. Representative
Koutecky-Levich plots and accompanying results
indicate that the intercepts corresponding to the
second wave are all zero. According to equation (s)
this implies and uncontrolled rate of surface

reaction, 1.e. Ks approaches infinity.

One other important feature to note in this regard 1is
that at very thin coatings i.e. s X 107 ' moles/cnr-
two waves were observed again. However, Kout.ecky-

Levich plots indicate that the two iIntercepts are
zero. Only the slopes vary as illustrated iIn Figure
6.15, so again Ks approaches infinity. As illustrated
by the presence of two waves we do observe reaction at
the bare electrode. A  very thin Tfilm allows

penetration of the Substrate to the bare electrode.
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FIGURE 6.14.

500 1000

mV vs SCE

Current-potential curve for a RDE
coated with & x 10 Omoles/cm? of
Sample C.

Electrolyte : 0.9M NaCl + 0.1M HC1.
Sweep rate : 5raV/sec.

Substrate : 1-OmM (NHa}FG(SO4)2.
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0 0.08 012 0.16 0.2

w (sec)
FIGURE s -15. Koutecky—Levich plot corresponding

to Figure 6.14.

(@) Response corresponding to
reduction wave occuring at
900 mV.

(b) Response corresponding to

reduction wave occuring at

560 mV.
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V1.2.2 Mediation of KN"FFel CNg)] Oxidation by

[Ru(bipy)2(AVI)CI]CI Sample C, Coated Glassy

Carbon Electrodes

Using rotating disk electrodes coated with different
polyrner thicknesses, the electrochemical response of
the modified electrode towards [Fe(CN)g]”~_ was
studied. A typical example of such a response is
illustrated in Figure 6.16. The results obtained were
analysed wusing Koutecky--Levich plots as described
previously. The reaction 1iIn this case was 1iIn fact
found to be faster than observed for [Fei”™0)g]™+* It
should of course be noted that the substrate has an
overall negative charge and thus 1is not repelled by
the positively charged film. This implies that the
problems encountered in the [FeiHpO)g]™+ case with
respect to electrolyte penetration are avoided. To
optimize the stability of the Tfilm, chloride and

perchlorate based media were used.

Because the reaction is so fTast one could speculate
that the substrate oxidation is unmediated,. However,
in contradiction to this the response obtained using a
coated electrode differs from that obtained using a

bare electrode as illustrated in Figure 6.17.

Clearly, a much clearer plateau is seen using a Tilm

coated electrode. At very low concentrations of
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22Q0rpm

1800rpm

IAOOrpm
1000rpm

600i'pm

200rom

0 500 1000
mV vs SCE

FIGURE S. 16- Current-potential response curve tor &
RDE coated with 9.4 x 10~smoles/cm2 of

sample C-
Electrolyte : 0-2M NaClo4 -
Sweep rate : 5mV/sec.

Substrate : 1.0mM Kcj-e(CN)6]
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FIGURE 6.17, Current—potential response curve for an
uncoated RDE . Electrolyte. - 0.2M NaClO. .

Substrate : 0.5mM KKFe(CN)%
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substrate 1 x 10"M to 5 x 10~-"M K4 [Fe(CN)g] the
oxidation wave Tfor the Ru(ll)/Ru(lll) couple is
observed before any plateau as illustrated in Figure
6.18. This feature supports the 1idea that we are

looking at a mediated reaction.

The oxidation potential of the substrate 1n the
absence of the film was observed to be approximately
320 mv. This value did not vary significantly with
pH. For the catalysis of [Fe(CN)g]4™ oxidation, the
potential at which the current started to rise was
found to depend on the film thickness and not on pH as
was Tirst thought. This observation was made using

aqueous perchlorate electrolytes at pH of 2.0 or 5.6.

This result can be explained by the fact that even
though the polymer is not soluble in this electrolyte
and does not swell the negatively charged substrate
penetrates the layer easily, 1independent of pH, At
film thicknesses of 1.s x 10 moles/cnm® or greater
the current was found to rise at 500mV corresponding
to the Ru(ll) oxidation. However, at film thicknesses
of 3 x 10'Q moles/cm? or less, this Trise in current
was fTound to occur at approximately 300 mV implying
some reaction of the substrate with the bare
electrode. This feature of the system is 1illustrated
in Figure 6.19. The thinner film, as well as acting

as a mediator, also provides a smaller barrier to the
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0 1000
mY 3%° SCE

FIGURE 6.3.8. Current-potential response curves fTor a

RDE coated with 1.8 x 10~*8moles/cm2 of

sample C.
Electrolyte : 0.2M NaClIO™ipH 2)
Sweep rate : 5mV/sec.

Rotation speed : 600 rpio.
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FIGURE 6.19.

mV vs SCE

3000 rpm

2200rpm

1400rpm
m1000 rp/n
600rpm

200 rpm

Current-potentia.L response for a RDE

coated with 3 x 10_9moles/cm2 of

Sample C.
Electrolyte : 0-2M NaC104 -
Sweep rate : 5mV/sec.

Substrate : 1.0mM K~"Fe(CN)™-
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penetrating substrate. An important distinction
between results obtained here and those obtained for
the sulphate-based substrate is contained iIn the fact
that for Kas[Fe(CN)g] the intercept of the Koutecky-
Levich plots is always found to approach zero implying
that Ks always tends towards infinity. This 1is shown
in Figure 6.20. As with the other system, the slopes
of the Koutecky-Levic.h plots were found to vary
inversely with substrate concentration as were the
intercepts at higher substrate concentration even

though they still approached infinity.

Due to the fact that the reaction in this case iIs so
fast, studies carried out here were not as extensive
as fTor the previous system. An important point to
note is that when (NH4)2Fe(S0s4)y2 was studied 1in
perchlorate based electrolyte, no response was
obtained as was previously explained. IT subsequently
Ks [Fe(CN)g] was added to the solution, again no
response was obtained, even though normally a response
would be obtained for the latter substrate in these
media. This would seem to imply that the layer was
actually effected by the sulphate based substrate 1in
the perchlorate medium. Penetration of Ki[Fe(CN)g]
into the layer was actually hindered. This condition
could however be rectified by continuous scanning of
rhe coated electrode 1in a chloride medium. After

about a half hour the second experiment was tried
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1/0 /T
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FIGURE 6.20. Koutecky—-Levich plots for
different substrate concentrations.

(@ o .5mM KasFe(CNys () 0.75 uiM K .Fe (CN)O
(© 1.0mM KsaFe(CNys @) 2.0 mMm K_iFe(Cf:i)O

‘L ’)
Film concentration : 1-1 x 10 8moles/cm".
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again with the result of obtaining a normal response.

With respect to the possible analytical applications
of this type of system the change in limiting current
response was studied as a Tfunction of substrate
concentration. Results are illustrated 1iIn Figure
6.21. The Tlimiting current was Tfound to vary
linearly with substrate concentration iIn the range 5 x
106 M to 3 x 10«3 M Ka[Fe(CN)]g. A similar response
was obtained for the sulphate-based substrates. This
implies that these systems can actually be used for
the analytical determination of Fe(ll) 1In aqueous

solution.
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FIGURE 6.21»

Log-Log plot 1illustrating the Ilinear range
for the analytical determination of :
(— )/X4[Fe(CN)5] and (————- ), (NH4)2Fe (4 )?

in aqueous solution.
Film concentration : 1.8 x 10 © moles/cm*.

Electrolyte : 0.2M NaClO04
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CONCLUDING REMARKS

Results obtained here show the application of
[Ru(bipy)2 (PNVI)5CI]C1 coated electrodes for the
mediated catalysis of [Fe(H20)g]2+ oxidation. One
important point to note iIs that surface coverages were
calculated by 1integrating the area under a cyclic
voltammogram obtained at a scan rate of 50mV/s.
However, 1t was since considered that this sweep rate
was too Tfast iIn order to see a more complete
oxidation/reduction of the ruthenium (1l) contained iIn
the film. It should be noted that the Ej /2 value of
the substrate, QO\H")2Fe (S04)2, iIn. the absence of
mediator Tilm, occurs at 440mV in aqueous chloride
media. However, no oxidation of hydrated Fe(ll) 1is
observed before 500 mV, when a film coated electrode
IS used, corresponding to the start of Ru(l™D
oxidation. This 1indicates the catalytic capacity of
the metallopolymer  film. The unsuitability of
perchlorate based media i1s also an iImportant feature
of this system and contrasts with results obtained for
a different substrate "Fe(CN)]1g- This is due to the
fact that the TfTilm is, overall, positively charged.
The sulphate-based substrate 1i1s also positively
charged and is therefore probably repelled. Also the
lack of swelling of the film due to its iInsolubility
in this electrolyte yields a closed system. However,

in chloride based media the polymer swells and
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presents an open structure to the penetrating
substrate. As illustrated iIn Figures 6.8 and 6.10,
different chloride-based electrolytes give rise to
different current-potential responses in the presence
of 1ron-containing substrates. In this case, pH 1is
likely to be the deciding Tfactor. Figures 6.11 and
6.12 i1llustrate the effect of fTilm thickness on the
response obtained in the presence of (H.MpFe (SOM)2e
The existence of a second wave at - 900 mV in Figure
6012 1s attributed to substrate reaction at the bare
electrode, a feature which was previously observed by
Oyama and Anson TO- Results given in Table 6.2
indicate that the intercepts of the Levich plots were
inversely proportional to the substrate concentration
but there is no trend observed for values of Ks. The
two sets of diffusion coefficients (@O) were found to
exhibit only marginal differences. As we are only
studying the diffusion co-efficient of the substrate

in solution, this would be the expected result.

Marked differences were noted between the two 1iron-
containing substrates with respect to their current-
potential response iIn the presence of a fTilm-coated
electrode. The 1mportant feature 1is the lack of
response for the  substrate [Feo (H20)g]=" in
perchlorate based electrolyte; whereas LFe(CN)g] A
exhibits a very stable response. This 1is attributed,

as stated previously, to the differences in substrate
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charge. The latter of the two substrates was found to
have a much faster response. However, the Ilinear
range for the two substrates was found to be similar
and both systems were fTound to exhibit 1irreversible

electrode cross-exchange reactions.
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CONCLUDING REMARKS

The first part of this work i1nvolved an investigation
of the preparation and characterisation of ruthenium-
containing poly-N-vinylimidazole based metallopolymers
as discussed 1In chapter 111. Results of the
characterisation studies illustrated how the product
or ratios of products obtained could be dictated by
the reaction conditions, 1i.e. reflux time, polymer to
metal ratio etc. As mentioned previously, the
isolation and subsequent solubility for the
synthesised complexes proved to be a problem for the
disubstituted complex [Ru(bipy)2®nvi)2] and the
monosubstituted complex [Ru(bipy)2ENvI)Cl+
respectively. Following the preparation and
characterisation of these materials, the properties,
(electrochemical, photochemical and catalytic) of

these systems were studied.

Investigation of the electrochemical properties of the
prepared complexes, by comparison to monomeric or
polyvinylpyridyl based analogues, constituted a very
important aspect of this research. Prior to these
studies, spectroscopic characterisation studies were
carried out. As 1i1llustrated iIn chapter 111, it was
found possible to distinguish between the synthesised
complexes on the basis of absorption and emission

maxima. The monosubstituted complex,
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[Ru(bipy)2 (PNVI)C1 ]+, was found to exhibit an
absorption maximum at approximately 502nm and an
emission maximum at 680nm (at 77K) . At room
temperature the emission maximum for this complex was
found to occur at 640nm but this was attributed to the
presence of small amounts of the disubstituted
complex. The disubstituted complex,
[Ru(bipy)2 PNVI)p]2+, was Tfound to have an absorption
maximum at 485nm and emission maxima at 640nm and
628nm at room temperature and at 77k respectively.
These deductions were drawn by comparison to monomeric
analogues. Similar studies on poly-4-vinylpyridine
based analogues have been carried out, largely by
Kelly and co-workers . In a series of experiments
by Kelly and co-workers in which the PVP:Ru
stoichiometry was varied from 80:1 to 2:1, the only
product obtained was the monosubstituted complex,
[Ru(bipy)2 (PVP)CI]+ 1. At higher polyvinylpyridine
concentrations and a reaction stoichiometry of 20:1, a
product identified as [Ru(bipy)2 (PVP)2] by
spectroscopic studies, was obtained. The wavelengths
of maximum absorption for the monosubstituted and
disubstituted complexes were fTound to be 494nm and
459nm respectively. The trend of these values 1is
comparable to those obtained for the poly-N-
vinylimidazole based analogues. Results obtained from
synthesis using poly-N-vinylpyridine where

[Ru(bipy)2 (PVP)CI]+ was the only product obtained up
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to PVP:Ru ratios 100:1

Study of the electrochemical properties of the
synthesised complexes was considered to be of
particular iImportance to this research. This 1is due
to the fact that potential applications would depend
largely on the electrochemical properties. Results
obtained here could be compared to analogous
polypyridyl complexes. Considering TfTirstly the sweep
rate dependence, values of AEp were found to decrease
with decreasing sweep rate. This effect had
previously Dbeen observed for polyester 6 and

I

polypyridyl based complexes ° - Miller and Van de
Mark have studied the sweep ratedependence onAEp for
polyester, with incorporated ferrocene, coated

platinum electrodes /r_ The fact that A Ep increased
with increasing sweep rate led to the conclusion that
the film did impede normal electron transfer. Similar
results were found by Haas and Vos using electrodes
coated with poly(4-vinylpyridine) bound ruthenium
complexes . The overall conclusion to be drawn here
iIs that when A Ep decreases with decreasing sweep rate
then the electrochemical behaviour 1is Kkinetically
controlled. Electrochemical properties were found to
be largely dependent on the nature of the electrolyte
used. Effects on the redox potentials obtained were

observed as a result of the electrolyte used for the

prepared poly-N-vinylimidazole based complexes. Using
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electrolytes i1n which the polymer was soluble, for
example, 1M H2S04, lower values of ¢(Ep and narrower
bands were obtained. Haas and Vos and Calvert and
Meyer ® have also examined the electrolyte dependence
of the electrochemical response of electrodes coated
with films of poly(@-vinylpyridine) bound ruthenium
bipyridyl complexes. It was found, using electrodes
coated with [Ru(bipy)2(pvr)Cl]+, that the electrolyte
used governed the electrochemical response for this
system 2. This feature was observed iIn this research
project where the redox potential of the Rui1i/111
couple in [Ru(bipy)2Nvi)CI]+ and
[Ru(bipy)2 G NVviI)2]2+ varied with choice of
electrolyte. This has been i1llustrated in Table 4.1.
Electrochemical response i1n the presence of the
substrate KMtFeiCN)]” was also investigated in this
research. This is comparable to work carried out by

Doblhoffer and co-workers Q

who studied the diffusion
of the substrate [Fe(CN)g]4- across a polyd-
vinylpyridinium) film. By comparison to the work of
the above mentioned authors, it would appear that the
negatively charged iron complex, [Fe(CN)g]”- was drawn
into the polymer layer i1n order to balance out the
positive charge resulting from the oxidation of
Ru(ll). Chronoamperometric experiments were carried
out In order to determine the electron diffusion rate

in the Tilm. Results obtained here were found to

depend on the Tfilm thickness as shown iIn Table 4.3.
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The linearity of the Cottrell plot was found to depend
on the electrolyte used. Values of De for this system
were found to be of the order of magnitude of
10-1~cm2s_1, a value which 1is comparable to those
obtained previously for poly(d-vinylpyridinium)
analogues. Doblhoffer and co-workers have found that
diffusion co-efficients (De) were found to be
10-9cm2s-1 9. Lindholm and Sharp have also determined
electron diffusion co-efficients for cross-linked PVP
films, containing [IrClg]3-, on glassy carbon
electrodes 15. These values were determined using
chronocoulometric experiments and were of the order of

magnitude of 10-9 - 10-17cm2s_1.

Following on from here one can discuss the catalytic
properties of poly-N-vinylimidazole based
metallopolymers. As discussed in chapter VI, the main
theoretical models used for treatment of such systems
are those developed by Saveant and co-workers ~ and

also by Albery"s group 1. 19 .

For the purpose of
this research, results obtained were discussed using
the Saveant/Andrieux model. As mentioned in chapter
VI, there are several factors which govern Kkinetic
control of such mediated electron transfer systems,
see Figure 6.3 and Table 6.1. For reasons already
mentioned iIn chapter VI, an SR controlled mechanism

was proposed for this system. Pyrolytic graphite or

glassy carbon electrodes coated with Tfilms of
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[Ru(bipy)p®PNVI)CI]+ were used for these catalytic
studies. The metallopolymer film was found to act as
a mediator for the oxidation of Fe(ll) 1iIn aqueous
solution. Several comparable studies were carried out
using poly-4-vinylpyridine based complexes e
Oyama and Anson have studied the catalysis of
electrode processes by coatings of PVP  with
incorporated [IrClg]2-. These coated electrodes were
found to catalyse the oxidation of Feto Fe . They
also found that the electrode reactions of ferro and
ferricyanide were 1mpeded at electrodes coated with
unprotonated films of PVP but the reduction of
[Fe(CN)g]3- was catalyzed by the Ru”~iedta) which
could be co-ordinatively attached to the Tfilms.
Rotating disk measurements showed that the catalyzed
current was limited by the rate of reaction between
[Fe(CN)g]3- and Ru~fedta), not by the electronic
conductivity of the polymer Tfilm. As with this
research project, Oyama and Anson employed Koutecky-
Levich analysis for studies of reaction mechanisms.
This treatment does allow ameans to distinguish
currents limited by the rate of aredox reaction
between a dissolved substrate and a catalyst anchored
to an electrode coating from those limited by electron

transfer through the coating.

Lindholm and Sharp have studied substrate permeation

1s

through cross-linked PVP films As found in this
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project, the authors have observed that the facility
with which substrate species diffuse iInto and within
the film to encounter the relatively immobile catalyst
sites largely determines whether the reaction zone
occupies a large part of the polymer phase. The above
authors have studied the rate of oxidation of Fe by
[1rCLg]2- bound to cross-linked PVP coatings 1 . They
have also employed Koutecky-Levich analysis and also
the theoretical treatments of Andrieux and Saveant and

also assigned an "SR mechanism to the process.

It has been shown previously that the oxidation of

[FeCHpOJg ] 24 and [Fe(CN)g]™- are mediated
[Ru(bipy)2(PVP)CI]+ or [Ru(bipy)2 (PNVI)CI]+ coated
electrodes 16a, 17, 18a, 18b_ From results obtained

Iin these cases i1t was clear that the charge of the
substrate ([Fe(H20)g]2+, or [Fe(CN)g]™-) i1s of major
importance i1n the electrochemical behaviour of the
modified electrode. For the study of the mediated
oxidation of [Fe(H20)g]R4, the use of Koutecky-Levich
plots proved valuable and the results obtained could
be interpretated wusing existing models. For
[Fe(CN)g]™~, however, the mediation process 1Is very
fast and is limited by the diffusion of the substrate
from the bulk solution, in which case Koutecky-Levich
plots were less useful since the intercepts were zero

for all concentrations of substrate.
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For both substrates wunder 1iInvestigation in this
research, i.e., [Fe(CN)g]™~ and [FeCf~0Og]2'Y, no
reduction signal was observed under the conditions
used. This implies that the catalysed oxidation of
Fe(ll) was 1irreversible. This 1iIs comparable to
results obtained previously for poly-4-vinylpyridine
based analogues and is contrary to results obtained
previously by Niwa et al. 10 for quarternised PVP,
where [Fe(CNg)]3- or [FelHp0Jg]2'l cannot reach the
electrode surface in this case. The dependence of the
response obtained here on the choice of supporting
electrolyte was also an important factor. Indeed the
use of high pH (> 5 perchlorate based electrodes was
found to 1inhibit any response for the [FeinO)"]’%‘L
substrate due to the insolubility of the polymer layer
(i.e. layer does not swell to Tfacilitate penetration
of the positively charged layer). As stated
previously the Ilinear range for the determination of
Fe(11) 1n aqueous solution extended from 5 x 10_5 to
3 x 10-3 M Fe(ll). This served to illustrate that
these modified electrodes have potential applications
as potentiometric sensors but much more work 1is

required for their further development.

Marked differences were noted between the two 1ron-
containing substrates with respect to their current-
potential response i1In the presence of a film-coated

electrode. One important feature 1is the lack of
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response for the substrate [Fe2(H20)g]?¢- in
perchlorate based electrolyte, whereas [Fe(CN)g]™~
exhibits a very stable response. This is attributed,
as stated previously, to the differences 1In substrate
charge. The latter of the two substrates was found
to have a much faster response. However, the linear-
range for the two substrates was found to be similar
and both systems were fTound to exhibit irreversible

electrode cross-exchange reaction.

Calculations of the Kkinetic parameters involved 1iIn
these catalytic systems have been i1llustrated in
Tables 6.2 - 6.4. It was evident here that values of
D and Ks do not vary considerably with substrate
concentration or Tilm thickness. One could predict
that the catalytic efficiency at the polymer-coated
electrode would iIncrease as the film thickness 1is made
larger and larger. However, as previously stated by
Andrieux and co-workers 2 , increasing the Ffilm
thickness will, at the same time, result 1iIn more
difficulty for the substrate to cross the film from
the solution side toward the electrode and for the
electrons to propagate in the opposite direction thus
limiting or cancelling out the beneficial effect of
increasing the number of layers. The hopping of
electrons possibly associated with counter-ion
movements can be regarded formally as a diffusion

process N . 1t has been found that diffusion co-
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efficients of substrates in the film seems to depend
on the size of the substrate molecules and the
structure of the polymer °" . It has also been found
by Kerr and co-workers 23 that when the film thickness
IS increased, the catalytic efficiency reaches a
maximum and then decreases. This feature was observed
when Kerr et al studied the catalysis of 1,2-dibromo-

1,2 ,diphenylethane reduction at poly-p-nitrostyrene

coated electrodes.

Although the K~MtFeiCNjg] system was found to exhibit
much faster responses than the [FeiHpO)~]A" system,
the differences observed between the two systems were
minimal with the exception of the choices of
electrolyte. In the case of [FeiHpO)"]”™ , there were
several limitations imposed by; 1) the charge of the
metallopolymer and 2) the charge of the substrate.
Ikeda, Schmehl and co-workers have studied the rate of
solute permeation in relation to the reaction site,
the number of waves and the potential at which the
waves occur IT the rate solute permeation iIs very
fast, the reaction site is the electrode surface, only
one wave 1Is produced and the potential 1is the same as
the naked electrode. IT the rate of solute permeation
is very slow, the reaction site i1s the TfTilm/solution
interface. Only one wave is produced and occurs at the
polymer potential as is the case of the [FeiHpOjg]®"

system. If the rate of solute permeation is
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measurable, two reaction sites can exist:- 1) electrode
surface and 2) film/solution interface. Two waves are
produced occurring at 1) the potential equivalent to
that of the bare electrode and 2) the polymer
potential. Results obtained here are also tied iIn with
those obtained from the chronoamperometric studies
already discussed where electron diffusion within the
film was also found to depend on electrolyte and film
thickness. Also, from comparing valued of T"pu (see
Table 4.3) it canbe seen that only a portion of the
film 1s actually involved in the catalytic reaction
which may limit 1ts efficiency. Overall i1t can be said
that. the observation made 1In these studies 1is
significant In that the ruthenium polymers have redox
properties making them potential oxidation catalysts

for electro-organic reactions.

The photochemical properties of ruthenium bipyridyl
based metallopolymers have provided much of the iImpetus
for _their investigation. NThis i1Is largely as a result
of their potential applications iIn, fTor example, the
photod. issociation of water by visible light be T 0G,

For the purpose of this research, the effect of
light on the electrochemical response of the TfTilm-
coated electrodes and the use of these materials iIn the
generation of a photoresponse. Considering firstly the
former of these two studies, the synthesised poly-N-

vinylimidazole based materials were found to exhibit
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interesting photochemical/photoelectrochemical
properties, particularly forthe monosubstituted

complex.

As illustrated in Figuresb.2. to 5.6, the
photoelectrochemical properties of the monosubstituted
complex were found to depend totally on the electrolyte
used. Photolysis of this complex in 1M HpSO™ was found
to exhibit a particularly 1iInteresting effect. A
photostable sulphate complex was determined to have
formed, by comparison with results obtained by Haas,
Zumbrunnen and Vos . This result seemed to iIndicate
the possibility of using this system for information
storage or switching devices. Photolysis of this
complex 1n 1M HCI04 was found to give rise to a
photosubstitution reaction where total conversion to

the aqua species [Ru(bipy)9 PNVI)H20]2+ could be

achieved. This reaction in i1tself allowed preparation

of the above complex which could net be prepared by

any other means.

Perhaps the most interesting area of these
photochemical studies was iIn the investigation of the
photosensitizing properties of poly-N-vinylimidazole
based complexes. These type of studies had previously
been carried out by Murray "® and Cosnier "J where
similar results to those obtained here, were found.

) -
Murray and co-workers AP using systems composed of
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polypyridyl based ruthenium complexes and Cosnier 99,
using electrodes coated with polypyridyl complexes of
ruthenium(l I)-containing pyrrole groups in the presence
of suitable substrates (oxalates and tetrafluoroborat.es
respectively) found it possible to generate
photocurrents of the order of 10 - 100/"‘,A/cm9 .  These
are comparable with results obtained in this research.
The magnitudes of the photocurrents were found to
depend on TfTilm thickness and quencher concentration,
see Table 5.1. Although much of this work 1is still
rather qualitative, 1t has exhibited some interesting
possibilities with respect to potential applications of
the poly-N-vinylimidazole based complexes. However, as
found with the catalytic studies, experiments were
found to be very much limited by the choice of
supporting electrolyte. With this in mind, i1t would be
of 1mportance to study these properties with a more
stable metallopoiymer complex. it i1s possible that
substituting osmium for ruthenium might be an answer to

some of these limitations.

Although much of this research 1is still iIn very early
stages of development, it has been shown that a variety
of poly-N-vinylimidazole based, metallopolymers can be
prepared and satisfactorily characterised- They have
been found to exhibit interesting electrochemical
properties, many of which were found to be similar to

polyvinylpyridine analogues. Also in the
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electrochemical area, some interesting potential
applications have been noted and are indicative of the
rapid development of electrochemistry as an in-depth

area of chemistry.
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