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Abstract

The goal of this work 1is to produce new materials with enhanced
Electrochemiluminescence by tuning the properties of the material itself. The
electrochemical and photophysical properties of films of the conjugated ruthenium
metallopolymers [Ru(bpy),(PPyBBIM),]*" ( where n = 1,10,20) and composite films of
[Ru(bpy)s*" with either high or low molecular weight fractions of the conducting polymer
(PMAS) have been investigated with the goal of enhancing ECL production. It has
demonstrated that it is possible to tune both the electrochemical and photophysical
properties of a material to favor ECL production, but that there often exists a “trade off”
between the two, e.g. enhanced charge transport resulting in decreased luminescent

lifetime.

Both the Ru(2,2-bipyridyl)poly[2-(2-pyridyl)-bibenzimidazole metallopolymers and the
Ru-PMAS films displayed charge transfer diffusion coefficients (Dcr) of up to 1.44 + 0.2 x
10" S ¢m™. The benzimidazole based metallopolymer displayed dual emission resulting
from both the polymer backbone and the ruthenium metal centre. Given the spectra overlap
quenching of the polymer based emission via electron transfer to the ruthenium centered
emission was expected however it was shown that this was not thermodynamically feasible.
Electron transfer from the polymer to the ruthenium has been shown to occur within the
Ru-LMWT PMAS film resulting in an enhancement of ruthenium based emission. The Ru-
HMWT displayed the fastest rates of charge transport however it has been shown to
deactivate the ruthenium excited state via energy transfer to acceptor states on the polymer
itself resulting in decreased photoluminescence and luminescence lifetimes. ECL
efficiencies were calculated for each of the films, the Ru-LMWT PMAS film was shown to
enhance ECL efficiency by approximately 25 % compared to the non conjugated
metallopolymer [Ru(bpy)(PVP)o]*" demonstrating that conjugated metallopolymer

systems represent a promising future of ECL.
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Chapter 1

Literature Review and Theoretical Framework



1.4  Electrochemiluminescence; Principles and Occurrence:

1.4.1 General Principles:

Chemiluminescence (CL) is a powerful analytical technique that exhibits high
sensitivity and selectivity' compared to other luminescence based detection systems.
Electrochemiluminescence or electrogenerated chemiluminescence (ECL) is a form
of chemiluminescence in which the light emitting chemiluminescent reaction is
preceded by an electrochemical reaction. The light emission is caused by relaxation
of the ruthenium excited state having been created via energetic electron transfer
reactions of electrogenerated species in solution. ECL has important advantages over
more conventional CL in that the reagents needed for the reaction are produced in
situ when required at the electrode. The reaction can therefore be controlled and
manipulated by controlling the applied potential. This allows unstable reagents to
react as soon as they are formed. By controlling the potential, light emission can be
delayed until events such as immune or enzyme catalyzed reactions have taken place.
Although similar control can be exercised over alternative detection methods, such as
fluorescence, the equipment is considerably more sophisticated and expensive. ECL
has a further advantage over optically driven luminescence in that no external light
source is required for excitation thereby significantly reducing background
interference. An illustration of ECL with current transduction methods can be seen in

Figure 1.1.

ECL has another notable advantage in that it allows control over the position at which
light is emitted. Control over position can be used to confine light emission to a
region that is precisely located with respect to the detector, improving sensitivity by
increasing the signal to noise ratio. A good example of this is the combination of ECL
with magnetic bead technology, which allows bound label to be distinguished from
unbound labels without a separation step. Control over position could also be used to
determine the results of more than one analytical reaction in the same sample by
interrogating each electrode in an array, either in sequence, or simultaneously using a

position sensitive detector.
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Figure 1.1: Illustration of ECL within current transduction methods.



Due to the aforementioned advantages, the study of ECL systems has attracted across
different research fields, such as electrochemistry, spectroscopy and photochemistry
that it entails, as well as by their potential as the basis for highly sensitive detection
techniques in analytical chemistry. Indeed this increased interest is reflected in the
number of reviews>*>¢7SHOILIZIILE that report the usefulness of ECL detection

methods and its analytical applications.

ECL can arise from organic as well as inorganic substances and can be produced by
annihilation reactions between reduced and oxidised forms of the same species or by
using a co-reactant that forms an energetic oxidant or reductant on bond cleavage.
ECL provided the first evidence of the Marcus inverted region, where generation of
the excited state rather than the energetically more favourable ground state was
seen.'® To generate ECL, AC as well as DC electrolysis may be used and the
precursors may be generated sequentially at the electrode by CV or potential step
techniques or simultaneously at a rotating ring disk'” or double band electrode.
Organic compounds known to produce ECL include luminol, anthracene, 9,10-
diphenylanthracene (DPA) coronene and ruberene. A large number of inorganic

metals and clusters are also able to produce ECL. Complexes of metals investigated

18,19 20,21 22,23,

include ruthenium11-'? osmium'®"’ chromium?*?' rhenium**: cadmium?* and copper.*

The structures of some of the most widely studied organic and inorganic ECL active

complexes can be seen in Figure 1.2 and Figure 1.3.
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Figure 1.2: Structure of some of the most commonly studied ECL-active organic

species.






Figure 1.3: Structures of the ligands of some of the most commonly studied inorganic
ECL-active complexes. The above ligands are commonly used to form ruthenium and

osmium complexes.

The basic requirements for efficient annihilation ECL to occur are the formation of
stable radical ions of the precursor molecules in the electrolyte of interest, good
photoluminescence efficiency of a product of the electron transfer reaction and
sufficient energy in the electron transfer reaction to produce the excited state. The
precursors participating in the homogeneous electron transfer leading to the light
emitting excited state are generated at electrodes through heterogeneous electron
transfer reactions. In organic ECL systems these precursors are often in the form of
oxidised and reduced radical ions, whereas in inorganic systems they are typically
simply the reduced and/or oxidised forms of the parent complex. The oxidised
precursor represents a ‘hole’ in the highest occupied molecular orbital (HOMO)
which enhances its oxidative properties, while the reduced form represents an
electron in the lowest unoccupied molecular orbital (LUMO), which enhances its
capacity for reduction. In all cases the homogeneous reaction between these
precursors is characterised by very fast (~10'° M's™) very energetic (typically 2-4 eV)

electron transfer.?

As can be seen from Figure 1.4, there are two possible paths for the homogeneous
reaction between the two radicals. Firstly, the electron transfer may take place from
the now occupied LUMO of the reduced radical to the HOMO of the oxidised one
(B). This is the path most favoured thermodynamically. However, if electron

transfer is sufficiently rapid, this means that a large amount of energy would have to



be dissipated over a very short time scale in vibrational modes, which is very difficult
for the reacting system. Here a kinetic manifestation of the Franck-Condon principle
comes into play, and the path to electronically excited products becomes relatively

attractive, because its demand for mechanical accommodation is not nearly so great.7

The luminescent path involves electron transfer between the LUMO of the reduced
radical and the slightly less energetic LUMO of the oxidised radical (A). In this case
only a small amount of energy needs to be dissipated in mechanical modes, this
satisfies the Frank-Condon principle and leads to the formation of an excited state

product, which emits light on relaxation, forming the stable ground state products.
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Figure 1.4 Molecular orbital diagram showing two alternative pathways for
electron transfer between oxidised and reduced precursors R and R*. (4) Formation

of an excited state and (B) direct population of ground state products.



ECL mechanisms have been extensively studied and it has been found that there are

at least five main pathways by which ECL can occur. These pathways are;

(1)S-Route: Reactions between oxidised and reduced precursors leading to the direct
formation of an excited (usually singlet) state. This is known as the S-route and the
system. A typical S-route system is the polyaromatic hydrocarbon; 9,10-
diphenylanthracene (DPA). The radical cation and the anion of this species are produced
by applying a double potential step to a platinum electrode in a solution of DPA
dissolved in MeCN or DMF using a tetrabutylammonium salt as supporting electrolyte.”’

The reaction proceeds as follows;

DPA - ¢ -——>  DPA™ (electro-oxidation) (1)

DPA +¢ > DPA™ (electro-reduction) (2)

DPA™ + DPA”™ > DPA + 'DPA” (electron-transfer) 3)

'DPA” -— DPA + hv ( chemiluminescence)
4)

where DPA” is the excited singlet state. Emission is observed at A, = 420nm. As
can be seen from Figure 1.4, the energy supplied by the ion annihilation reaction

(reaction 8 above) is sufficient to directly populate the emitting singlet state.

(i1) T-Route: When radical annihilation reaction is ‘energy deficient’ and therefore unable
to produce an excited singlet state directly, then an excited triplet may be formed,
which may be able to generate a singlet for efficient light emission through triplet-
triplet annihilation. This indirect pathway is known as the T-route. An example of the
T-route is the DPA-TMPD ECL system, (where TMPD is N,N,N’ N’-tetramethyl-p-

phenylenediamine). In this system the following reactions take place;

TMPD-¢¢ ——> TMPD™ (electro-oxidation) (5)



TMPD™ + DPA™ ——>3DPA"+ TMPD (electron transfer) (6)

2°DPA" ——> DPA + 'DPA” (T-T annihilation)  (7)

These reactions are then followed by reaction 8. As can be seen from Figure 1.5 only
the non-emitting triplet is energetically accessible following reaction 10, therefore the
energy for the population of the first excited singlet comes from reaction 11 where the

energy from two electron transfers is pooled to provide sufficient energy.
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Figure 1.5 Energy level diagram for DPA and DPA-TMPD ECL systems

(iii)) E-Route: In the two previous types of ECL considered, the annihilation reaction
leading to the formation of the emitting species is said to proceed via a charge
transfer or encounter complex. There is a third type where this molecular complex
itself is responsible for emission. If the excited complex emitter is formed from two
like molecules, it is known as an eximer, and if formed from two unlike molecules, it
is an exiplex.”® The mechanism involving emission originating from these types of

complexes is sometimes known as the E-route.

For example, the ECL of pyrene® (Py) plus TMPD produces a bimodel spectral

emission with peaks at ca. 400nm from 'Py", and ca. 480nm from the Py," eximer:

Py +TMPD"  -———> 3Py’ +TMPD (8)
'Py" + Py 9)
Py" + Py’ — Py," (10)

where 'Py’ and °Py’ represent the excited singlet and triplet states of pyrene

respectively and Py, represents the eximer.

(iv)A S-route system that involves direct population of triplets by homogeneous reaction
between electrogenerated precursors, followed by phosphorescence to give ground state
products. This path is most often encountered with transition metal complexes such as
ruthenium(tris)bipyridine, [Ru(bpy);]*". Here, spin allowed excited states undergo rapid
deactivation due to spin-orbital coupling and emission originates from the lowest energy
excited state via energy sufficient routes. The lifetime of this species being too short to
take part in subsequent annihilation reactions, emission comes as phosphorescence from

the spin-forbidden excited state.



If a solution of Ru(bpy);*” in acetonitrile (ACN) is subjected to a cyclic double step
potential alternating between oxidation and reduction potential of the complex, an
orange emission is observed from the vicinity of the electrode (Amsx = 610 nm). The

reaction sequence is as follows;

Ru(bpy)s*"+e —> Ru(bpy)s’ (11)

Ru(bpy);* -e  ——> Ru(bpy)s’ (12)
Ru(bpy);" + Ru(bpy)s>* ———> Ru(bpy)s*"+ [Ru(bpy)s*]’ (13)
[Ru(bpy)s*']" —> Ru(bpy)s*" + hv (14)

Since the excited state triplet from which emission occurs is directly populated, the

system is energy sufficient and is therefore classed as an S-Route system.

(v)Homogeneous reactions of electrogenerated precursors with electron donors/acceptors
present in solution can also result in ECL. For instance, if a strong oxidising or reducing
agent, such as oxalate (C,04%) or peroxodisulphate (S;0s”) is introduced into solution in the
[Ru(bpy);]** system described above, then only half the oxidation-reduction cycle need be
applied. However, it should be noted that being a strong oxidising/reduction agent is a

necessary, but not sufficient condition for a co-reactant to produce ECL in these cases.8

1.4.2 Analytical Applications:



The application of electrochemiluminescence (ECL) for the detection of biologically
important analytes has seen substantial development over the last two decades. Due to
its highly sensitive and selective detection methods Electrochemiluminescence (ECL)
has proven to be a powerful tool for use within analytical applications. The increasing
interest over the past two decades is reflected in some of the many ECL reviews.5”’
Relatively inexpensive commercial instrumentation and ECL labels with linker
groups that are easily attached to biomolecules have allowed researchers to quickly
and easily develop numerous assay formats for a variety of applications. Many of the
analytical applications of ECL have been based on the inorganic ruthenium chelate
[Ru(bpy);]** and its derivatives. This is due to the ability of these complexes to emit
luminescence at room temperature in aqueous solutions and undergo reversible one-
electron transfer reactions at easily attainable potentials thus producing stable reduced
or oxidised species. Under certain conditions the efficiency of excited state
production (®Pgs) for these complexes has been know to approach 100%.”
[Ru(bpy);]** exhibits intense ECL with a range of co-reactants, both oxidants and
reductants, which is relatively insensitive to the presence of oxygen and impurities.
This makes the system a very attractive means of detection, and there are numerous
such methods published in the literature for determination of a wide variety of

analytes. These have been extensively reviewed. 8!

The occurrence of ECL in the reaction of [Ru(bpy)s;]*" with amines® enables the
determination of a large number of analytes. Many amine containing analytes such as
amino acids, proteins, aliphatic and cyclic amines and various pharmaceuticals have
been determined with high sensitivity using this method.11 The relationship between
the ECL behaviour and the structure of the amine containing molecule has been
intensively investigated and reviewed by Knight and Greenway.*' It is found that ECL
emission from the reaction with amines increases in the order 1° < 2° < 3° amines.
Primary amines show the lowest ECL intensity and their detection is sometimes only
possible after derivatisation with divinlysulfone. Upon reaction with divinlysulfone
primary amines undergo a cycloaddition reaction resulting in the formation of the

alicyclic tertiary amine.”® Other factors that influence the ECL of amines are electron



donating or accepting substituents at the nitrogen or a-carbon, chain length of the
alkyl chains, a rigid cyclic or a non cyclic structure and the presence of aromatic
groups. Electron withdrawing substituents close to the radical centre tend to modulate
ECL intensity due to a stabilising or destabilising effect on the radical intermediate
(which participates in the reaction leading to the excited state). Resonance
stabilisation of the radical intermediate reduces its reactivity and thus ECL intensity
(as is the case with aromatic amines). The molecular geometry and the radical species

may also be a factor.

Danielson ef al”” have looked at a large number of amines with respect to their
potential for producing ECL. They found a strong inverse correlation between ECL
intensity and first ionisation potential, and also noted that the loss of a non-bonding

electron for the electron transfer reaction leading to ECL was favoured.

The [Ru(bpy);]*"/ oxalate system has also been used to determine oxalate in synthetic
urine.** High oxalate concentrations in blood and urine are known to accompany a
number of maladies including renal failure, vitamin deficiency and intestinal diseases.
ECL intensity was linearly related to oxalate concentration over the range of 10°-10™
M. This region encompasses the concentrations found in normal blood and urine.
[Ru(bpy);]** itself has been determined in the presence of oxalate and persulphite to
levels as low as 10" M, which allowed the authors to suggest its implementation as a
novel ECL label.*® Other organic species which have been determined using
[Ru(bpy);]** ECL include hydroxyl carboxylic acid,’® monohydric alcohols both of

which produce the excited state through broadly similar mechanisms to oxalate.

The combination of very sensitive ECL detection with extremely selective biological
interactions such as enzymatic reactions, immunoassays and DNA probe assays has
gained more and more interest over the past number of years and has resulted in a
number of publications.33*7 Ruthenium based systems have once again received
much attention in this area. This is mainly due to the fact [Ru(bpy);]** can be easily

modified by attaching reactive groups to the bipyridyl ligands to form active labels



for proteins, nucleic acids and other biological molecules. This allows measurements
in aqueous solutions at an optimal pH for immunoreactions. Impurities introduced
with the biological matrix or dissolved oxygen do not interfere with the accurate
detection of the ECL label. This technique allows even multi labelling of
biomolecules without interfering with the biological activity. This approach has many
distinct advantages, namely that problems of sample handling, disposal and lifetime
decay inherent in radioimmunoassay are eliminated, since no radioactive isotope is
used. Detection limits are extremely low, normally sub-picomolar, (a limit of 5 x 10
moles was reported for the HIV-1 gag gene), the linear dynamic range is greater than
six orders of magnitude, the labels are extremely stable and can be stored for over a
year at room temperature and their small size allows multiple labelling of the same

molecule without affecting the immunoreactivity or hybridisation of the probes.

ECL technology has recently been commercially developed for the clinical

diagnostics market.*®

Assays have been developed for a wide variety of applications
such as monitoring pregnancy, thyroid diseases, and infectious diseases.”* The
sensitive detection of biotoxoids and bacterial spores such as anthrax in soil has also
been described.” In this technology, ECL detection is combined with conventional
antigen-antibody reactions which take part on streptavidin coated magnetic particles.
The sample is combined with a reagent containing biotinylated antibody and a second
ruthenium labelled antibody. During incubation the antibodies capture the target
molecules, the microparticles are then added and during a second incubation period
the biotinylated antibody attaches to the streptavidin coated particles (Figure 1.6).
The sample is drawn into the ECL measuring cell along with a buffer containing
tripropylamine. A magnet located under the electrode captures the microparticles at

the electrode surface and all unbound reagent is washed from the cell. The magnet is

then removed and a potential is applied to the electrode, initiating ECL.
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Figure 1.6: Basis of Elecsys[] ECL immunoassay technology.



1.4.3 ECL Limitations:

Electrochemiluminescence has many distinct advantages over conventional
Chemiluminescence such as the ability to generate the reactants in situ, the
opportunity to gain additional information from monitoring the electrochemical
activity of the analyte and removal of the need for an external light source thereby
reducing background noise and increasing sensitivity. However like many other
transduction methods it too suffers from certain disadvantages. Low
photoluminescent yields and luminescence lifetimes can significantly reduce ECL in
both organic and inorganic systems. In ruthenium based ECL systems certain criteria
exist that favour ECL production such as film porosity. A rigid film prevents analyte
diffusion to the mediating Ru*" metal centres. If transport of the analyte is not rate
limiting ECL production is highly dependent upon the rate of charge transfer (Dcr). A
fast rate of charge transfer ensures sufficient Ru®* will be present to react with a given
analyte and produce ECL. The non conjugated redox metallopolymers that have
typically been used for ECL suffer from relatively slow charge transport compared to

recently developed conducting metallopolymers.*!

The metallopolymers currently utilised for ECL production such as
[Ru(bpy)(PVP)0]*" consist of electrochemically active sites at each ruthenium metal
centre tethered to a electrochemically inactive backbone. The ruthenium metal d-
orbitals are isolated from one another and as such charge transfer occurs via a
“through space mechanism”. By incorporating a conjugated backbone the electronic
interactions between the polymers n-system and the metals d-orbitals will modulate
the properties of both components in interesting and potentially useful ways. One of
the anticipated benefits is to achieve several photons per luminophore in the
measurement. A faster rate of charge transfer would therefore significantly increase

the production of ECL leading to enhanced sensitivity.



1.5 Conjugated Conducting Metallopolymers for ECL Enhancement:

1.5.1 Introduction:

The study of conducting polymers has blossomed into a mature field over the last four
decades. Tremendous progress has been made towards the goal of developing
conjugated organic materials with delocalised m electrons serving as the means of
electronic conductivity.**** The extensive delocalization of n electrons is well
known to be responsible for the array of remarkable characteristics that these
polymers exhibit. These properties include non-linear optical behaviour and
exceptional mechanical properties such as tensile strength and resistance to harsh
environments. However the most remarkable characteristic of these polymers is their

ability to act as electronic conductors.42

The first polymer capable of conducting electricity was prepared in the mid 1970s.
Polyacetylene as shown in Figure 1.7 was prepared by accident by Shirakawa.* The
subsequent discovery by Heeger and MacDiarmid*® that the polymer would undergo
an increase in conductivity of 12 orders of magnitude by oxidative doping with iodide
quickly reverberated around the polymer and electrochemistry communities, and an

intensive search for other conducting polymers soon followed.

The essential structural characteristic of all conjugated polymers is their quasi-infinite
7 system extending over a large number of recurring monomer units. This feature
results in materials with directional conductivity, strongest along the axis of the
chain.” Since the discovery by Heeger and McDiarmid many conjugated polymers
with varying degrees of functionality have been produced. The aim of which is to
produce a material that could combine the processibility, environmental stability, and
weight advantages of a fully organic polymer with the useful electrical properties of a
metal. Electronically conducting polymers are extensively conjugated molecules and
as such it is believed that they possess a spatially delocalised band-like electronic

structure.47 These bands stem from the splitting of interacting molecular orbitals of



the constituent monomer units in a manner reminiscent of the band structure of solid-
state semiconductors. The mechanisms of conductivity in these polymers have been
shown to be based on the motion of charged defects within the conjugated
framework. The charge carriers, either positive p-type or negative n-type, are the
products of oxidising or reducing the polymer respectively. To date research into the
applications of conducting polymers is ongoing within academic, industrial and
governmental laboratories. Current applications of conducting polymers include solar

49,50

cells,” lightweight batteries, sensors**” and molecular electronic devices.”!
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Figure 1.7: Structure of some common conducting polymers.

1.5.2 Charge Transport Mechanisms of Conjugated Metallopolymers:

As previously discussed the primary rationale for creating conjugated
metallopolymers is that electronic interactions between the polymers m-system and
the metals d-orbitals will modulate the properties of both components in interesting
and potentially useful ways. One of the anticipated benefits is fast charge transport to
and from the metal centres so that multiple electrons can be rapidly exchanged with a
substrate (e.g. O,) during electrocatalysis. The source of the extra electrons can be the
polymer backbone itself, if it is electroactive over the appropriate potential range, or
other nearby metal centres. In either case d-m interactions would be expected to
enhance the rate of electron transport. This would be especially advantageous in the

area of electrochemiluminescent based sensing.

Electron transfer between immobilised metal centres in a polymer film has been
shown to occur by at least three mechanisms,> outer sphere electron transfer between

metal sites, as in conventional redox polymers,>*

electron transfer through the
polymer backbone via a metal-metal electronic interaction (super-exchange pathway),
and via polymer based charge carriers (polymer mediated pathway).” A schematic
representation of these pathways can be seen in Figure 1.8. Electron transfer via
polymer based charge carriers requires the polymer backbone to be electronically
conductive and therefore either p-doped or n-doped at potentials close to the formal
potential of the metal centre. The significance of this pathway can be assessed to

some extent by cyclic voltammetry thereby showing the extent to which the polymer

backbone’s redox waves overlap with that of the metal complex.



(a)

(b)




Figure 1.8: Schematic diagram of the three electron transfer pathways between
metal centres in metallopolymers. (a) Outer sphere electron transfer, (b) Super-

exchange pathway, (c) polymer mediated pathway.

Electron transfer through the polymer backbone via a metal-metal electronic
interaction (superexchange pathway) can occur via two mechanisms,” electron type
superexchange and hole type superexchange, as illustrated in Figure 1.9. In the
former, mixing of the n* LUMO of the polymer and the metal d orbitals is the major
contributor to the metal-metal interaction, while in the latter mixing of the n* HOMO
of the polymer and the metal d orbitals is the major contributor. The extent of d-n
interactions in conjugated metallopolymers will depend on the relative energies of
these orbitals, something that can be conveniently assessed from electrochemical

studies.
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Figure 1.9: Diagram illustrating electron type superexchange and hole type
superexchange.
1.5.3 Examples of Conjugated Metallopolymers with Enhanced Charge Transport.

Metal containing conjugated or conducting metallopolymers can generally be divided
into three types known as I, II, and III. The difference between these types depends
on if the respective metal is tethered, coupled or incorporated. These three types of
metallopolymers are illustrated in Figure 1.10. Type I polymers have the metal group
tethered to the conjugated backbone by a linker moiety such as an alkyl group. In this
case the polymer acts as a conductive electrolyte and the metal ions act in a similar
way to an untethered group present in the polymer matrix. Type II polymers have the
metal directly coupled to the polymer backbone or coupled to the backbone by a
conjugated linker group. This makes it easier for the polymer and the metal group to
affect each other’s properties directly. If the conductive backbone and the metal ions
are redox active, the systems can be electrochemically tuned. The third type of
polymer has a metal group directly incorporated into the conjugated backbone. In this
type of metallopolymer the metal group had the greatest influence on the properties of

the conducting polymer.
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Figure 1.10: Diagram illustrating the three different types of conducting
metallopolymers. Type I (tethered), Type Il (coupled) and Type III (incorporated).

Type 1 metallopolymers have included various cyclam® and porphyrin® complexes,
ferrocene,” bipyridyl groups,” crown ether complexes® and sulfonic acid salts.®” Due
to the spatial difference between the metal complex and the polymer backbone type I
metallopolymers exhibited very little metal-backbone conductivity. Within ferrocene
tethered complexes redox conduction was only observed if the alkyl chain was very
short.62% Multicoloured electrochromism had been demonstrated with a copolymer
of a thiophene bearing a tethered Ni** cyclam and 3-methylthiophene synthesised
electrochemically in acetonitrile.** The polymer was orange-red when neutral, green
when the thiophene was oxidised and then turned blue when the nickel also became

oxidised.

A number of type II polymers are known including diimine polymers, pendant
ferrocene complexes, pendant bis(salicylidene) metal complexes, metallorotaxane
polymers and complexed polythiophenes. Diamine groups such as bipyridyl, when
they are a part of a polymer backbone have been used to complex with a number of
metal ions. Metals that have been complexed include ruthenium, copper, osmium and
rhenium. Pickup and co-workers41°>%% have made extensive use of impedence
spectroscopy, rotating disk voltammetry, and dual sandwich electrode voltammetry to
elucidate charge transport mechanisms in several ruthenium and osmium containing
conducting polymers. They outlined how different conductivity mechanisms depend
upon the nature of the interaction between the metal centres and the ligand backbone.
A benzimidazole-based polymer as seen in Figure 1.11 has demonstrated strong
polymer mediated communication between the metal centres.41>> The pH dependent
nature of the charge delocalisation resulting from the protonation/deprotonation of the
polymer backbone support its role in charge transport. Since the backbone of this
polymer is not doped in the potential region of the Ru(III/II) formal potential it does
not contribute directly to the electronic conductivity of the polymer in this region, the

rate of the Ru(III/II) redox process is therefore determined by the rate of electron



exchange between the redox sites. This is conveniently measured and represented as
the electron diffusion coefficient, D.. These results showed for the first time that
electron transport between metal centres is enhanced significantly when the metal
sites are coordinated directly to the w backbone of a conjugated polymer. D, rates for
this metallopolymer were more than a factor of 10 greater than those in similar

ruthenium systems where the metal is electronically isolated by saturated bonds.

Type II conducting metallopolymers have also displayed conductive properties.
Organometallic heterocyclic polymers have been prepared by “metacycling”
polymerisation reactions,””* by Nishihara and coworkers. Both ruthenium and cobalt
materials have been investigated,” The soluble cobalt containing polymer displayed
redox conductivity of 10* S ¢cm™ when doped with I,. Metallopolymers with redox
conductivity as high as 10° s cm™ have also been reported.” Although the most
common method of polymerisation for types I and II polymers are
electropolymerization this technique is much less common with type III polymers.
For this type of polymer chemical polymerisation is more common. Type III
metallopolymers were among some of the first metallopolymers to be synthesised.
Type III metallopolymers can be either linear or three-dimensional and can be
obtained with a wide range of physical and electronic properties. Polymer chains can
be made through direct metal-metal bonding or through ligand-metal interactions and
both semi-conductive and highly conductive materials have been produced. In the
case of entwined metallopolymer systems,”” two ligands have been studied that
incorporate thiophene based electropolymerizable moieties in the 2,9 - positions of
the copper binding 1,10-phenanthroline ligands. A 9 fold increase in conductivity was

noted when alkyl chains were incorporated into the metallopolymer structure.

The creation of many of the metallopolymers mentioned above involved complex
methods of synthesis and is labour intensive as well as time consuming. An
alternative to such metallopolymers is the immobilisation of metal complexes either
electrostatically or electrochemically in conducting polymer matrixes. This avoids

complex synthetic procedures for covalently attaching the metal to the polymer



backbone and enables polymer films to be produced quickly and easily. Previous
work by Forster et al/ has demonstrated the electrochemical polymerisation of
methoxy-aniline in the presence of [Ru(bpy);]*" resulting in ruthenium based
luminescence and electrochemiluminescence as well as enhanced rates of charge
transport.”” This method of preparing films represents a simplistic and effective
approach to combining metal complexes with polymeric systems while maintaining
many of the anticipated benefits of having both conducting backbone and metal

centres.
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Figure 1.11: Structure of Ru(2,2-bipyridyl)poly[2-(2-pyridyl)-bibenzimidazole] and
Poly-2-Methoxyaniline-5-sulfonic acid (PMAS).

1.6 Conclusions

The future of the biomedical diagnostics industry lies in the identification of disease
biomarkers at very low concentrations often picomolar levels. In order to achieve the
level of detection required a significant improvement over current transduction
methods is required. Current approaches involve both optical and electrochemical
methods however both suffer from inherent limitations. The inherent advantages of
ECL make it an ideal technique for use within the biomedical diagnostics industry.
ECL does not require external excitation and all reagents are generated in situ. ECL
has the added advantage that as light emission occurs close to the electrode, the
electrode shape and size can be altered to maximise the capture of light. ECL
however is highly dependent on the rate of charge transfer (Dcr) through the
metallopolymer film. Traditionally the ruthenium redox metallopolymers that have
been utilised for ECL production have shown a slow rate of charge transfer and this
has limited ECL production. ECL intensity is also limited by low photoluminescent
yields and short lived luminescence lifetimes. One solution to this problem is to
utilise metallopolymers with a conjugated backbone. The delocalised © network along
the backbone has been shown to increase charge transfer rates between metal centres.
The possibility of energy or electron transfer from the polymer backbone to the metal
may enhance luminescence or luminescence lifetimes. If applied to an ECL system

this approach could result in enhanced ECL production.

This thesis attempts to tune the electrochemical and photophysical properties of 2
polymeric systems to produce enhanced ECL. The first system is a Ru(2,2-
bipyridyl)poly[2-(2-pyridyl)-bibenzimidazole (Ru(bpy)>(PPyBBIM),)**
metallopolymer whereby the ruthenium bipyridyl metal complex is covalently bound
to the polymer backbone as seen in Figure 1.11. The second system involves
electrostatically isolating [Ru(bpy);]*" in films of both high and low molecular weight
fraction of Poly-2-Methoxyaniline-5-sulfonic acid (PMAS).



Chapter 2 of this thesis characterises each system by comparison to previously
reported photophysical and electrochemical characteristics. The PMAS polymers are
characterised without the addition of ruthenium to ensure purity. Chapter 3 probes the
driving forces for ground and excited state electron transport within the
[Ru(bpy).(PPyBBIM),]** metallopolymer films as well as examining how these
processes affect luminescent intensity and luminescent lifetimes. Chapter 4 examines
the electrochemical and photophysical characteristics of ruthenium containing PMAS
films. Chapter 5 then examines how if the electrochemical and photophysical
characteristics reported in Chapters 3 and 4 translate into ECL enhancement. Chapter

6 summarizes the main conclusions of the thesis.



Chapter 2

Characterisation of [Ru(bpy):(PPyBBIM).]** and
[poly(2-methoxyaniline-5-sulfonic acid)]



2.1 Introduction

Electrically conducting (conjugated) polymers such as polyimidazole, polyaniline,
polypyrole and phenylene continue to be the subjects of intense research’ with
anticipated uses as sensors, rechargeable batteries, electrochromic displays and

PI6T1I8T98081 The yse of polymers as supports for

corrosion resistant coatings.
confining transition metal complexes at the electrode solution interface is also well
known.”® A significant area of interest involves using conducting polymers to
enhance communication between metal centres either by covalently binding the metal

to the polymers or via electrostatic interaction.

There has been sustained interest in m-conjugated metallopolymers over the last
decade. The anticipated advantage of an arrangement where the metal is coordinated
into the m backbone lies in the hypothesis that interactions between metal-based dn
orbitals and ligand (polymer) L @ or L * can occur. As a result, the © network can in
essence act as an intramolecular electron conduit allowing the rapid movement of
electrons necessary for high electrocatalyst performance such as that involved in the
generation of Electrochemiluminescence. The ability of conjugated linkages to
provide an effective pathway for electron transfer between metal sites has been
demonstrated in a number of polymeric systems. For example Pickup et al*
demonstrated increased electron transfer rates between metal centres via a

superexchange mechanism through a conjugated backbone. An illustration of the

superexchange mechanism can be seen in Figure 2.1

Polymers based on the benzimidazole fragment in particular have long been
recognized for their useful engineering properties and resilience. The preferred
method of synthesizing polymers based on the benzobisazole fragment is the

condensation reaction between a carboxylic acid and an appropriate substituted



phenyl ring in polyphosphoric acid (PPA)**** This approach is known to be
significantly more reliable than older techniques such as high temperature melt
reactions between diamines (for benzimidazoles) and acids or esters, and the
interfacial polycondensation of diamines with acid chlorides®. Metallopolymers can
then be prepared by simply refluxing the polymer backbone with the metal complex
or interest. Materials of different metal loadings can be prepared by simply varying
the relative molar ratio of reactants or by controlling the refluxing times. As these
materials can be readily dissolved they can be investigated in great detail as solution
phase species. Conventional spectroscopic and electrochemical methods can be used
to probe the nature of the coordination sphere around the metal atom and also

investigate the ground and excited state properties of the polymer itself.

Functionalised polyaniline has attracted immense interest over the years due to its
unique electrochemical properties, water solubility and potential industrial
applications.”™®' The anticipated advantages of combining sulfonated polyaniline
(SPAN) with transition metal complexes such as enhanced rates of metal to metal
charge transport and increased luminescence due to energy transfer from the polymer
to metal are significant. Sulfonated polyaniline was the first reported water soluble
conducting derivative of polyaniline.”” Substitution of methoxy groups onto the

aniline ring has further improved the conducting and solubility properties of SPAN.”

Poly(2-methoxyaniline-5-sulfonic acid) (PMAS) has been shown to display
interesting photophysical, electrochemical and synthetic characteristics. Unlike many
other forms of polyaniline both the chemical and electrochemical synthesis of Poly(2-
methoxyaniline-5-sulfonic acid) in aqueous media have been found to give two
distinct polymer fractions, a high molecular weight polymer, referred to as (HMWT
PMAS) with molecular weights of approximately 8-10 kDa and low molecular weight
(LMWT PMAS) oligomers of approximately 2 kDa. As such, early attempts to isolate
each fraction typically resulted in either fraction also containing a significant amount
of the other. Recently however, these high and low molecular weight fractions have

been separated utilising cross flow dialysis tubing providing samples of each fraction



with purity greater than 95%.* Once isolated, PMAS fractions have previously been
demonstrated to display remarkable electrochemical and photoluminescent
properties.”?*” The unique features of such polymers provide increased scope in the
area of metal based luminescent sensing. The isolation of a highly luminescent metal
centre within such polymers may lead to increased cooperative effects between both
the metal and the polymer thereby increasing the sensitivity of current luminescence
based sensors. Prior to this however it is necessary to characterise each PMAS

fraction to ensure purity.

This chapter aims to characterise the electrochemical and photophysical
characteristics of the metallopolymer [Ru(bpy).(PPyBBIM)n]** metallopolymers
where n varies depending on the amount of ruthenium complex on the polymer
backbone and the conducting polymer Poly(2-methoxyaniline-5-sulfonic acid) prior
to the addition of ruthenium. The results of which are compared to those previously

reported in the literature..



Figure 2.1: Illustration of the superexchange mechanism proposed by Pickup et al.83



2.2 Apparatus and Reagents

Ultraviolet-visible spectra were carried out in ethanol or acetonitrile using a UV-
Visible Cary 50 Scan spectrophotometer and data analysed using a personal computer
containing Cary Win UV software. Emission spectra were recorded using a Perkin
Elmer LS-50 luminescence spectrometer, equipped with a red sensitive Hamamatsu

R928 detector. In each case a 1 cm quartz cell was used. Samples were prepared at

concentrations of 10 M in spectroscopic grade acetronitrile.

Emission lifetime measurements were performed on a PicoQuant Fluo Time 100
Time Correlated Single Photon Counting spectrometer (TCSPC) using a PDL-800B
pulsed diode laser controller and employing 280, 370 and 450 nm pulsed laser
sources with cut off filters of 400, 475 and 530 nm. All solutions were deaerated for
20 minutes using argon or nitrogen prior to use. Lifetimes were determined using

PicoQuant FluoFit software.

Electrochemical experiments were performed in a standard electrochemical cell
using a CH instruments (Memphis TN.) model 440 potentiostat and were carried out
using a 3 mm diameter glassy carbon working electrode in a conventional three-
electrode assembly using a platinum flag as the counter electrode. Working
electrodes were cleaned by polishing with alumina (0.3 and 0.05 micron) on felt pad,
followed by sonication in distilled deionised water for 30 min. Potentials were
measured versus a Ag/AgCl reference electrode (3M). All solutions were
deoxygenated using nitrogen or argon prior to measurement. Electrochemical spectra
were background corrected using CH instruments fitting software. As one of the goals
of producing theses materials is for use in ECL based sensors for detection of
biological analytes extremes of pH are not desired. As such electrochemical

measurements were performed in either 0.1M LiClO4 (pH6) or 0.1 M H,SO4 adjusted



to pH 6. All solutions were deoxygenated using nitrogen or argon prior to

measurement.

Where appropriate, working electrodes were modified by applying a drop (= 15 HL)
of an ethanolic solution of the metallopolymer to the electrode surface which was
allowed to dry in the dark for 10 to 24 hours. The surface coverage I, was

determined by graphical integration of background corrected cyclic voltammograms

(< 5 mV s'l). Surface coverages ranged from 2-5x10® mol cm? for
[Ru(bpy)(PPyBBIM)n]*" metallopolymers, however in each case the respective
surface coverage is listed in the figure legend. All electrochemical experiments were

performed at room temperature (293°K)
[Ru(bpy)(PPyBBIM)n]**

Imidazole based metallopolymers were kindly provided by Dr. Darren Griffith of the
Keyes Research Group. The metallopolymers, [Ru(bpy)(PPyBBIM),]*", where n is 3,
10 or 20, Ru(bpy). is Ruthenium-[2,2’bipyridyl] and PPyBBIM is poly[2-(2-pyridyl)-
bibenzimidazole] were prepared according to a literature method.” Polymers of
various metal loadings were prepared by simply varying the relative molar amounts
of reactants, e.g. n = 3 refers to one Ruthenium-[2,2’bipyridyl] every three PPyBBIM
monomeric units. The structure of these metallopolymers is illustrated in 2.2. All

other chemicals were reagent grade or better and used as received.

[Ru(bpy)s]**

[Ru(bpy);]** was purchased from sigma Aldrich and used as a reference model

complex for ruthenium metallopolymer studies.

[poly(2-methoxyaniline-5-sulfonic acid)]



Poly(2-methoxyaniline-5-sulfonic acid) (PMAS) was provided by Dr. Peter Innis of
the University of Wollongong, NSW, Australia and was synthesized chemically from
the monomer MAS.”®” High and Low molecular weight fractions were separated
using a cross flow dialysis system.97 The polymerization process of PMAS is

illustrated in Figure 2.3 where n refers to the degree of polymerization.

Figure 2.2: Structure of Ru(bpy)(PPyBBIM),]*"
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Figure 2.3: Oxidation of the monomer MAS to form PMAS.

2.3 Characterisation of Ru(bpy):(PPyBBIM).]** based metallopolymers.



2.3.1. General

Ruthenium (1) diimine complexes are stable low-spin d° species where

oxidation occurs on a metal centred orbital and reduction involves a ligand T orbital.
Metal complexes also show rich photophysical properties which are depicted in
Figure 2.4. The absorption spectrum of these species is characterised by intense
absorption bands in the visible region, which are assigned to metal to ligand charge
transfer (MLCT) transitions.'” Emission is dominated by a closely spaced manifold
of at least three triplet charge transfer states, but at ambient temperatures'®' these can
be viewed as occurring from a single state CMLCT). Due to spin orbital coupling,
fast intersystem crossing occurs from the singlet to triplet state with an efficiency of
unity, followed by emission from the triplet state to the ground state (k) or
radiationless deactivation'” to the ground state (k.). An alternative deactivation is
population of the *MC (metal centred) state. If this occurs the electron occupies an
anti-bonding metal-based orbital, resulting in distortion of the metal ligand axes and
weakening the Ru-N bonds. This may cause photodecomposition of the complex,
which manifests itself as ligand loss followed by co-ordination of a substitute ligand,

often solvent or electrolyte.'*'*

For a ruthenium containing metallopolyn{er, the nature of the co-ordination sphere
around the central atom is of prime importance since it determines the reduction and
oxidation potentials as well as the photophysical properties of the material obtained.
Electronic spectroscopy has proven useful in the characterisation of these species.'”
In particular, the position of the lowest absorption maxima and the wavelength of
emission are often characteristic of a particular ruthenium moiety. Ruthenium
poly(pyridyl) compounds typically exhibits two bands in the visible region of the
spectrum. As previously stated, these have been assigned to metal to ligand charge
transfer (MLCT) transitions from the metal localised orbital, Ru (dm), to the ligand
localised orbital, bpy (7)) orbitals. The positions of the absorption maxima are
governed by the O-donor and Tt-acceptor properties of the ligands. A ruthenium

complex with a strong d-donating ligand such as chloride is electron rich and the



MLCT band is present at a lower energy. This also results in a lower oxidation

potential for the compound.
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Figure 2.4: Photophysical process of ruthenium polypyridyl compounds.

2.3.2 UV-Visible Spectroscopy:

The ultraviolet-visible spectra of transition metal complexes provide insights into the
electronic transitions within the metallopolymer complex. Figure 2.5 depicts the
absorption spectra of [Ru(bpy).(PPyBBIM);0]*" and [Ru(bpy);]*" which was obtained
in order to assist in the characterisation of the polymer. The [Ru(bpy),PPyBBIM);]*
metallopolymer exhibits an intense absorption at 410 nm due to the T-Tt* transition of
the polymer backbone. This absorption is slightly red shifted by ~10 nm compared to
the UV-Vis spectrum of the uncomplexed polymer reported by Pickup.84
Absorptions at 245 and 280 nm can be attributed to bipyridine transitions and can also
be seen on the [Ru(bpy);]*" model complex. Spin allowed metal to ligand charge
transfer (MLCT) absorptions are visible at 345 and 470 nm and are indicative of the
[Ru(N)s]** coordination-sphere. The MLCT absorption at 470 nm appears as a

shoulder on the polymer T-TT* peak.



1.8 o

1.6 +

14 +

1.2 4

Absorbance Units

0.8 s

0.6 «

0.4

0.2 s

0 v v v v v v
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Figure 2.5: UV-visible absorption spectra of [Ru(bpy),PPyBBIM) ]’ (blue) and
[Ru(bpy);]*" (pink) (10um) dissolved in acetonitrile.



2.3.3 pH Dependence of UV-Vis Spectroscopy:

Figure 2.6 depicts the absorption spectra of [Ru(bpy)(PPyBBIM);]** as a function of
pH. Previous pH UV-Absorption studies carried out by Pickup on the
[Ru(bpy)(PPyBBIM)]** polymer showed changes in the polymer absorption bands as
a function of pH due to deprotonation of the lone hydrogen on the imidazole polymer.
The UV spectrum of these metallopolymers was also found to change as a function of
pH. In going from acidic to basic media the intensity of the n- n* transitions in both
the polymer and bipyridine ligands decrease while the MLCT grows in intensity. This
behaviour strongly parallels that of previously reported results for ruthenium

containing imidazole metallopolymers and is reported to be reversible'™
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Figure 2.6: UV-Vis spectra of the [Ru(bpy),(PPyBBIM);]** (10uM) polmyer complex
in phosphate buffer at pH values of 2, 4, 6, 8, and 10. Arrows indicate changes with

increasing pH , pH of the solution has been altered by addition of 0.05M HCI.



2.3.4 Emission Spectroscopy

Further evidence of the Ru(N)s nature of the co-ordination sphere is provided by the
luminescence spectra of the polymer, Figure 2.7 shows the solution phase
luminescence spectra obtained for the different metal loadings in ACN excited at 450
nm. The spectrum shows two peaks at ca. 540 and 680 nm. As can be seen from
Figure 2.8 the emission observed at 540 nm is a result of the poly[2-(2-pyridyl)-
bibenzimidazole] polymer backbone while the 680 nm emission is attributed to the
ruthenium metal centre. The intensities of the polymer backbone emission have been

normalised in order to accurately compare the metal emission intensities.

The phenomenon of dual emission was quite unexpected since according to Kasha’s
rule one would ordinarily only expect emission from the lowest energy state.
However further investigations are reported in Chapter 3. For each metallopolymer
the ruthenium based emission at 680 nm exhibits a broader emission than that
previously observed for non conjugated ruthenium containing metallopolymers. This
may be due to the presence of more than one ruthenium emission process occurring

within the metallopolymer film or microenvironment.

To assist in the assigning of the polymer based emission Figure 2.8 shows the
overlapping UV-Visible spectra of [Ru(bpy).(PPyBBIM),o]** with the polymer
backbone [(PPyBBIM)] and [Ru(bpy).(PPyBBIM);o]*" emission spectra. Unlike the
observed UV- visible results extremes of pH have no significant change in emission

intensity as illustrated in Figure 2.9.
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Figure 2.7: Emission spectra of [Ru(bpy)(PPyBBIM) ,]** (10uM) dissolved in

acetonitrile . J.. = 355 nm. Solutions were deaerated with argon prior to analysis.
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Figure 2.8: UV-vis spectra of [Ru(bpy)(PPyBBIM);]*" (heavy line) with
[(PPyBBIM) o] and [Ru(bpy):(PPyBBIM),]** (dashed line) emission spectra.
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Figure 2.9: UV-vis spectra of [Ru(bpy),(PPyBBIM);]*" (heavy line) with
[(PPyBBIM) o] and [Ru(bpy):(PPyBBIM),]** (dashed line) emission spectra.



2.3.5 Excited State Lifetimes (T)

The Emission lifetime of a substance usually represents the average amount of time
the species remains in the excited state prior to its return to the ground state. As
previously discussed in Chapter 1 long excited state lifetimes are favourable from an
ECL perspective. Fluorescence is usually a unimolecular process and therefore the
excited state population established by an impulse of exciting light will generally
decay exponentially according to first order kinetics. The impulse response function

I(t) will have the form:

I1(t)=1,e”™ )

where k represents the overall relaxation rate and I, is simply a scaling factor. Since

the Emission lifetime (T) is by definition the time required for the excited state

population to decay to 1/e or ~37 % of its initial intensity, it follows that:

=InY
' n% )

and T can therefore be determined graphically from the slope of a plot of In(I) verses

t.

The fluorescent lifetime of the metallopolymers in solution phase was measured using
transient laser spectroscopy. Due to the dual emission observed, lifetimes were
calculated for both the polymer backbone (540 nm) and ruthenium metal centre (700

nm) The decays for the metallopolymer were fitted to the bi-exponential function;

I(t) =l +J,e™ 3)



Such a bi-exponential decay is shown in Figure 2.10, ruthenium based transients were
typically composed of an early short lived component followed by a longer lived
component with a lifetime of 122 + 3 ns. The luminescent lifetime of the polymer
backbone was found to be approximately 30 ns in each case implying that it is
independent of the relative metal loading. The luminescent lifetimes of each

metallopolymer are presented in Table 2.1.
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Figure 2.10: Emission decay for a 10* M solution of [Ru(bpy),PPyBBIM) ]** in
acetonitrile monitored at 680 nm following a 10ns laser pulse of 450 nm light. To
prevent lifetime quenching by O solutions were deaerated with argon prior to

analysis



Table 2.1; Table of lifetime decays values for the respective luminescent components
in a 107 solution of each respective metallopolymer following a 10ns laser pulse of

355 nm light. Emission monitored at 614 nm. All solution were de-aerated with

Argon for 30 minutes prior to analysis.

Metallopolymer Ruthenium based PPyBBIM based
or Complex emission (ns) emission (ns)
[Ru(bpy).(PPyBBIM);]* 122+9 3345
[Ru(bpy)>(PPyBBIM);o]** 126+3 36+4
[Ru(bpy).(PPyBBIM),]** 115+4 3247

[Ru(bpy);]** 715+27 n/a




2.3.6 Cyclic Voltammetry

Cyclic voltammetry (CV) involves monitoring the current response of a small
stationary electrode in an unstirred solution that is excited by a triangular potential

wave form.'"’

In cyclic voltammetry the potential applied to the working electrode is first swept in a
forward direction, “stopped” at a desired potential, then a reverse sweep returns the
potential to its initial value. The potential range of these sweeps is chosen to drive
redox switching of an analyte and the current (/) is recorded as a function of the
potential (E). A peak in the I vs. E output denotes a flow of electrons between the
analyte and the electrode associated with a change in the oxidation state of the
electroactive analyte. The measured values in this / vs. E plot are the anodic and
cathodic peak potentials E,, and E,.; the anodic and cathodic peak currents /,, and
I,¢; and the half-peak potentials, which are the potentials E,.. and E,»., at which the
cathodic and anodic currents reach half their peak values. A graphic illustration of

these parameters can be seen in Figure 2.11.

The advent of polymer-modified electrodes has had a significant impact on sensor
development. The modification of electrodes with polymer films was first
demonstrated by Murray et al. Polymer modified electrodes allow deliberate control
of the electrode catalyst interface. The advantages over solution based electrocatalysis
may include (1) a higher effective concentration of catalyst than can be achieved in
solution, (2) facilitated transfer of multiple redox equivalents to individual sites, (3)
ease of extraction of catalyst from the extraction medium and (4) enhanced
cooperative effects between catalyst components owing to small physical separation.
These advantages have enabled conducting metallopolymers to be used within many

applications.

Figure 2.12 shows the typical theoretical response for a cyclic voltammogram of an

electrochemically reversible couple that is confined on the electrode surface at slow



scan rates. The peaks for surface confined species are sharp and symmetrical unlike
those for freely diffusing species. This behaviour is due to the presence of a fixed
amount of redox active species at the electrode. When a potential is applied to a
surface modified electrode the current rises from essentially zero to a peak value and
then back to zero during the course of a CV scan. For an ideal system no peak to peak
separation is expected. Under the conditions of finite diffusion in which the redox
composition of the layer is in thermodynamic equilibrium with the electrode
potential, (i.e. the Nernst condition), it will be observed for all electrochemical
reversible reactions at sufficiently slow scan rates such that all electroactive centres

undergo redox transformations on the time-scale considered.

The model for ideal reversible voltammetric behaviour under such conditions has the

following features:

; _n’F?ATv
r 4RT @)
E,e =E,q (5)
FWHM =——mV

n (6)
ip’c =)
Lp.a (7

where FWHM is the full width at half maximum, n is the number of electrons passed,
F is Faraday constant, I' the surface coverage of the electroactive species, A is the
electrode area, v is the scan rate, R the gas constant and T is temperature. These

parameters are shown below in Figure 2.12.
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Figure 2.11: Cyclic voltammogram of a chemically modified electrode with a

monolayer of an electrochemically reversible mediator.



The area under the voltammetric peak, corrected for any background current,

represents the charge associated with the reduction or oxidation of the adsorbed

species and can be used to calculate the surface coverage (I') according to;

r=_<
nFA (3)

For a polymer film under these conditions of finite diffusion, a plot of scan rate
versus peak current will be linear. At higher scan rates however, a transition to semi

infinite diffusion control occurs and a v'?

dependence on peak current is observed.
Under these semi-infinite diffusion conditions, (in the absence of ohmic effects and

slow electron transfer), the following behaviour is ideal.

AE,= >=mV ©)

Figure 2.12 shows a cyclic voltammogram of a the metallopolymer
[Ru(bpy).(PPyBBIM);]*" cycled in dried ACN containing 0.1 M TBABF, electrolyte.
Peak potentials for this and the other metallopolymers investigated are shown in
Table 2.2. By analogy with the voltammetric behaviour of [Ru(bpy);]*" and similar
ruthenium complexes, the peaks centred at approximately 1.2 V are attributed to the
metal centred Ru*’/Ru’" oxidation/reduction couple and those at —1.6 and —1.8 are bpy

based reductions to the +1 and 0 charged species respectively.
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Figure 2.12: Typical cyclic voltammetric response of 3 mm diameter platinum

electrode to 1 mM [Ru(bpy),(PPyBBIM);]*" in dried ACN containing 0.1M TBABF,

Scan rate used was 100 mvS .



Table 2.2: Oxidation and reduction potentials of [Ru(bpy)(PPyBBIM);]*" in both

solution and thin films. Solutions deaerated with Argon prior to analysis

Metallopolymer Reduction peaks Oxidation peak

E° vs. Ag/AgCl E° vs. Ag/AgCl
[Ru(bpy).(PPyBBIM);]** (film) -1.68 -1.82 1.18
[Ru(bpy).(PPyBBIM);]** (soln.) -1.63 -1.85 1.21
[Ru(bpy).(PPyBBIM);(]**(film) -1.62 -1.78 1.22
[Ru(bpy)»(PPyBBIM),o]*"(soln.) -1.58 -1.81 1.26
[Ru(bpy)2(PPyBBIM)]**(film) -1.68 -1.91 1.22

[Ru(bpy),(PPyBBIM),,]*(soln.) -1.68 -1.92 1.18




Figure 2.13 shows the voltammetric response of a thin layer of the metallopolymers
[Ru(bpy).(PPyBBIM);]?, [Ru(bpy)(PPyBBIM);s]* and [Ru(bpy).(PPyBBIM)y]*
polymer film on a glassy carbon electrode at a slow scan rate (100mVs™) where the
supporting electrolyte is 0.1 M H,SOs adjusted to pH6.0 with 0.05M KOH. The
voltammogram shows a number of the characteristics described above, namely the
peak to peak separation between the anodic and cathodic waves is close to unity and
shows no variation with scan rate. The full width at half maximum (FWHM) is close
to the theoretical value of 90.6 mV expected for a reaction involving a surface
confined reactant and the transfer of a single electron. The metallopolymer showed
oxidation and reduction potentials for the Ru(II/III) redox couples at [11.15 V vs. Ag/
AgCl at pH 6.0 which is typical for a ruthenium oxidation and reduction couple given
the protonation state of the polymer backbone at this pH. The peak areas for each of
the voltammetric responses correlate to the various concentrations of ruthenium metal
centres within the thin film, i.e., the polymer with the highest ruthenium loading

produces the highest voltammetric response for a given surface coverage.

These observations are consistent with semi-infinite diffusional charge transport. For
all scan rates, the ratio of the anodic to cathodic peak currents is unity indicating that
the electron transfer reaction is reversible. These results indicate that the
voltammetric behaviour of these metallopolymer films in electrolyte is close to ideal

over this range of scan rates.
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Figure 2.13: Cyclic voltammetric response of [Ru(bpy),(PPyBBIM);]** (pink),
[Ru(bpy)(PPyBBIM) 0]** (blue) and [Ru(bpy):(PPyBBIM):]** (vellow). Respective
metallopolymers were confined at the electrode surface in a thin film on glassy

carbon electrode, (3 mm diameter). Scan rate used was 0.1 Vs™'. The electrolyte is 0.1

M LiClO,.



2.4 Characterisation of Poly(2-methoxyaniline-5-sulfonic acid)
2.4.1 General.

As outlined earlier in Chapter one the second approach adopted in this work involves
immobilizing a highly luminescent [Ru(bpy)s;]*" within a film of the conducting
polymer Poly(2-methoxyaniline-5-sulphonic acid) (PMAS). Prior to this however, it
is necessary to evaluate the specific electrochemical properties of the polymer itself.
PMAS is a water soluble self doped conducting polymer the synthesis of which
results in the production of two distinct fractions. The largest of which is a high
molecular weight emeraldine salt based polymer (HMWT PMAS) and has a
molecular weight of approximately 12kDa. Synthesis of this polymer is accompanied
by the formation of low molecular weight oligomers weighing approximately 2kDa
(LMWT PMAS). Both fractions display significantly different photophysical and
electrochemical properties and are typically characterized based on such differences.
Specifically, the conducting HMWT PMAS emeraldine salt is electroactive and does
not photoluminesce. In contrast, the non conducting LMWT PMAS oligomers are
relatively chemically inert but display good photoluminescence. In recent times the
advent of cross flow dialysis tubing has enabled both fractions to be separated more

108,97

efficiently. Both high and low molecular weight PMAS fractions have been

probed utilizing UV-visible spectroscopy, Emission spectroscopy, luminescent

lifetime measurements and electrochemistry.94°%7



2.4.2 UV- Visible Spectroscopy

Ultraviolet-visible spectra of conducting polymers provide insights into the electronic
transitions within the polymer. Figure 2.14 depicts the UV absorption spectra of both
high and low molecular weight fractions of PMAS. aqueous HMWT PMAS exhibited
an absorption band at circa 315nm as well as a weak shoulder at 360nm that may be
assigned to m- m* bands. The absorption at 474nm can be assigned to a low
wavelength polaron band. Absorption bands observed at wavelengths above 900nm
are consistent with a polyaniline emeraldine salt in an extended coil confirmation for
the PMAS polymer chains.'®!'"%!"" In contrast to the HMWT PMAS the LMWT
PMAS exhibited no bands in the visible region showing only a single broad peak at
ca. 282 nm. These observations are consistent with those previously reported by

Wallace et al.94



100% HMWT

Absorbance Units

L LMWT

0 'y y y y ——

250 350 450 550 650 750
Wavelength (nm)

Figure 2.14: UV-visible spectra of aqueous LMWT PMAS emeraldine salt and the
oligomeric LMWT PMAS in dH,0
2.4.3 Emission Spectroscopy



Previous photoluminescence studies carried out on HMWT PMAS indicated broad
and intense emission from what was believed to be the emeraldine salt form of the
polymer. This was surprising as the unsubstituted emeraldine form of polyaniline is
reported to act as a quencher.''*'"* The observed emission has been attributed to trace
impurities of the LMWT PMAS fraction. HMWT PMAS polymers separated using
older dialysis techniques were found to contain up to 30% LMWT PMAS.106 More
recent studies carried on High and Low molecular weight samples that had been
separated using more efficient cross flow dialysis techniques allowed a more in depth

study of the exact photoluminescent processes occurring with each PMAS fraction.

An excitation wavelength of 355 nm was used to excite into the n-n* band transition
as this band is relatively independent of the oxidation and protonation levels of the
polymer. Emission spectra for each fraction can be seen in Figure 2.15. The spectra
obtained were similar to previously reported results for the emission of PMAS.97 In
each case a raman scattering peak was observed at 410 nm. The LWMT PMAS
exhibited a strong broad emission with a Am. at ca. 525 nm. On the other hand the
HMWT PMAS sample displayed a very weak photoluminescence emission as
expected for an emeraldine salt. The weak photoluminescence from the HMWT

PMAS sample can be attributed to trace impurities of the LMWT fraction.97
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Figure 2.15: Emission spectra of 100uM aqueous solutions of LMWT PMAS
oligomers (blue) and HMWT PMAS emeraldine salt (pink) in dH0.

2.4.4 Photoluminescent yields and excited state lifetimes



To further elucidate the nature of the LMWT PMAS photoluminescence, emission
lifetime studies were carried out on both high and low molecular weight PMAS
samples using a TCSPC system with 370 nm and 450 nm laser pulses. In each case
the TCSPC responses were collected to the same photon count intensity (10,000
counts). Typical collection times varied from 250 s for LMWT PMAS to over 500 s
for HMWT PMAS. Emission responses were analysed using PicoQuant FluoFit
software and were fitted using 2 time constants. Luminescent lifetime calculations
for both high and low fractions closely corresponded to previously reported results
using a similar system.97 In each case the luminescent lifetimes did not exceed 10 ns.
Once again the emission obtained from the HMWT polymer is a result of trace

impurities of the LMWT polymer. The precise values are presented in table 2.3.



Table 2.3: Photoluminescent lifetimes obtained for (10 uM) PMAS fractions, solution

deaerated with Argon prior to analysis

PMAS Fraction T (ns)
LMWTPMAS 8 +3
HMWT PMAS 6 +1

2.4.5 Cyclic Voltammetry



Cyclic voltammograms of both HMWT and LWMT PMAS fractions (0.1 mg.ml)
cycled between 0 and 1.6 Vs' are shown in Figure 2.16. Previous cyclic
voltammograms of sulphonated polyanilines typically display two major peaks (each
peak corresponding to a two-electron transfer).!"* The HMWT PMAS emeraldine salt
displayed typical anodic and cathodic peaks at 0.2 and 0.4 Vs', which can be
attributed to leucoemeraldine to emeraldine and emeraldine to pernigraniline redox
transitions.'” In contrast the LMWT PMAS Oligomers are chemically inert as has

been reported previously.94
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Figure 2.16: Cyclic voltammetric response of HMWT PMAS emeraldine salt and
LMWT PMAS Oligomers in aqueous solution with 0.IM LiClO, electrolyte and

0.1Vs" scan rate. Solutions were deaerated with Argon prior to analysis.



2.5 Conclusions

The chapter presented characterisation data for each of the polymers, the results of
which were compared to currently published data in the literature. The ruthenium
conjugated metallopolymers [Ru(bpy):(PPyBBIM),]** where n corresponds to 3,10
and 20 respectively were characterised through spectroscopy and electrochemistry.
For the most part the spectrochemical and electrochemical properties of the analogous
monomeric ruthenium complex, [Ru(bpy);*'], are carried over to the conjugated
polymeric material. Notable exceptions are the excited state lifetimes of the
conjugated metallopolymers which are significantly lower than that of [Ru(bpy);]*
(580ns) under similar conditions. Dual emission and a large shift in ruthenium based
emission was also observed, however the origins of this shift and its effect on charge
transfer within the metallopolymer are further probed in chapter 3. Varying the metal
loading of the metallopolymer was found to have little impact on the luminescent
lifetime of the ruthenium-based emission of the metallopolymer. In each case the
lifetime was calculated to be approximately ~120 ns. Characterisation of thin layers
of the conjugated metallopolymer immobilised in an electrode surface showed that

they exhibited features typical of surface bound redox sites.

Both high and low molecular weight fractions of PMAS were characterised. Each
fraction displayed the identical spectroscopic and electrochemical properties as had
been previously reported for sulfonated polyaniline.97 The high molecular weight
polymer displayed reversible electrochemical behaviour and was shown not to
photoluminesce with the exception of trace impurities of LMWT PMAS. The low
molecular weight fraction displayed significant luminescence accompanied by little

or no electroactivity.



Chapter 3

Ground vs. Excited State electron transfer in
[Ru(bpy)(PPyBBIM),]’* Films



3.1 Introduction

Electron and energy transfer processes play a vital role in defining the physical
and chemical characteristics of new and existing materials.''®!""-!#11%120 Ag guch
the full benefits of such materials may only be exploited after these
characteristics have been fully investigated and are well understood. Much work
has been carried out on investigating the electron transfer properties of conjugated
metallopolymers in the ground state, however it is less common to also
investigate the electron or energy transfer in the excited state. Electronically
excited states play an important role in areas as diverse as semiconductors to
photosynthesis, since upon absorption of a photon they are simultaneously better

electron donors and acceptors than their ground state precursors.'?"-'?*!%

Electron transfer rates in polymers have been ever increasing since the first
polymer capable of conducting electricity was first discovered in the mid 1970s.
The goal of producing a material that could combine the processibility,
environmental stability and weight advantages of a fully organic polymer with the
useful electrical properties of a metal has become increasingly more likely. To
achieve these aims various novel approaches have been adopted. Pickup and co-

Workers124,125,126,127,128

extensive use of impendence spectroscopy, rotating disk
voltammetry, and dual sandwich electrode voltammetry to elucidate charge
transport mechanisms in several ruthenium and osmium containing conducting
metallopolymers. They outlined how different conductivity mechanisms depend
upon the nature of the interaction between the metal centres and the ligand
backbone. Previous investigations using electrochemistry on ruthenium
containing benzimidazole metallopolymers have shown promising results
indicating an electronic communication between the metal centers through the
conjugated backbone in the ground state.124 This enhanced communication could
be advantageous not only from a “synthetic metal” standpoint but also for sensing
applications. For example, the light intensity of electrochemiluminescent based

sensors depends on the rate at which Ru’" is regenerated electrochemically.'*'*



While enhanced rates of charge transport are without doubt highly advantageous
from an electrochemical viewpoint, the effect on the polymer’s photophysical
properties should not be overlooked. Moreover, from the perspective of excited
state interactions, the extent of electronic communication between the
luminescent polymer backbone and metal complexes will influence the emission
properties. For example, where strong coupling occurs only a single emission
would be expected from the lowest energy state but the intensity could be
enhanced due to the greater quantum efficiency across a wider wavelength range.
These effects could produce sensors with lower limits of detection and increased

analyte specificity."!

This chapter focuses on examining the ground and excited state properties of
[Ru(bpy)(PPyBBIM),]** series of conjugated metallopolymers. In contrast to the
metallopolymers investigated by Pickup et al124, the average separation of the
metallopolymer metal centers in this study is systematically varied to reveal the
distance dependence of their electronic interaction in the ground state. The
interactions of the polymer backbone with the ruthenium metal centres in the
excited state is also fully probed along the with driving forces responsible for the

observed results.



3.2 Apparatus and Reagents

Electrochemical experiments were performed in a standard electrochemical cell
using a CH instruments (Memphis TN) model 440 potentiostat. With the
exception of electrochemical studies performed on IDA electrodes all other
voltammetry experiments were carried out using a 3 mm diameter glassy carbon
working electrode in a conventional three electrode assembly using a platinum
flag as the counter electrode. Working electrodes were cleaned by polishing with
alumina on felt pad, followed by sonication in distilled deionized water for 30

min. Where appropriate, working electrodes were modified by applying a drop (=
15 pL) of an ethanolic solution of the metallopolymer to the electrode surface
(0.1 - 1.0 % depending on desired surface coverage). Modified electrodes were
then allowed to dry in the dark for 10 to 12 hours. Surface coverage I' was

determined by graphical integration of background corrected cyclic

voltammograms (< 5 mV s'l). The surface coverage ranged from 2-5x10" mol
cm?, specific values however are stated in the respective figure legends.
Potentials were measured versus a Ag/AgCl reference electrode. Interdigitated
Array Electrodes (IDA) were purchased from Abtech (Richmond, VN) and
modified by drop casting polymer films as described above. All electrochemical
measurements were performed in CH;CN containing 0.1M BusNOH, which had
been acidified with a few drops of HCIO, and were carried out at room
temperature. All solutions were deoxygenated using nitrogen or argon prior to

measurement.

Photoluminescence was recorded using a Perkin Elmer LS-50 luminescence
spectrometer. Samples were prepared at concentrations of 10* to 10° M in
spectroscopic grade acetonitrile and all spectroscopic measurements were carried

out using 1 cm quartz cuvettes. Luminescent lifetimes were measured using the



third harmonic (355 nm) of a Spectron Q-switched Na-Yag laser for excitation.
Emission was detected in a right-angled configuration to the laser using an Oriel
model IS520 gated intensified CCD coupled to an Oriel model MSI125
spectrograph.  With suitable signal averaging, this configuration allows a
complete spectrum (spectral range 250 nm) to be obtained within times as short as
10 ns. The emission spectra were typically recorded using the average of twenty
laser shots. The gate width, i.e., the exposure time of the CCD, was never more
than 5% of the excited state lifetime. The step size, i.e., the time between the

acquisitions of discrete spectra, was typically 5% of the excited state half-life.



Figure 3.1: Structure of Ru(bpy).(PPyBBIM)]*



3.3 Results and Discussion

3.3.1 Ground State Electron Transfer

Pickup et. all24 first reported on the electrochemical properties of these
metallopolymers. However his work focused on metallopolymers where the ratio
of metal ligand to monomeric polymer backbone unit was 1:1. A key advantage of
the metallopolymers in this study is that the average separation of the metal
centers can be systematically varied to reveal the distance dependence of their

electronic interaction in both the ground and excited states.

The effect of electrochemical cycling of the metallopolymers can be seen in
Figure 3.2. This figure shows an electrochemically reversible response centered at

approximately +1.1 V associated with the Ru*"*"

couple. The supporting
electrolyte in each case is LiClO,. The observed voltammograms are consistent
with one another given the different metal loadings and can be seen in Figure 3.2.
The oxidation and reduction potentials for each metallopolymer can be seen in
Table 3.1. In common with the behavior reported by Pickup et. al. for the
metallopolymers where the metal to monomer unit was not altered, the redox
couple ranges from 0.8 to 1.2 V depending on the pH of the contacting electrolyte
solution.124 This dependence arises from protonation induced changes in the
electron density of the polymer backbone suggesting that significant electronic
communication between the metal centers can occur through the conjugated
backbone.”*> The lower limit on the range of useful scan rates in cyclic
voltammetry is dictated by the requirement that the depletion layer thickness be
significantly less than the overall film thickness, while the upper scan rate is
limited by the rate of heterogeneous electron transfer across the electrode layer
interface. In this study, these conditions are met for 100=v= 500 mVs™ and plots

of the peak current varied linearly with the square root of scan rate over this



range. The voltammetric response for each metallopolymer can be seen in Figure
3.2.
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Figure 3.2: Cyclic voltammetry of [Ru(bpy);(PPyBBIM);]** (pink),
[Ru(bpy)(PPyBBIM)0]**  (blue) and [Ru(bpy):(PPyBBIM):]** (vellow).
Respective metallopolymers were confined at the electrode surface in a thin film

on glassy carbon electrode, (3 mm diameter). Scan rate used was 0.1 Vs’ and



293K. The electrolyte is 0.1 M LiCIO,. I = 5x10° mol cm™ 4x10° mol cm™ and
2x10° mol cm? respectively. Analysis performed at pH (6.0)
Table 3.1. Oxidation and Reduction potentials for [Ru(bpy),(PPyBBIM),]’" in

both solution and thin film. Solution were degassed with Argon prior to analysis.

Metallopolymer Reduction peaks Oxidation peak

E° vs. Ag/AgCl E°vs. Ag/AgCl
[Ru(bpy)(PPyBBIM);]* (film) -1.68 -1.82 1.18
[Ru(bpy)2(PPyBBIM);]** (soln.) -1.63 -1.85 1.21
[Ru(bpy)2(PPyBBIM);]**(film) -1.62 -1.78 1.22
[Ru(bpy)(PPyBBIM),]*(soln.) -1.58 -1.81 1.26
[Ru(bpy)2(PPyBBIM )y ]*"(film) -1.68 -1.91 1.22

[Ru(bpy)(PPyBBIM),,]*(soln.) -1.68 -1.92 1.18




3.3.1.1 Effect of Scan Rate

The evaluation of charge transport is an important parameter from an ECL
perspective, as the sensitivity of the sensor will ultimately be dictated by the rate
at which the Ru’" sites can be regenerated. Therefore, it is important to determine
the rate of charge transport through the solution leading to the conversion of the
ECL inactive Ru®" centres into the mediating Ru’" centres. The rate of charge
transfer through the metallopolymer layer can be quantified by measuring the
homogeneous charge transfer diffusion coefficient (Dcr). This parameter can be
obtained from a plot of i, vs. v'* under diffusion controlled conditions. If ion
charge transport is not rate limiting this value represents so called “electron-
hopping” between the ruthenium redox sites in the film. D¢r is commonly
measured by cyclic voltammetry, however the use of chronoamperometry is also
common. As one of the aims of this work is to produce metallopolymer systems
for use in an ECL based sensing device for the detection of biological analytes,
the pH of which needs to be close to neutral therefore the Dcr was measured at pH
6.0 to evaluate the metallopolymers performance at near neutral pH. Pick up et a/
reported extremely fast electron transfer rates (10°cm’s™') for the
[Ru(bpy)(PPyBBIM)]** metallopolymer at basic pH values.124 To compare the
rate of charge transport for these metallopolymers at basic pHs values the Dcr was

also evaluated at pH 10.

Figure 3.3 shows the effect of changing the scan rate, V, for 0.1<sv< 0.5 Vs’ on
the cyclic voltammetry of a thin film of [Ru(bpy).(PPyBBIM) ,]**, deposited on a
glassy carbon electrode in 0.IM LiClO, at pH 6.0 Similar responses are
observed for each loading of metal complexes investigated as can be seen in
Figures 3.4 and 3.5 respectively. Figure 3.3 shows an electrochemically
2+/3+

reversible response centered at approximately +1.1 eV associated with the Ru

couple. The rate of homogeneous charge transport can be determined from the
slope of a plot of i, vs V' for each metallopolymer. For 0.1<v< 0.5 Vs, the inset

of Figure 3.3 shows that the voltammetric peak currents, i,, increase as V. This



behavior is consistent with semi-infinite linear diffusion and under these

conditions, the response can be described by the Randles-Sev¢ik Equation;
i, =2.69%10°n*?4D, " *Cv'"? (3.1)

where n is the number of electrons transferred, 4 is the area of the working
electrode, Dcr is the diffusion coefficient, and C is the concentration of the redox
centers. The concentration of ruthenium centers within the metallopolymer has
been determined from density measurements in non-swelling solvents as 0.8M.

Thus, Equation 3.1 allows Dc¢r to be estimated for both the oxidation and

reduction processes as 3.9+ 0.2x10"%c¢cm? s™.
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Figure 3.3: Effect of scan rate on cyclic voltammetry of thin films of
[Ru(bpy)(PPyBBIM);]*" in 0.1 M LiCIO, (pH 6.0 @ 293K). Insert shows plot of

peak current (cathodic and anodic branches) versus V'” for this data.
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Figure 3.4: Effect of scan rate on cyclic voltammetry of thin films of
[Ru(bpy)>(PPyBBIM) )]’ in 0.1 M LiCIO, (pH 6.0 @ 293K) Insert shows plot of

peak current (cathodic and anodic branches) versus V'” of this data.
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Figure 3.5: Effect of scan rate on cyclic voltammetry of thin films of
[Ru(bpy)>(PPyBBIM):]*" in 0.1 M LiCIO, (pH 6.0 @293K). Insert shows plot of

peak current (cathodic and anodic branches) versus V'” of this data.



Table 3.2: Dcr values recorded for each metallopolymer at both pH 5.5 and

pHI0.
Metallopolymer Dcr (em’s™) pH 6.0 Dcr (em’s™) pH 10
Anodic Cathodic Anodic Cathodic
[Ru(bpy)2(PPyBBIM):>*  3.9x10"°  1.7x10"° 23 x 10" 23x 10"
[Ru(bpy)2(PPyBBIM),o]** 4.7 x107"° 4.1 x10™1° 41x107" 3.0x 107
[Ru(bpy)-(PPyBBIM),o]**  7.0x10"  1.7x10"  3.0x 10™ 2.6x 10"

3.3.1.2 Contribution of the metallopolymer backbone to charge transport.



There are a number of processes that could contribute to homogeneous charge
transport through films of this kind, including electron hopping, counterion
diffusion/migration or movement of polymer chains or segments to bring adjacent
redox centers sufficiently close to allow electron transfer to occur. '** Table 3.2
shows that increasing the number of metal centers within the metallopolymer
structure increases the rate of homogeneous charge transport through the film. To
address the issue of the rate limiting step the electronic conductivity has been
determined using interdigitated array electrodes (IDAs) coated with the
134,135,136,

metallopolymer. As originally demonstrated by Wrighton and co-workers

the film conductivity is obtained from the slope 0i / OF.

Figure 3.6 shows that the current varies approximately linearly with potential
between 0.040 V and +0.200 V and the slopes can be used in conjunction with
Equation 3.2 below to determine the conductivity, o, where (d¢ / Aww) 1s the
Zaretsky cell constant. The constant of the IDAs used in this experiment is 0.04

cm’.

o=d.oi/ A, 0FE 3.2)
The change of film conductivity has been measured in the presence of dry N, at
room temperature and pressure. The slopes of the best fit line to the data in
Figure 3.6 yield conductivities between 4.4x10” and 2.3x10* S cm™ depending on

the ruthenium loading.

When electron hopping represents the overall charge transport rate through the

137,138

metallopolymer film, the Dahms-Ruff equation can be used to calculate the

electron self-exchange rate constant, ksz, from the D¢r according to Equation 3:

\
D.. =D +;kSE5‘C (3.3)

phys



where C is the concentration of Ru redox centers within the film, § is the intersite
separation between adjacent Ru redox centers, and D, describes physical
diffusion in the absence of electron hopping. In this situation, D, is assumed to
be zero, because the ruthenium centers are bound to the polymer chains.

Therefore, Equation 3.3 reduces to:

Dy =%k5552C 3.4

For a hypothetical cubic lattice model **'*° applied to electron transport in redox
polymers, the electron self-exchange rate constant, ks, also can be calculated

according to Equation 3.5:

. 6RTO
107 F2S[Rul” [Rul™

(3.5)

kSE

where kg is the electron self-exchange rate constant, R is the gas constant, o is the
conductivity at temperature 7 (K), F is the Faraday constant, and ¢ is the intersite
separation between adjacent Ru redox centers. When Equations 3.4 and 3.5 are
combined and the concentration ratio [Ru]** / [Ru]** is taken as 1, Dcr is given by

Equation 3.6:

tRTO

Do =v=Fe

(3.6)

As shown in Table 3.3, the Dcr values obtained using the IDAs and cyclic
voltammetry are consistent with one another to within a factor of three in the
worst case. Therefore, these IDA measurements confirm that the movement of
charge compensating counterions does not represent the rate determining step for

homogeneous charge transport through these films. This result, coupled to the



relatively large Dcr values obtained, suggests that electron transfer, most likely
mediated by the conjugated polymer backbone, limits the overall rate of charge
transport. It is important to note that the Dcr values reported here are
approximately an order of magnitude smaller than those previously reported for
the n=10 polymer at pH 12. This pH dependence is expected since the electron
density of the polymer backbone ought to be higher in the deprotonated state thus

increasing the efficiency of electron transfer.
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Figure: 3.6. Voltammetric response of [Ru(bpy):(PPyBBIM);]** (blue),
[Ru(bpy)(PPyBBIM) ,]** (pink) and [Ru(bpy):(PPyBBIM):]** (vellow) cycled
between -0.04 and 0.2 Vs on Interdigitated Array Electrodes (IDA).



Table 3.3: Dcr, D, and Conductivity values for each metallopolymer. Scans
performed in 0.1M LiClO, at 293 K

Polymer Loading Dcr (cm’S™) D.(cm’S™) Conductivity
(S ecm™)
1/3 3.96+0.8 x 107" 1.53+0.5x 10" 234x 10"
1/10 4.79+1.1 x 101 9.09+£1.5.x 10" 596 x 10°
1/20 7.05+£1.2 x 10" 4.79+£1.3x 10" 6.44x 10°

3.3.2 Excited State Electron Transfer



3.3.2.1 UV-Vis Spectroscopy.

Ultraviolet-visible spectra of transition metal complexes can provide insights into
the electronic transitions within a metallopolymer complex. Figure 3.7 depicts the
absorption spectra of the [Ru(bpy),(PPyBBIM),]*" metallopolymers. The
[Ru(bpy)PPyBBIM);o]*" metallopolymer exhibits an intense absorption at 410
nm due to the Tt-1T* transition of the polymer backbone. This absorption is slightly
red shifted by ~10 nm compared to the UV-Vis spectrum of the uncomplexed
polymer reported by Pickup.125 Absorptions at 245 and 280 nm can be attributed

to bipyridine transitions.

Spin allowed metal to ligand charge transfer ('MLCT) absorptions are visible at
345 and 470 nm and are indicative of the [Ru(N)s]*" coordination-sphere. The
MLCT absorption at 470 nm appears as a shoulder on the polymer T-T* peak.
Figure 3.5 shows the UV-visible spectra of the metallopolymers with various
metal loadings. As the [Ru(bpy)(PPyBBIM);]*" metallopolymer has the largest
amount of ruthenium present it generates the largest absorption intensity. This is
closely followed by that of the [Ru(bpy),PPyBBIM);,]** and
[Ru(bpy)PPyBBIM),]*" metallopolymers respectively.
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Figure 3.7: UV-visible absorption spectra of [Ru(bpy):PPyBBIM);]*" (blue),
[Ru(bpy),PPyBBIM) ,]** (pink) and [Ru(bpy):PPyBBIM)]*" (vellow) dissolved

in acetonitrile. Solution concentrations of 100uM were used.



3.3.2.2 Emission Spectroscopy

As previously discussed in Chapter 2 the luminescence spectra for these
metallopolymers displays the phenomenon of dual emission. Figure 3.8 shows the
emission spectrum obtained for the each of the metallopolymers. The intensities
of the polymer backbone emission have been normalised in order to accurately
compare the metal emission intensities. It can be seen that the highest ruthenium
emission is observed from the [Ru(bpy).(PPyBBIM);0]*" metallopolymer closely
followed by the [Ru(bpy)(PPyBBIM)y]* and [Ru(bpy).(PPyBBIM);]**
respectively. In each case the metallopolymer shows two peaks at approximately
520 and 670 nm. The emission observed at 500 nm is assigned to the poly[2-(2-
pyridyl)-bibenzimidazole] polymer backbone while the 670 nm emission is
attributed to the ruthenium metal centre. This observation of dual emission is
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important since according to Kasha’s Rule'*" an emission should only be observed

from the lower energy ruthenium based excited state if energy or excited state

electron transfer is possible.'*!'*

Figure 3.10 shows UV-Visible absorption and luminescence spectra for the
polymer backbone overlaid with the emission spectra of the metallopolymer. This
figure shows that the polymer emits at approximately 480 nm and has a Stokes
shift of approximately 70 nm. Figure 3.10 also shows that while there is overlap
between the emission spectrum of the benzimidazole polymer backbone and the
ruthenium based absorbance this does not lead to emission exclusively from the
ruthenium centers. The electrochemical investigations discussed above reveal
that there is significant electronic communication between the ruthenium centers
in the ground state. A key issue is the extent to which excited state electron

transfer can occur in this metallopolymer.

A key advantage of these metallopolymers is that the loading of ruthenium centers
can be systematically varied. Figures 3.8 and 3.9 illustrate the dependence of the

emission spectra on the ruthenium loading following excitation at 355 and 450



nm, respectively. Significantly, irrespective of the excitation wavelength, this
figure shows that the metallopolymer with the highest loading of ruthenium
centers does not produce the most intense emission. Moreover, the relative
intensities of the polymer and ruthenium based emission processes depends on the
excitation wavelength. This behavior is expected given the differences in
absorption spectra for the polymer backbone (Figure 3.9) and ruthenium centers
which exhibit a strong MLCT absorption at 450nm. However, for both excitation
wavelengths, the maximum ruthenium emission intensity is reached at
intermediate metal loadings. There are at least two possible explanations of this
behavior. Firstly, excited state electron transfer from the ruthenium excited state,
e.g., to the polymer backbone, which would be favoured by a high metal loading.
Secondly, trivial energy transfer, i.e., re-absorption of the 620 nm emitted photon
by a ground state ruthenium. To provide further insight into both this phenomena
and the nature of the dual emission occurring it is necessary to examine the

driving force required for photo-induced charge transfer to occur.
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Figure 3.8: Emission spectra of [Ru(bpy),(PPyBBIM);]*"  (blue),
[Ru(bpy)(PPyBBIM) 0]** (pink) and [Ru(bpy):(PPyBBIM)]** (vellow) dissolved
in acetonitrile (100uM) . Jox = 450 nm.
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Figure 3.9: Emission spectra of [Ru(bpy)(PPyBBIM);]**  (blue),
[Ru(bpy)(PPyBBIM) ,]** (pink) and [Ru(bpy):(PPyBBIM)]** (vellow) dissolved

in acetonitrile. Ao = 355 nm.
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Figure 3.10: UV-vis spectra of [Ru(bpy)(PPyBBIM)J** (heavy line) with
[(PPyBBIM) o] and [Ru(bpy):(PPyBBIM),]** (dashed line) emission spectra.

3.3.2.3 Driving force for Photoinduced Electron Transfer

An estimation of the thermodynamic driving force for the respective electron
transfer allows the most energetically favourable electron transfer process to be
identified. If the coulombic stabilization energy of the products is negligible
(typically less than 0.1eV in polar solvents) then the thermodynamic driving force
for electron transfer, AG® can be estimated from the Rehm-Weller equation'** and

the relevant reduction and oxidation potentials
AG’ = [E°(Donor) — E°(Acceptor)] — E® — €2/erpa (3.7)

E% is the energy difference between the lowest vibrational levels of the ground
and excited states and has been estimated from the wavelength of maximum
emission at 77K. The final term in the expression is referred to as the Coulombic
stabilization energy of the charge separated state, where e is electronic charge, €
solvent dielectric constant, and r is the distance separating donor and acceptor
centers. In polar media, the Coulombic stabilization energy is typically less than

0.1 eV and is therefore usually neglected.

The Rehm-Weller equation144 can be adapted to estimate the excited state

oxidation and reduction potentials (E**,x and E” req) :

¥ ol
on'on ) (3.8)
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where E° and E°e.4 are the potentials associated with the first oxidation and
reduction of the metal centre or polymer in the ground state. For the imidazole
based polymer backbone the E® value is 2.4 eV. As previously reported no
polymer based oxidation process can be observed for potentials up to +1.400 V
while the E°e of the backbone has been shown to be -0.7 V Therefore using
Equation 3.7 the E° for the polymer is estimated to be -1.0 V, (E%x = 1.4 — 2.4
eV). For the ruthenium centers, solution phase cyclic voltammetry indicates that

E®ox and E”req (metal based Ru*"**) are -0.8 and +0.8 respectively.

The thermodynamic driving force for electron transfer to the ruthenium centers

can be estimated from:
A(} = EDonor - EAcceptor (3.10)

Equation 3.10 reveals that electron transfer from the polymer excited state to the
ruthenium is endergonic by at least 0.2 eV, (AE = (-1.0 eV — (-1.2 eV))). While
electron transfer from the ruthenium metal to the polymer is exergonic by
approximately 0.1V eV (AE = (-0.8 eV — (- 0.7 €V)). Therefore, in contrast to the
relatively efficient electron transfer that occurs in the ground state, excited state
electron transfer from the polymer to the ruthenium centers is thermodynamically
uphill, preventing energy transfer from occurring and resulting in the phenomena

of dual emission.






3.3.2.4 Luminescence Lifetime Measurements.

The luminescent lifetime can provide useful insights into the excited state
interactions between the metal centre of the metallopolymer and the PPyBBIM
backbone. The metallopolymer dissolved in solution exhibits a complex decay
characterized by at least two time constants. This was expected due to the dual
emission observed from the emission spectra, namely the PPyBBIM backbone
and the ruthenium centre. Varying the metal loading of the metallopolymer was
found to have little impact on the luminescent lifetime of the ruthenium-based
emission of the metallopolymer. In each case the lifetime was calculated to be
approximately ~210 ns, as shown in Table 3.4. Similarly the luminescent lifetime
of the polymer backbone is also unaffected by the different metal loadings,

remaining at ~35 ns for all 3 metallopolymer structures.
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Figure 3.11: Emission decay for a 100uM solution of [Ru(bpy)(PPyBBIM) ,]*" in
acetonitrile following the application of a 10ns laser pulse of 355nm light.



Table 3.4: Metallopolymer luminescent lifetimes, 100uM solutions in MeCN

Metal Loading Ruthenium based emission = PPyBBIM based emission
(ns) (ns)
1/3 122+ 11 33+6
1/10 126 £ 21 365

1/20 115+13 32+7




3.4 Conclusions

Poly[2-(2-pyridyl)-bibenzimidazole]  containing  ruthenium  bis-bipyridyl
complexes at controlled intersite separations offer the possibility of combining an
electronic m conjugated polymer with highly luminescent metal centre.
Photophysical and electrochemical measurements reveal significant differences in
the extent of electronic communication in the ground and electronic excited states.
Significantly, cyclic voltammetry reveals that the rate of homogeneous charge
transport, Dcr, is approximately an order of magnitude higher than that previously
reported for a non conjugated backbone. Significantly, electron transfer rather
than ion or polymer chain movement appears to represent the rate determining
step. Also, the magnitude of Dcr is directly related to the relative concentration of
ruthenium metal centers within the film. This data suggests that the enhanced
rates of charge transfer obtained by combining a PPyBBIM based conducting
polymer with ruthenium is maximized if there is one metal unit per polymer

monomer.

Significantly, the metallopolymers exhibit poor excited state communication with
emission being observed fro m both the polymer backbone and the ruthenium
centers. Given the extent of spectral overlap between the absorbance spectrum of
the ruthenium centers and the polymer based emission it is surprising that dual
emission is observed. This can be attributed to unfavourable thermodynamics as
electron transfer from the polymer backbone to the ruthenium metal centres is
thermodynamically uphill by at least 0.2 eV. In contrast electron transfer from the
ruthenium excited state to the polymer backbone is possible. This would be
favoured by high metal loadings and as such may be the reason why the
maximum emission is observed at intermediate metal loadings. It is possible to
exploit the differences in absorbance spectra of the polymer backbone and the
ruthenium centers to selectively pump emission from the polymer backbone and

the ruthenium centers. In conclusion, this work demonstrates that there is an



effective trade off between maximum charge transfer rates and maximum
luminescence which must be considered if these metallopolymers are to be

applied to electrochemiluminescent sensor design.



Chapter 4

Electrochemical and Photophysical Studies of Ru-PMAS
Composite Films.



4.1 Introduction

As previously mentioned in Chapter 1 ruthenium bipyridyl complexes have many
possible applications in areas such as solar energy conversion, photosynthesis, high
speed display devices and DNA sensors.'*146:147.148.1%9 The gubsequent interaction of
an inherently conducting polymer and a luminescent metal centre to produce novel
materials has been an attractive approach to forming interfacial metallopolymer films.
This approach is attractive since the m conjugated backbone can provide a rapid
electron transfer pathway between the metal complex and the electrode. The ability of
conjugated linkages to provide an effective pathway for the electron transfer between
metal centers has been demonstrated in a number of polymeric systems. Zotti et. al.
have shown that electron transfer rates between metal centers in polythiophenes with
pendant ferrocene moieties are enhanced by up to an order of magnitude when a
conjugated linkage is used.””® Cameron et. al. have also shown that coordination of
ruthenium moieties to a conjugated polybenzimidazole provides a rapid electron-
transfer pathway by superexchange interactions between metal centers.'"'>
However, in Chapter 3 of this thesis it was demonstrated that this increased electron-

transfer did not translate into enhanced luminescence of the ruthenium moiety.

Various synthetic approaches have been adopted to covalently attach various metal
centres or complexes to conducting polymer backbones, the results of which have
been widely reported. One approach to overcome many of the synthetic difficulties
associated with covalent binding is to electrostatically isolate the luminescent metal
within the conducting polymeric in a similar way to that used with Nafion. For
example, this group have explored the electrochemical incorporation of a ruthenium
metal centre by ion pairing with sulfonate groups of PMAS, poly(2-
methoxyaniline-5-sulfonic acid).'” These novel composites exhibited enhanced
electronic communication between adjacent metal centres as well as modulated
photophysical properties. The immobilisation of the positively charged ruthenium
metal complex on an electrode surface revealed charge transfer diffusion coefficients
an order of magnitude larger than that previously reported for metal centres

covalently bound to non conjugated metallopolymers. This enhancement is most



likely due to mediated electron transport through the PMAS conjugated structure
contrasting with the site to site electron hopping processes typically observed in non-

conducting metallopolymers.

Sulfonated, self-doped, polyaniline has been extensively studied due to its unique
electrochemical properties, water solubility, improved processability and potential
industrial applications. PMAS is a fully sulfonated conducting polymer that has been
synthesised by chemical and electrochemical polymerisation of 2-methoxyaniline 5-
sulfonic acid, MAS. To date, these studies have focused on the electrochemical
synthesis of PMAS in aqueous media. However, this type of synthesis has been
found to produce a combination of two distinct polymer fractions with molecular
weights of approximately 8 — 10 and 2 kDa respectively. By isolating these polymer
fractions, their individual interactions with a ruthenium metal centre can be
investigated.”™ The two fractions of PMAS show very distinct electrochemical and
photochemical properties. The high molecular weight, HMWT PMAS, has a M,, of 8
— 10 kDa and was confirmed to be an emeraldine salt by its characteristic redox and
pH switching behaviour. In contrast, the low molecular weight, LMWT PMAS,
fraction is an oligomer with M,, of ca. 2 kDa and was shown to be electrochemically
inert, but to exhibit intense photoluminescence. Previous studies have examined the

differences between these two fractions in detail.154

In this chapter, we report on the individual influences of the two fractions of PMAS
on the electrochemical and photophysical properties of a luminescent metal centre.
Electrochemical measurements, charge transfer studies, steady state luminescence and
measurements of luminescent lifetimes have been utilised to elucidate the influence

of these fractions.



4.2 Apparatus and Reagents

4.2.1 Apparatus

Electrochemical measurements were performed using a CH Instruments Model 660
electrochemical analyzer. All electrochemical experiments were carried out using a 2
or 3 mm diameter platinum or glassy carbon working electrode in a conventional
three-electrode assembly. Potentials are quoted versus Ag/AgCl and all
measurements were made at room temperature. Absorbance and photo-luminescence
were recorded using a Shimadzu UV-240 spectrophotometer and a JY Spex
fluorescence spectrophotometer. Emission lifetime studies were made on a PicoQuant
PDL-800B pulsed diode laser controller and FluoTime 100 time-correlated single
photon counting system (TCSPC) with 280, 370 and 450nm pulsed laser sources with
cut-on filters of 400, 475 and 530nm respectively. TCSPC analysis was preformed
using PicoQuant FluoFit software. Samples were deoxygenated for approximately 20
min with nitrogen prior to analysis. FTO conductive glass was obtained from
Hartford Glass Co. Inc. (Hartford City, Indiana, USA) and was cut into 0.8 x 0.2 cm
working electrodes. These electrodes were utilised for all spectrochemical analysis.
Prior to use the working electrodes were rinsed with ethanol, and gradually heated to
400°C for 15 mins, then cleaned with household detergent in water, then deionised
water, followed by acetone and finally deionised water. The electrodes were then
dried completely under a flow of nitrogen gas and modified with the Ru-PMAS
composite prior to use. Fluorescent Lifetime Imaging Microscopy was performed
using a Carl Zeiss LSM 510 and PicoQuant fitting software. For LSM studies an
excitation wavelength of 457 nm was used and for Lifetime calculations the

excitation wavelength was 458 nm.



4.2.2 Materials and Reagents

[Ru(bpy);]** was purchased from Sigma Aldrich as its chloride salt and used as
received. PMAS emeraldine salt was prepared via the chemical synthesis method."
2-Methoxyaniline-5-sulfonic acid (MAS) was provided by Mitsubishi Rayon, Japan
and purified by acid base crystallization before polymerisation. It was then
fractionated by cross-flow dialysis.154 The two pure fractions are labelled high
molecular weight (HMWT) PMAS (8-10 kDa) and low molecular weight (LMWT)
PMAS of (2kDa). MAS was provided by Mitsubishi Rayon, Japan and purified by
acid base crystallisation before polymerisation. All other reagents used were of

analytical grade and all solutions were prepared in milli-Q water.

4.2.3 Composite Formation.

Composite solutions containing equal amounts of [Ru(bpy);]*" (w/w) and either
HMWT or LMWT PMAS in ethanol were prepared. Where appropriate, working
electrodes were modified by applying a drop (= 15 PL) of an aqueous solution of the
composite to the electrode surface (0.1 - 1.0 % depending on desired surface
coverage) that was allowed to dry in the dark for 24 to 36 hours. Films were
deposited onto glassy carbon working electrodes. These modified electrodes were
then washed (Milli-Q water) and allowed to dry overnight prior to analysis. Good
film coverage was achieved for each composite with the Ru-LMWT composite
displaying slightly better uniform coverage. An optical image of each of the
composites can be seen in Figure 4.2. Post synthesis characterisation was performed

in ACN containing 0.1 M TBABF, electrolyte unless otherwise stated. Surface

coverage of the composite films, [, were determined by graphical integration of

background corrected cyclic voltammograms (< 5 mV s-l). The ruthenium surface

coverage’s were approximately 7 = 2 x 10® mol cm™ unless otherwise stated.
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Figure 4.1 Polymerisation of poly 2-Methoxyaniline-5-sulfonic acid (MAS)



Figure 4.2: Optical image of Ru-LMWT PMAS (top) and Ru-HMWT PMAS
composite films.



4.3 Results and Discussion

4.3.1 Electrochemical properties of the novel [Ru(bpy);]**-PMAS Composite films.

We have previously reported on the voltammetric behavior of all fractions of PMAS,
used within this investigation, and on thin films containing ruthenium moieties. The
electrochemical behavior of the composite films was investigated and showed
numerous similarities. Figure 4.3 illustrates the typical background corrected cyclic
voltammograms obtained for composite films containing Ru-HMWT PMAS and Ru-
LMWT PMAS composite films vs. Ag/AgCl. Surface coverages were calculated by
graphical integration of background corrected cyclic voltammograms (< 5 mV s™)
and were typically varied from 4.1+ 1.0x10® to 6.9+1.2x10® mol cm®  The
voltammograms exhibit a number of features characteristics of surface bound redox
sites;"*° namely, the peak to peak separation between the anodic and cathodic waves is
close to zero, also, the full width at half-maximum (FWHM) is close to the theoretical
value of 90.6 mV expected for a reaction involving the transfer of a single electron.
This also suggests that the system is chemically reversible for the ruthenium moiety.
The anodic and cathodic peaks corresponding typical of a Ru*"**

all the voltammograms at approximately 1050 mV."” The Ru-HMWT PMAS

couple are visible in

composite shows anodic and cathodic peaks, which are attributed to different
oxidation states of PMAS. The anodic peaks and the corresponding cathodic peaks
can be attributed to leucoemeraldine, emeraldine and pernigraniline respectively.'*®
The impact of doping the films with ruthenium moieties did not seem to impact on
these peaks. The LMWT PMAS is electrochemically inactive, however upon addition

of the ruthenium metal centers, there does seem to be a slight pre-peak at ~ 850mV.

Surface coverages for the RULMWT film were very good, however, as can be seen
from Figure 4.2 shows that the RUHMWT film did not produce a homogeneous film
on the electrode surface and the resultant film was not as stable as the others

investigated.



The ruthenium peak current of these composite films varies linearly with scan rate, v,
up to 30 mVs™ indicating that the response is controlled by finite charge transport
diffusion on these long timescales. At shorter experimental timescales, i.e., at scan
rates above 100 mVs™, the thickness of the depletion layer is smaller than the film
thickness and the peak current varies linearly with the square root of scan rate. This
observation is similar to the electron transport of a [Ru(bpy)2(PVP);o]*" film we have
previously investigated suggesting semi-infinite diffusional charge transport through
the film."® For all scan rates, the ratio of the anodic to cathodic ruthenium peak
currents is unity indicative of reversible electron transfer. Taken together, these
results indicate that the voltammetric behavior of these composite films is close to

ideal over a wide range of scan rates.

Given the conducting nature of the HMWT PMAS the possibility of excited state
electron transfer from the ruthenium excited state to acceptor states on the HMWT
PMAS polymer exists. As can be seen from Figure 4.3 the HMWT PMAS displays
ground state oxidation and reduction peaks at approximately 0.5V and 0.4 V
respectively. Given that the E”o, for ruthenium is -0.8 V as demonstrated in Chapter
3 allows the driving force to be calculated. Using Equation 4.1 the driving force for
excited state electron transfer from the ruthenium to the HMWT polymer can be
calculated as — 0.4 V (AE = -0.8 - (- 0.4)). Therefore deactivation of the ruthenium
excited state via electron transfer to acceptor states on the HMWT PMAS polymer is
thermodynamically feasible. The effect of this on the excited state luminescence of

the composites is examined in section 4.3.2.

AG = EDonor - EAcceptor (4'1)
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Figure 4.3: Cyclic voltammetric response of Ru-HMWT (pink) and Ru-LMWT (blue)
PMAS composite films in ACN with 0.1M TBABF, electrolyte. Scan rate 0.1Vs™.



I'=3.1x10°and 6.9 x10”° mol cm™respectively.

4.3.2 Effect of Scan rate on Electron Transfer

The sensitivity of an ECL sensor is ultimately dictated by the rate at which the Ru**
sites can be regenerated within the film. Therefore, the electronic communication
between the ruthenium centers in these composites is of major importance. For
example the ruthenium metal centers may communicate through the conducting

polymer, which in turn would enhance electron transport in the film.

Electron transport in redox polymers has been shown to occur by at least three

mechanisms.'®,

Where the polymer backbone is non conducting, outer-sphere
electron exchange between redox sites (outer-sphere mechanism) provides the only
significant contribution to electron transport.'®'®> In unsaturated systems, and
particularly in highly conjugated systems, electron transport can also occur through
the polymer backbone by mediated and/or superexchange mechanisms.'® These are
distinguished by the availability of redox states of suitable energy on the polymer to
mediate electron transport. If such states are available, the electron can hop between
a localized metal-based redox site, a polymer-based site, and a second metal site in
two steps (mediated mechanism). If these states are not accessible, then electron
transfer through the backbone must result from a mixing of appropriate orbitals of
both metals with the HOMO and/or LUMO of the backbone (superexchange).
Although in these systems the ruthenium complex is not covalently bound the PMAS
polymer the composite films may show similarities with these electron transfer

mechanisms.

As reported previously, the rate of charge transport through a film can be quantified
by measuring the charge transfer diffusion coefficient (Dcr), for the film, using cyclic
voltammetry.'**'®> When compared to non conjugated metallopolymers the diffusion

coefficient calculated for the ruthenium redox couple for the Ru-PMAS composites



was faster an order of magnitude. As can be seen from Table 4.1 the Ru-HMWT
composite films displayed the fastest Dcr. Consistent with an electrochemically
reversible reaction involving a surface confined reactant; the i, values varied linearly
with the square root of scan rate over the 100=v= 500 mVs™, as can be seen for the
Ru-HMWT composite film in Figure 4.4. This suggests enhanced long-range
electronic communication between the ruthenium centers through the PMAS. Such
long-range interactions between metal centers will certainly be a crucial feature of

future electrocatalytic and electronic materials.



Table 4.1: Diffusion Coefficients and E° values for Ru-PMAS composite films

Composite Film Dcr (em?s™) E’ Ru*/** (V)

Ru-HMWT 1.44+£0.2x 10" 1.145

Ru-LMWT 3.59+£0.5 x 10" 1.161
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Figure 4.4: Background corrected cyclic voltamogram of thin films of Ru-LMWT in
dry ACN containing 0.1M TBABF, 100=v= 500 mVs'. Insert shows plot of peak

current (cathodic and anodic branches) versus V'? of this data.I’ = 6.9 x10”° mol cm™
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Figure 4.5: Background corrected cyclic voltamogram of thin films of Ru-LMWT in
dry ACN containing 0.1M TBABF,. 100=v= 500 mVs™. Insert shows plot of peak

current (cathodic and anodic branches) versus V'? of this data.I’ = 6.9 x10”° mol cm™
4.3.3 Steady state luminescence of Ru-PMAS Composite Films.

As previously detailed in chapter 2 both fractions of PMAS display significantly
different electrochemical and photophysical properties with the LMWT PMAS
fraction displaying significantly more luminescence with excited with a 355nm laser
pulse. Previous emission studies on Ru-PMAS composites were carried out on an
electrochemically grown composite film. UV-Vis spectral studies showed these films
to contain approximately 70 % w/v HMWT PMAS and 30 % w/v LMWT PMAS.
This type of film resulted in a reduced ruthenium based luminescence when compared
to films containing a non-conducting polymer, such as PVP, poly(4-vinylpyridine),
when excited at 355 nm. To further elucidate the effect of each specific PMAS
fraction on the ruthenium based emission composite films were prepared on clean
FDTO electrodes and the emission response for each composite following excitation
at 355 nm. When the emission intensities are matched by absorption matching at 355
nm as can be seen from Figure 4.6 the emission response for the Ru-LMWT fraction
is significantly higher than that of the Ru-HMWT fraction. This lower ruthenium
emission in the HMWT system may be due to two factors, firstly as previously
demonstrated the HMWT polymer provides a number of acceptor states for electron
transfer from the excited [Ru(bpy);]*". While this provides a mechanism of excited
state electron transfer it also serves to deactivate the ruthenium excited state by
providing an alternative pathway to radiative emission. Secondly as can be seen from
Figure 4.7 both [Ru(bpy);]*" and HMWT PMAS absorb at 355 nm creating a
competitive effect for the absorption of light. Comparing the absorption intensities of
both PMAS fractions at 355 nm (Figure 2.15, Chapter 2) it can be seen that the
HMWT PMAS absorbs more light than the LMWT PMAS and as such the same
competing effect is not seen for the Ru-LMWT PMAS composite.
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Figure 4.6: Emission obtained for thin films of Ru-LMWT PMAS (pink) and Ru-
HMWT PMAS (blue) composite films using an excitation wavelength of 355 nm.
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Figure 4.7: UV absorbance spectrum of HMWT PMAS (blue) and [Ru(bpy);]** (pink)

in ACN Solution concentrations have bee adjusted to show overlap at 355 nm



4.3.4 Solution phase Quenching Studies

Much work has been published on the quenching of ruthenium by both osmium
containing bipyridyl complexes and non conjugated metallopolymers, '96-1¢7:168169.170.171
As observed in the previous section significantly higher emission was observed from
the Ru-LMWT PMAS composite film than that of the Ru-HMWT composite film
despite both composites containing equal amounts of [Ru(bpy);]*". To investigate if
this observed emission existed solely in the solid phase a series of solution phase
quenching studies were carried out. The process of quenching may arise from a
number of different processes. For example, 'dynamic' quenching involves a
collisional encounter between the quencher and the excited state and the lifetime and
intensity of the emission both decreased. Alternatively, 'static' quenching arises
where an interaction between the fluorophore and quencher exists in the ground state.
Pure static quenching can be identified since it reduces the luminescence intensity but
does not generally decrease the measured lifetime of emission. Dynamic quenching

can be modelled using the Stern-Volmer equation;

Lil=t/t=1+ kq’l,'o [Q] (2)

where [, and [ are the luminescence intensities in the absence and presence of
quencher respectively, k, is the collision quenching rate, 1o is the luminescence
lifetime without any quencher present, and [(Q] is the concentration of the quencher,
PMAS. It is important to note that the emission intensities must be corrected for the
absorbance of the quencher at the exciting wavelength and therefore absorbance
corrections were made using standard procedures.'”>'” If the fluorophore can form a
stable complex with a quenching molecule, the resultant ground state of the
fluorophore-quencher complex is said to be statically quenched. In this case, the
Stern-Volmer equation is modified, where k,t, can be substituted by Ksy, is the Stern-

Volmer constant.



The effect of adding each PMAS fraction to 100 uM of [Ru(bpy);]*" can be seen in
Figure 4.8 and 4.9. Figure 4.10 shows the Stern-Volmer plot for the quenching of
[Ru(bpy);]* by PMAS. This plots indicates that HMWT PMAS effectively quenches
the ruthenium-based emission most likely via deactivation of the excited state by
acceptor sites on the polymer backbone or by competing with [Ru(bpy);]*" or by a
combination of both. This quenching also highlights some of the rationale for poor
luminescence previous observed for the previously reported electrochemically grown
Ru-PMAS composite films, which as stated above contained approximately 70 % w/v
HMWT PMAS. Figure 4.8 also illustrates the influence of LMWT PMAS on the
luminescence of [Ru(bpy):;]*". In sharp contrast to HMWT PMAS, the LMWT
fraction resulted in an enhanced ruthenium based emission. As can be seen from the
spectral overlap in Figure 4.11 this enhancement is most likely due to an electron
transfer from the emissive LMWT PMAS fraction to the ruthenium metal centre. In
effect, the [Ru(bpy);]*" is quenching the LMWT PMAS emission and the energy
transfer from the LMWT PMAS results in an enhancement of the ruthenium

emission.
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Figure 4.8: Effect of addition of HMWT PMAS to 100 uM [Ru(bpy);]*"in dH20
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4.3.5 Luminescent Lifetime Measurements of Ru-PMAS Composite Films

The luminescent lifetime can provide useful insights into the mechanism of excited
state energy transfer between the metal centre and the quencher. A time-correlated
single photon counting (TCSPC) system was employed using a 370 nm pulsed laser
sources. Typical TCSPC responses for Ru-HMWT PMAS and Ru-LMWT PMAS are
shown in Figure 4.11. The TCSPC responses in each case were collected to the same
photon count intensity, (10000 counts). Emission responses were analysed using
PicoQuant FluoFit software employing a fitting function containing two time

constants.

Like previously reported results for an electrochemically synthesised ruthenium
PMAS composite film these lifetimes exhibit a complex decay characterized by at
least two time constants whereby a double exponential fits adequately describe the
experimental responses. . For both Ru-HMWT and Ru-LMWT films the lifetime
obtained was lower than that expected for a solution containing only [Ru(bpy);]*".
The luminescent decay of the Ru-HMWT PMAS film is characterized by long and
short lived components that have lifetimes of 46+5 ns (population fraction 0.8) and
5+0.2 ns (population fraction 0.2), respectively. The biexponential behavior may arise
from different microenvironments within the film, e.g., poorly solvated or cross-
linked chains that increase the rigidity of the complex and decrease the rate of
vibrational relaxation. Examination of the lifetimes at low temperature should provide
more insight into the exact origin of each of the decays. However given the
electrochemical activity of the HMWT PMAS fraction it is expected to be a greater
quencher of the [Ru(bpy);]*" luminescent lifetime than the LWMT PMAS. To
investigate this effect the lifetime of the dominant component in the film was

measured with varying degrees of HMWT PMAS.

The lifetime of the dominant component in the presence of quencher is taken as T.

The data presented in Figures 4.10 and 4.13 clearly indicate that the presence of



HMWT PMAS causes both the luminescence intensity and lifetime to decrease,
which suggests an influence from dynamic quenching. A typical Stern-Volmer plot
for luminescence lifetime, 1o/t versus [Q] is shown in Figure 4.13. When
luminescence quenching occurs solely by dynamic quenching the slopes of plots of 1o/
I and T¢/T should be identical and the Stern-Volmer constant, Ksy, is equal to &,.
Figure 4.10 and 4.13 show that the slopes of the T,/T and Stern-Volmer plots are
0.0136 and 0.0212, respectively. The fact that these slopes differ from one another
indicates that while dynamic quenching occurs in this system to an extent it does not
fully account for the decrease in ruthenium emission observed in the presence of the
HMWT PMAS fraction. Therefore, it appears that some of the luminophores can
physically move within the lifetime of the excited state, giving rise to a dynamic
quenching contribution but that static quenching represents the most significant

quenching mechanism.

As can be seen from the Stern Volmer Plot in Figure 4.13 the luminescence lifetime
of the Ruthenium component of the Ru-LMWT PMAS composite is not as sensitive
to LMWT PMAS concentration as it is to increasing amounts of HMWT PMAS. The
luminescent decay of the Ru-LMWT PMAS composite film is also characterized by
short and long lived components that have lifetimes of 427+15 ns (population fraction
0.7) and 36+5 ns (population fraction 0.3), respectively and display only minor
variations upon increasing the concentration of the LMWT PMAS within the
composite film while maintaining the Ru concentration. The large lifetime obtained
for the Ru-LMWT PMAS composite with that of the Ru-HMWT is consistent with
previous studies showing that the LMWT PMAS was chemically inert and therefore
is not as strong a quencher as the HMWT PMAS. The LMWT PMAS may also serve
to better encapsulate the [Ru(bpy);]** thereby preventing quenching from atmospheric
oxygen. While the HMWT PMAS may also encapsulate the [Ru(bpy);]** in the film
thereby protecting it from atmospheric oxygen this effect is negated by its greater
quenching properties. Although the LMWT PMAS enhances the emission of the

ruthenium metal centre if does not significantly influence the excited state lifetime.



Alternatively the presence of a decay in both films of approximately 40 ns may be
due to LMWT PMAS as it has previously been reported that the HMWT PMAS does
not emit luminescence and that any luminescence observed is due to trace amounts of
the LMWT PMAS fraction in the mixture, however further analysis of populations at
increasing concentrations of both HMWT and LMWT PMAS would be required to

confirm this.
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4.3.6 Fluorescent Lifetime Imaging Microscopy of Ru-PMAS Composite Films

Since its introduction in the early 90s Fluorescent Lifetime Imaging Microscopy has
initiated a breakthrough in biomedical imaging.'”*'”>!""*!"!7 The applicability of
multi-photon excitation, the optical sectioning capability and the superior contrast of
these instruments make them an ideal choice for fluorescence imaging of both
biological, organic and inorganic samples. A significant advantage of this form of
microscopy lies in the fact that the fluorescence of molecules is not only characterised
by the emission spectrum but it has also a characteristic lifetime. Any energy transfer
between an excited molecule and its environment in a predictable way changes the
emission lifetime. Since the lifetime does not depend on the concentration of the
chromophore fluorescence lifetime imaging is a direct approach to all effects that
involve energy transfer.!””"**18.1%2 Typical examples are the mapping of cell
parameters such as pH, ion concentrations or oxygen saturation by emission
quenching, or fluorescence resonance energy transfer (FRET) 179'*° between
different chromophores in the cell. Furthermore, combined intensity lifetime imaging
is a powerful tool to distinguish between different fluorescence markers in multi-
stained samples and between different natural fluorophores of the cells themselves.
These components often have ill-defined fluorescence spectra but are clearly
distinguished by their fluorescence lifetime.'® As such Fluorescent Lifetime imaging

microscopy is a powerful tool.

The images in Figure 4.14 show the Fluorescence obtained from a thin film of both
Ru-HMWT PMAS and Ru-LMWT PMAS. The fluorescence from the film is
represented by the red colour. As can be observed from the image significantly more
emission is seen from the Ru-LMWT composite film than from the Ru-HMWT film
(approximately 60%). This observation reinforces what has been previously observed
for these composite films. As previously mentioned a key advantage of this technique
is that the fluorescent lifetime of a compound can also be obtained from various

sections of the observed image. Figure 4.15 shows a FLIM image of a Ru-LMWT



PMAS Composite Film. The luminescent lifetime of which has been extrapolated
from two different areas of the film, e.g. An area of high luminescence possibly
indicating an area of high ruthenium concentration within the film and an area of low
luminescence, possibly indicating an area containing a high concentration of LMWT
PMAS. These areas are represented by the concentric circles overlaid on the image.
The lifetimes obtained from this region of the image correspond to 280 ns and 35 ns
respectively for the Ru-LMWT composite film and 60 ns and 21 ns for the Ru-
HMWT film.



Figure 4.14: LSM Image of Ru-HMWT PMAS (top) and Ru-LMWT PMAS (bottom)

Composite films, Excitation 457 nm.



Figure 4.15: Fluorescent Lifetime Imaging Microscopy of Ru-LMWT film. Lifetimes

calculated from the areas within the yellow circles.



4.4 Conclusions

By isolating the two fractions of the conducting polymer, Poly(2-Methoxyaniline-5-
Sulfonic Acid), PMAS, the effect of each fraction on the electrochemical and
photochemical properties [Ru(bpy);]*" can be investigated. Both Ru-HMWT and Ru-
LMWT composite films showed good communication in both the ground and excited
states. However, electrochemical analysis reveals that the HMWT PMAS emeraldine
salt supports a more rapid electron transfer within the film compared to the Ru-
LMWT PMAS composite whereas the LMWT PMAS serves to enhance the
[Ru(bpy);]** centered luminescence by means of electron transfer. The relatively low
luminescence observed for the Ru-HMWT composite can be attributed to overlapping
absorption spectra of [Ru(bpy);]*" and that of HMWT PMAS at 355 nm leading to
competitive absorption of light and also to acceptor states on the polymer backbone

2+ *

accepting electron transfer from the [Ru(bpy);]”  thereby effectively “quenching” the
ruthenium based emission. However quenching from dynamic and static mechanisms

may also play a part in the observed reduction in luminescence.

The luminescent lifetime of the composite films is somewhat more complicated and
further work may be required to determine if the dominant decay in the Ru-HMWT
composite film is attributed to ruthenium based emission or trace amounts of the
LWMT PMAS in the film. However given the relatively high purity of the HMWT
PMAS any trace amount of LMWT PMAS would be very low. This in conjunction
with the high concentrations of [Ru(bpy);]*" in the film it is reasonable to assume that
the dominant decay is due to the ruthenium based lifetime. In each film the
dominant decay was less than that expected for a solution containing solely
[Ru(bpy);]*" so in each case no significant enhancement of the ruthenium based
lifetime is observed. As PMAS concentrations in each film were increased a
reduction in lifetime was observed however the dominant component of the Ru-
HMWT composite was more susceptible to HMWT PMAS concentration increases

than in the Ru-LMWT film. Given the electrochemical activity of the HMWT PMAS



it is expected to be a better quencher of the ruthenium lifetime than the non
conducting LMWT PMAS thereby resulting in a significantly lower lifetime than that
observed for Ru-LWMT film, the PMAS component of which is non conducting. The
immobilization of [Ru(bpy)s;]*" within specific PMAS fractions illustrates that both
the photochemical and electrochemical properties of the luminescent metal centre can
be modulated to enhance either the photoluminescence or the rate of charge transfer
by interacting with either the LMWT or HMWT PMAS. This may allow each
fraction to be utilized in very different applications depending on the desired
function. The ability to tune both the charge transport properties as well and the
photoluminescent characteristics demonstrate the many possible applications that
these composites can be exploited for, including both luminescence and

electrochemical based sensors.



Chapter 5

Electrochemiluminescent Properties of
[Ru(bpy)(PPyBBIM),]** Metallopolymers and Ru-PMAS

Composite Films.



5.1 Introduction

As previously discussed in Chapter 1 the luminescence arising from the electron
transfer recombination of electrogenerated reactants is known as
electrochemiluminescence (ECL). ECL has been the subject of extensive study
for the past three decades.'™ '™ The production of light from intermediates
generated during electrolysis occurs when the energy liberated by reaction
between the electrogenerated precursors is sufficient to generate a product in an
electronically excited form.' Studies of inorganic ECL have been dominated by

187,188,189,190

transition metal complexes, particularly ruthenium poly(pyridyl)

species, e.g., those of the general formula Ru(L);*’, e.g., where L = 2,2' -

191,192,193

bipyridine, 4,7-diphenyl-1,10-phenanthroline’ or 2,2’-bipyrazine.'”
This is due to the attractive photophysical and electrochemical properties that

these compounds typically exhibit.

Electrochemiluminescence combines the inherent sensitivity, selectivity and
linear range advantages of chemiluminescence methods with increased temporal
and spatial control over the chemiluminescent reaction making ECL a powerful
analytical tool. Systems utilising both organic and inorganic complexes have been
developed.'”*"” The majority of early ECL systems investigated involved species
dissolved in the solution phase with emission occurring in the diffusion layer near
the electrode surface. The advent of chemically modified electrodes allowed ECL
to be generated in films constrained to the surface of an electrode, e.g. as thin
layers produced by electropolymerisation of vinyl containing monomeric species
or by electrostatic incorporation of the luminescent species into a preformed
polymer matrix. The ability to modify electrode surfaces with ECL producing
complexes has greatly increased the scope of potential ECL applications within

biomedical sensor design.

As with all sensors there is a constant drive to improve sensitivity and selectivity.

The future health industry in conjunction with point of care health monitoring will



demand the detection of life threatening diseases before critical stages have been
reached. This will require a new breed of biomedical sensors capable of
measuring disease biomarkers down to the pico molar range. In order to design
such sensors, it is necessary to consider the limitations of current biomedical
sensors. As previously discussed in Chapter 1 the basic requirements for efficient
annihilation ECL to occur are the formation of stable radical ions of the precursor
moelecules in the electrolyte of interest, good photoluminescence efficiency of a
product of the electron transfer reaction and sufficient energy in the electron
transfer reaction to produce the excited state. Once these criteria are met ECL is

typically observed.

Depending on the nature of a specific ECL reaction the sensitivity of film ECL
based systems may be limited by certain factors. These include slow rates of
charge transfer (Dcr) through the film. A slow rate of charge transfer will lead to
slow regeneration of the Ru’" excited state that is required to react with an analyte
to produce ECL. A fast rate of charge transfer will lead to an increase in the
amount of Ru’" available to react with a specific analyte. This should lead to
increased ECL production and improved sensitivity. One appealing possibility is
to wire the luminophores using a conjugated polymer backbone. Charge transfer
between ruthenium centres in a non-conjugated metallopolymer typically consists
of a through space mechanism and introduction of a conjugated backbone has
been known to enhance charge transfer rates between metal centres.'”® As
previously stated for ECL to occur it must be thermodynamically feasible, e.g. the
reaction between the oxidised and reduced species should have a negative AG®°
value. As the formal potential for most ruthenium polypyridyl complexes ranges
between 1.4 and 0.8 eV the range of co-reactants that can produce ECL with these
systems can sometimes be limited. ECL production is also greatly affected by
film porosity or “swelling”. Swelling of a film allows enhanced diffusion of the
analyte through the film to the ruthenium metal centres. If a film is compacted an
analyte may have difficulty diffusing thru that film and hence less may come into

contacting the ruthenium metal centres for creation for the emitting excited state.



The level of swelling in a metallopolymer film can be influenced greatly by pH

changes and the use of certain electrolytes.

This chapter will give an account of the ECL properties of the conjugated
metallopolymers Ruthenium-[2,2’bipyridyl]-poly[2-(2-pyridyl)-bibenzimidazole]
([Ru(bpy)>(PPyBBIM),]*) and the [Ru(bpy);]*/[poly(2-methoxyaniline-5-
sulfonic acid)] (Ru-PMAS) composite films. Each approach will be evaluated
based on charge transport and regeneration times within the film, ECL production
and ECL efficiencies. The performance of each system will be compared not only
to one another but also to that of the non conjugated metallopolymer

[Ru(bpy)>(PVP)10]*".



5.2 Apparatus and Reagents

Electrochemiluminescent studies were performed on glassy carbon electrodes that
were modified with thin films of [Ru(bpy)(PPyBBIM),]*" and Ruthenium PMAS
as previously described in chapter 2. The non conjugated metallopolymer

[Ru(bpy)2(PVP),0]*" was kindly supplied by the RFTK research group.

Electrochemical and ECL experiments were performed in a standard
electrochemical cell using a CH instruments (Memphis TN.) model 660
potentiostat with equipped with an auxiliary port. ECL emission was recorded via
a photomultiplier tube detector connected to the auxiliary port on the potentiostat.
The PMT allowed recording of the emitted light from the electrode via an optical
fiber positioned directly opposite the working electrode outside the cell. The cell
was protected from light by placing it in a sealed black box to avoid external
optical background and possible photodecomposition of the ruthenium complex.

A graphic representation of the cell can be seen in Figure 5.1.

All other electrochemical experiments were carried out using a 3 mm diameter
glassy carbon working electrode in a conventional three-electrode assembly using
a platinum flag as the counter electrode. Working electrodes were cleaned by
polishing with 0.3 and 0.05 um alumina on felt pad, followed by sonication in
distilled deionised water for 30 min. Potentials were measured versus a Ag/AgCl
reference electrode. All electrochemical measurements were performed in H,SO4
or 0.1 M Sodium Oxalate (Aldrich) containing 0.1M LiClO, electrolyte and were
carried out at room temperature. All solutions were degassed using nitrogen or

argon prior to measurement.

Electrodes were modified with metallopolymer films as previously described in
Chapter 2. Working electrodes were modified by applying a drop (= 15 pL) of an
ethanolic solution of the metallopolymer to the electrode surface which was then

allowed to dry in the dark for 10 to 12 hours. Surface coverages, I, were



determined by graphical integration of background corrected cyclic

voltammograms (< 5 mV s_l). In all cases the surface coverage was 2+ 1x10™ mol
cm?, unless otherwise stated. Figure 5.2 represents a schematic of a modified

electrode.
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Figure 5.1: Setup of the electrochemical cell used for ECL studies, The cell
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Figure 5.2: Illustration of glassy carbon electrode modified with ruthenium

polymer.



5.3 Discussion

5.3.1 Charge transport properties of ruthenium containing polymers and

composite films.

Electrochemiluminescence has many distinct advantages over conventional
Chemiluminescence. However like many other transduction methods it too suffers
from certain disadvantages. ECL production is highly dependent upon the rate of
charge transfer (Dcr). A fast rate of charge transfer ensures sufficient Ru’" will be
present to react with a given analyte and produce ECL. An insufficient amount of
Ru*" will result in decreased ECL emission and hence decreased sensitivity. An
increase in the rate of charge transfer will result in a significant increase not only
in sensitivity but also the selectivity of ECL based sensors. The redox
metallopolymers that have typically been used for ECL suffer from relatively
slow charge transport compared to recently developed conducting

metallopolymers.'”

Metallopolymers  currently utilised for ECL production such as
[Ru(bpy)2(PVP)10]*" consist of electrochemically active sites at each ruthenium
metal centre tethered to a electrochemically inactive backbone. The ruthenium
metal d-orbitals are isolated from one another and as such charge transfer occurs
via a “through space mechanism” requiring polymer chain movement to allow the
metal centres to collide. By incorporating a conjugated backbone the electronic
interactions between the polymers n-system and the metals d-orbitals can
modulate the properties of both components in interesting and potentially useful
ways. One of the anticipated benefits is fast cycles of Ru’" production and
subsequent reaction with co-reactant. A faster rate of charge transfer would
significantly increase the production of ECL leading to enhanced sensitivity. This
coupled with increased luminescence yield from energy transfer from the polymer
backbone or polymeric matrix should lead to favourable characteristics necessary

for enhanced ECL production.



This faster regeneration of the Ru’" species in the Ruthenium-PMAS composites
and [Ru(bpy)(PPyBBIM),]*" metallopolymers imply that the enhanced
communication resulting from the incorporation of a TU conjugated system
ultimately increases the efficiency of the ruthenium metal centers. This could
impact greatly on sensor design, as the faster regeneration of the Ru’*" species
should drastically improve the sensitivity of systems involving a ruthenium redox

center.



Table 5.1: Dcr and Ru’™ regeneration times for the [Ru(bpy),(PPyBBIM);]*
metallopolymer and the Ruthenium-PMAS Composites films.

Material Dcrem’s”
[Ru(bpy)(PPyBBIM);]** 456x 107"
[Ru(bpy)(PPyBBIM),[>* 822 x 100
[Ru(bpy)2(PPyBBIM)y]** 7.09 x 107"

Ru-LMWT 3.59x 101
Ru-HMWT 1.44x 10"
[Ru(bpy)2(PVP);0]** 9.12x 10"

5.3.2 Sodium Oxalate as a Co-Reactant



The overall aim of this work is to produce new materials that may eventually
improve current electrochemiluminescent detection systems leading to increased
levels in sensitivity and thus lower detection limits. Previous work within this
research group has reported that oxidation of guanines in DNA by
electrochemically generated [Ru(bpy)(PVP);]*" in ultra thin films leads to
photoexcited [Ru(bpy).]** sites in  the film  that  generate
electrochemiluminescence (ECL) upon relaxation back to the ground state.*” This
thin-film ECL approach has been exploited to detect DNA damage induced by
styrene oxide. The reaction is initiated by an electrochemical catalytic oxidation
of guanine sites in DNA in a way that is similar to that reported by Thorp et al.*”'
for Ru(bpy)s;*" in solution. By enhancing the ECL or luminescent efficiency of
the ruthenium moiety through interactions with a conducting polymer, the
sensitivity of this type of ECL sensors could be dramatically improved. Chapters
3 and 4 have documented the electrochemical and photophysical properties of
these systems and have highlighted the favourable characteristics that may lead to
an improvement in ECL sensor design. As with any new system it is necessary to
evaluate its performance compared to previous systems using a recognised testing
method. The production of ECL from reaction of ruthenium containing
compounds with sodium oxalate has been well documented both within this group

and outside 20%2%

and as such was chosen as a suitable system to evaluate the
electrochemiluminescent  properties  of the  [Ru(bpy).(PPyBBIM),]*

metallopolymers and the Ruthenium-PMAS Composite films.

High oxalate concentrations in the blood or urine accompany a number of
maladies including renal failure, vitamin deficiencies, intestinal deficiencies,
hyperoxaluria®* and have also been implicated in the formation of kidney stones.
As such, selective and precise methods for the determination of oxalate are
important. A number of methods for the determination of oxalate have been
described including volumetric, colorimetric, fluorimetric and enzymatic
methods. HPLC*® and cyclic voltammetry®” have also been suggested as methods

of determining oxalate. As most of these methods required a significant amount of



sample preparation to isolate oxalic acid from the biological matrix they were
often time consuming and expensive. Therefore, a more specific and less time
consuming method was required and this came in the form of electrogenerated

Chemiluminescence or ECL.

Electrogenerated chemiluminescence via the reaction of sodium oxalate with the
Ru’" excited state was first reported by Chang et al’”’ and since then has been
well documented.”’ Ruthenium containing metallopolymers immobilised on an
electrode surface such as [Ru(bpy)(PVP)o]*" have also been shown to produce
ECL upon reaction with oxalic acid. All ECL studies were carried out at pH 6.0
for two reasons. Firstly, as previously reported sodium oxalate produces the
highest ECL intensity with ruthenium at this pH. Secondly, as one of the main
aims of this work is to produce a sensor that can be used for the detection of
biological analytes that under normal circumstances do not exhibit extremes of
pH. As such a neural pH was chosen to simulate a biological matrix. The reaction
scheme for the generation of ECL between a ruthenium containing

metallopolymer and oxalic acid is as follows.

The metallopolymer is first oxidised at an electrode according to the equation:

[Ru(bpy), (L), 1" — [Ru(bpy), (L), " +e’
)

The following reactions then occur at the electrode surface:

[Ru(bpy), (L),]™ +C,0." - [Ru(bpy),(L),]"" +C,0, -
2)

C,0, - - CO, +CO, - 3)



The intermediate radical anion, CO,” is a strong reducing agent and produces the

excited state, [Ru(bpy)2(L).]*"" in an electron transfer reaction with the 3+

species. The amount of excited state species produced is heavily dependent upon

the speed at which the oxidised Ru ** species is produced.

CO, - +[Ru(bpy),(L),] — CO, +[Ru(bpy),(L)n]*" *
@)

As the excited [Ru(bpy):(L).]*" decays to the ground

electrochemiluminescence is produced:

[Ru(bpy), (L)n], +* — [Ru(bpy),(L)n]™" +hv
(5)

state

As the non-conjugated metallopolymer [Ru(bpy).(PVP)o]*" has been previously

reported to produce ECL with sodium oxalate™®

at pH 5.5 and as such it was

picked as a standard to which the imidazole based conjugated metallopolymers

were compared. The oxidation of oxalate proceeds via the overall equation

H.C,O, — YCO, +Ye-+YH"
(6)

In this catalytic route, oxidation of oxalate is mainly through Ruthenium mediated

reaction. Direct oxidation of oxalate at the electrode, although thermodynamically

possible is known to be kinetically slow.*” This behaviour arises because a

significant over potential must be applied before oxalic acid can be oxidized at a

bare electrode. Therefore, the direct oxidation of oxalate is generally considered

to contribute little to the ECL emission in either solution or phase or immobilized

ruthenium/oxalate systems.213-*'%*'"1* Figure 5.3 shows the current responses

obtained when thin films of Ru-LMWT and Ru-HMWT PMAS are placed in 0.1



M H,SO; solution containing 10 mM Na,C,O, (pH 6.1). Significant increases in
current are observed for each composite film. This enhanced current arises from
the mediated oxidation of oxalic acid by Ru’* centres within the film. Similar
behaviour is observed for the [Ru(bpy).(PPyBBIM),]*". Figure 5.4 shows the
change in voltammetric response that occurs when 500mM sodium oxalate is
added to a solution containing thin films of [Ru(bpy).(PPyBBIM);]** the
contacting solution (quiescent) during the course of a C.V. experiment. The
current response increases with time due to the slow rate of equilibration upon
addition of oxalate. The large increase in current at circa 1.1 V vs. Ag/AgCl, on
addition of the substrate clearly demonstrates that oxalate is oxidised at potentials
when Ru*" sites exist within the metallopolymer film. Also, the absence of a
return peak on addition of the oxalate is an indication that catalysis is efficient and

that a large number of the mediator sites are involved in the catalytic reaction.
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Figure 5.3: Background corrected Cyclic Voltammogram response of Ru-LMWT

(pink) and Ru-HMWT (blue) PMAS films in the presence of 10mM



SodiumOxalate dissolved in dH-O. I' = 4.1+ 1.0x10° and 6.9+1.2x10° mol

cm”respectively.
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Figure 5.4: Increased current response when 50mM sodium oxalate is added to

[Ru(bpy)(PPyBBIM);]*" during the course of a C.V. experiment. Scan rate
0.1Vs'. I'=2+0.5x10° mol cm™.



5.3.3 ECL Generation with sodium oxalate.

Electrodes were modified with thin films of each of the respective
[Ru(bpy)(PPyBBIM),]** metallopolymers and both Ru-HMWT and Ru-LMWT
PMAS composite films. To evaluate the properties of these conjugated
metallopolymer systems against currently utilised non conjugated systems thin
films of the non conjugated metallopolymer [Ru(bpy),(PVP),0]*" were also
prepared, by drop casting in ethanolic solutions as described previously. ECL
from the modified electrodes was easily generated via the co-reactant pathway
using oxalate dissolved in 0.1 M Na,S,0, at pH 6 as described above in equations
1 - 6. As the potential of the modified electrode in contact with such a solution
approaches 1.2 V both the Ruthenium and oxalate are oxidized leading to the
electrochemical production of the ruthenium excited state thereby generating
luminescence as it decays to the ground state. Figure 5.5 illustrates ECL emission
spectra obtained for each of the [Ru(bpy).(PPyBBIM),]*" metallopolymer films.
The highest emission was observed from the [Ru(bpy).(PPyBBIM);]**
metallopolymer  followed by  the  [Ru(bpy)(PPyBBIM),o]**  and
[Ru(bpy)(PPyBBIM)y]** metallopolymers respectively. The Ru-PMAS
composite films also produced ECL in the presence of sodium oxalate as can be
seen in Figure 5.6. The variance of peak shape between the
[Ru(bpy)(PPyBBIM),]*" and the Ru-PMAS composites can be attributed to
varying kinetics under the experimental conditions between the two systems. The
Ru-LMWT composite film produced approximately 30% greater ECL intensity
than the Ru-HMWT composite. Despite producing a very small photoluminescent
emission significant ECL emission was produced from the Ru-HMWT composite
film. This can be attributed to the fact that the emission is produced without any
incident light eliminating any absorption of light by the HMWT PMAS within the
film. When the ECL intensities of the [Ru(bpy),(PPyBBIM),]*" series of

metallopolymer are compared to the Ruthenium-PMAS films we can see that



significantly greater emission intensity is observed from the Ru-PMAS films than
[Ru(bpy)(PPyBBIM),]*" metallopolymers as can be seen in Figure 5.7. This may
be simply due to increased amounts of ruthenium within the film, therefore to
fully assess the ECL performance of each of the approaches it is necessary to

calculate the ECL efficiencies for each system.



0.06 1

0.05 +

0.04 +

0.03 ¢

ECL Intensity (A.U

0.02 +

0.01 o

- -
-0.01 ’\——-/

0.8 0.9 1 1.1 1.2 1.3 14
Potential (eV)
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5.3.4 Electrochemiluminescent efficiencies of the metallopolymer films.

The ECL efficiency of this type of composite film was also compared against
previous non conjugated ruthenium containing metallopolymers. The overall
ECL efficiency (@QecL) is defined as the number of photons emitted per faradaic

electron passed during the chemiluminescent reaction.””® It is the product of the
efficiency of populating the excited state (Qex) and the quantum yield of emission

from that excited state (@r). Ru(bpy);*" was used as a relative standard for all

experiments. The relative efficiency was obtained using the relation:*"*

QecL = (poECL (I Qof/ QfIO) (7)

where @’k is the ECL efficiency of Ru(bpy);*” (1 mM and 0.1 M TBABF, /
ACN) via annihilation, taken as 5.0%,°”*'° I and I° are the integrated
photomultiplier tube responses for the polymer and [Ru(bpy);]** respectively, and

Qrand Q' are the faradaic charges passed for the sample and standard.

It is important to note that as [Ru(bpy);]*" itself cannot be immobilized in a thin
film format the ECL efficiencies of the films are compared to 100uM [Ru(bpy);]**
in solution. This results in low % efficiencies overall, However as the goal of this
work is to compare the ECL efficiency of conjugated and non conjugated systems
the overall % value is insignificant as it is the ratio of the values with respect to
one another that supplies the information required. Table 5.1 reveals that the
greatest ECL efficiency is obtained from the Ru-LMWT PMAS composite film.
The value is approximately 25% greater than that obtained for the non conjugated
[Ru(bpy)2(PVP)o]*" film. Surprisingly the ECL efficiency obtained for the Ru-
HMWT PMAS film is approximately 10% that of the Ru-LMWT film despite
similar enhanced rates of charge transport being observed. This again may be due

to the reduced lifetime and emission observed in Chapter 4 caused by charge



transfer from the ruthenium excited state to the HMWT PMAS polymer. Another
reason for the observed decrease in efficiency may lie in the Ru-HMWT film not
being as porous as the Ru-LMWT films, thereby by inhibiting the diffusion of
sodium oxalate to the ruthenium centres. This issue could be further probed
through the use of Scanning Electron Microscopy or Rotating Disk Voltammetry.
Interestingly the ECL  emission intensities for the  conjugated
[Ru(bpy)(PPyBBIM),]** series of metallopolymers was significantly lower than
that obtained for the non conjugated [Ru(bpy).(PVP)i0]*" metallopolymer despite
displaying faster rates of charge transfer. Again a possible reason of this may lie

in the porosity of the metallopolymer film.



Table 5.2: ECL efficiencies of for the composite film compared to solution phase
[Ru(bpy)s]*

Material PecL (%)
SOLUTION PHASE
[Ru(bpy)s]** 5.0
THIN FILM
[Ru(bpy)2(PVP);0]** 0.152
Ru-LMWT PMAS 0.2
Ru-HMWT PMAS 0.022
[Ru(bpy).(PPyBBIM);]* 0.0096
[Ru(bpy)>(PPyBBIM);o]** 0.011

[Ru(bpy)2(PPyBBIM)]** 0.033



5.4 Conclusions

The electrochemiluminescent properties of the [Ru(bpy).(PPyBBIM),]**
metallopolymers and Ru-PMAS composites were investigated using sodium
oxalate as a co-reactant. When analysed under the same conditions the
[Ru(bpy)(PPyBBIM),]** metallopolymers and the Ruthenium-PMAS composite
films displayed diffusion coefficient values an order of magnitude faster than the
non conjugated metallopolymer [Ru(bpy)(PVP),o]*" This led to faster Ru’*
regeneration times with anticipated increases in ECL intensity. ECL was observed
for each of the systems investigated. For the [Ru(bpy).(PPyBBIM),]**
metallopolymers the highest ECL intensity was observed for the
[Ru(bpy)(PPyBBIM);]** metallopolymer followed by the
[Ru(bpy)(PPyBBIM);o]** and  [Ru(bpy)(PPyBBIM)y]** metallopolymers
respectively. As the relative ECL intensity did not vary significantly with surface
coverage it can be assumed that the intensity differences observed between the
metallopolymers are due to enhanced rates of charge transfer. The ECL
efficiencies obtained however were significantly lower than both non conjugated
[Ru(bpy)2(PVP),0]*" metallopolymer and the Ru-PMAS composites. A possible
explanation for this may be due to the compact nature of poly-bibenzimidazole
based polymer films. A very compact film may prevent analyte diffusion thereby
reducing the amount of Ru® metal centres that come in contact with the co-
reactant. Despite the enhanced rates of charge transport only the outer Ru’*
centres may be exposed to co-reactant leading to generation of light.
Electrochemical studies consisting of rotating disk voltammetry could provide

further evidence of this effect.

For the Ru-PMAS systems the highest ECL intensity was observed for the Ru-
LMWT PMAS composite film, approximately 30% more than the Ru-HMWT
PMAS film. Despite relatively low photoluminescent yields obtained for the Ru-



HMWT composite film significant ECL emission was observed. The reason for
this lies in the method in which the ruthenium excited state is created. Due to the
fact that the excitation for ECL is not luminescence based the ruthenium in the
film is not competing with the PMAS for absorption of light. Despite similar rates
of charge transport, ruthenium based emission and ruthenium luminescent
lifetimes there existed approximately a 20 fold difference in ECL efficiency
between the Ru-LMWT PMAS films and the [Ru(bpy).(PPyBBIM),]*
metallopolymers. This result further highlights the importance of film porosity to
within film based ECL systems. Significantly the ECL efficiency of the Ru-
LMWT PMAS composite films was approximately 25 % greater than that
obtained for the non conjugated [Ru(bpy)(PVP)0]*" metallopolymer.



Chapter 6

Conclusions



6.0 Conclusions

Electrochemiluminescence (ECL) based sensing devices have a promising future in
the biomedical diagnostic industry. Such sensors offer many of the advantages of
luminescent based sensing without many of the drawbacks. The primary focus of this
thesis has been to improve the sensitivity of such sensors by “tuning” the specific
properties that lead to the production of light from an ECL based sensor. This was
done by taking advantage of new and emerging materials in the area of conducting
metallopolymers. By combining a ruthenium metal complex with a conducting
polymer backbone it was anticipated that in a traditional “supramolecular” approach,
the electrochemical and photophysical properties of each would combine together to
enhance ECL limiting factors such as charge transport and low luminescent yields.
The results presented in this thesis have demonstrated that it is possible to tune the
rates of charge transport, luminescent yield and luminescent lifetimes to favour ECL

production however this does not necessarily translate into an ECL enhancement.

Factors affecting ECL production are both electrochemical and photophysical in
nature. Provided the analyte of interest is not rate limiting, ECL production is highly
dependent upon the rate of charge transfer within a film or solution. Therefore
enhancing the charge transport within a film leads to a greater number of Ru’*
available for reaction with the co-reactant which in turn leads to increased ECL
production. ECL is the product of the efficiency of populating the excited state (Qex)
and the quantum yield of emission from that excited state (@Qp). Therefore increased
ruthenium based luminescence and luminescence lifetimes would also favour ECL

enhancement. In this work two approaches were adopted to meet these goals.

The first approach was to utilize a [Ru(bpy),PPyBBIM),]** series of conducting
metallopolymers. These materials consisted of a ruthenium-(2,2-bipyridyl) metal
centre covalently bound to a conducting bibenzimidazole based polymer backbone.
To further understand the contribution of fast charge transport to ECL production the

metallopolymers examined had various metal loadings. These metallopolymer



displayed enhanced rates of charge transport in the ground state however the excited
state charge transport was not as efficient leading to the production of dual emission.
Charge transfer from the metallopolymer backbone to the excited state ruthenium was
not thermodynamically feasible being exergonic by 0.2 eV. The luminescent lifetimes
reported for the metallopolymer were consistent with those previously reported for
non conjugated ruthenium containing metallopolymers. The enhanced rates of charge
transport however did not translate into enhanced ECL production and ECL
efficiencies were shown to be significantly less than those obtained using the non
conjugated [Ru(bpy).(PVP)i]*" metallopolymer, the Dcr of which was over an order
of magnitude smaller than that obtained for the imidazole based metallopolymers.
The presence of the polymer backbone did not drastically affect the ruthenium based
luminescent lifetimes with decays of approximately 120 ns on average being
observed. While these factors meet the criteria for ECL production the question of
such low efficiencies remains. An explanation for this may lie in the film porosity. A
very rigid and compact film will prevent analyte diffusion thru itself thereby
“physically” reducing contact between the Ru’* mediating centres and the co-reactant.
While this metallopolymer film may have been unsuitable for the analysis of sodium
oxalate it should be highlighted that this does not negate its use as an ECL detection
system. Given the synthetic challenges of producing a porous film while retaining
favorable electrochemical and photophysical properties, it is probable that in the
future the range of ECL producing materials will be wide with varying degrees of
film porosity. The use of which will be dictated by the analyte of interest as opposed

a generic system suitable for the detection of all analytes.

The second approach adopted not only attempted to enhance ECL by tuning the
electrochemical and photophysical properties but to produce an ECL material that
avoided the difficulties associated with covalently binding a ruthenium metal to a
conducting polymer backbone. Like the imidazole based metallopolymers the Ru-
PMAS composite films displayed enhanced charge transport properties compared to
the non conjugated metallopolymer [Ru(bpy).(PVP)io]*". As regards tuning the

ruthenium based luminescent properties of the films both composite films displayed



contrasting results. The Ru-HMWT PMAS film was shown to effectively quench the
ruthenium excited state emission via electron transfer to acceptor states on the
polymer backbone. The overlapping absorption spectra of HMWT PMAS and
[Ru(bpy);]** further served to reduce ruthenium based luminescence in both the
solution and solid states. This however was less of an issue as regards ECL
production as the excited state is generated electrochemically as opposed to optical
excitation. Within this system the effect of the HMWT PMAS on the ruthenium
luminescent lifetime has a greater affect on ECL production. The dominant decay
within the film had a lifetime of only 45 ns, significantly lower than that of
[Ru(bpy);]** in solution. This decay in lifetime is believed to be one of the primary
reasons for the low ECL efficiency of the Ru-HMWT PMAS composite film
compared to the Ru-LMWT film. The highest ECL efficiency obtained from all films
examined in this work came from the Ru-LMWT PMAS film. The ECL efficiency
obtained was approximately 25 % greater than that of the [Ru(bpy)(PVP)io]*

metallopolymer

When designing polymeric systems whereby the cooperative effects of the polymer
and ruthenium metal centre are designed to enhance ECL criteria certain
considerations in the choice of material should be adhered to. The charge transport
properties in not only the ground state but also the excited state need serious
consideration. While fast rates of charge transfer are required it should be noted that
deactivation of the ruthenium excited state by the polymer backbone is also possible
thereby reducing ECL as demonstrated in the Ru-HMWT PMAS system. This
environment is unfavourable for ECL production. The effect of the conducting
polymer backbone on the ruthenium based luminescent lifetime must also be
considered as demonstrated by each PMAS fraction. While the Ru-LMWT PMAS
film displayed luminescent lifetimes of approximately 427 ns the lifetimes observed
for the Ru-HMWT PMAS composite displayed reduced lifetimes of 45 ns. This
difference may be caused by the non conducting LMWT PMAS shielding the excited
state ruthenium from atmospheric oxygen. While the HMWT PMAS may also have

this affect, it provides a mechanism of excited state deactivation via acceptor states on



the polymer backbone. However the Ru-LMWT PMAS composite films showed a
reduction in the charge transfer diffusion coefficient Dcr thereby reducing the amount
of Ru*" available for reaction with the co-reactant, this factor must also be considered
when evaluating different systems.

2+/3+

The ideal material for ECL should therefore not only display fast Ru regeneration
times, good quantum luminescent yield and lifetimes but should also be porous
enough to allow diffusion of a range of analytes through the film itself. While two of
these factors have been addressed in this work the issue of film porosity while
retaining favorable electrochemical and photophysical characteristics presents a great
synthetic challenge. The possibility of combining a luminescent metal complex with
conducting carbon nanotubes (CNTs) is one approach that may help tackle this
challenge. Provided a suitable overlap of the metal and CNT orbitals could be
obtained the porous yet conducting nanotube should allow significant analyte
diffusion while retaining enhanced rates of charge transfer. While promising in its
approach the method of integration of the metal into the CNT would need serious

consideration given the varying directions of conductivity based on tube geometry

existing in CNTs.

In conclusion this thesis has demonstrated that it is possible to tune both the
electrochemical and photophysical properties of a material to favor ECL production,
but that there often exists a “trade off” between the two, e.g. enhanced charge
transport resulting in decreased luminescent lifetime. ECL generation using
conducting polymers has been demonstrated. As our understanding of not only the
ground state charge transfer but also the excited state charge transfer in conducting
metallopolymers continues to advance the use of such systems for ECL generation is

sure to increase resulting in a promising future for ECL based detection systems.
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