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Abstract

Electrogenerated Chemiluminescence otherwise known as Electrochemiluminescence
(ECL) is an effective analytical tool for many organic compounds of clinical and
environmental importance. The technique can allow for the regeneration of the
luminescent reagent during the course of analysis making it well suited to the
development of solid state sensing platforms. In addition, immobilisation of the
luminescent reagent can provide opportunities for improved sensitivity and
reproducibility compared to solution phase ECL systems. The overall aim of this thesis is

to further the development of sensitive and stable ECL-based detection platforms.

The thesis focuses on two distinct methods for the immobilisation of the luminescent
reagent, tris(2,2 -bipyridyl) ruthenium(II). The first modification method involves the use
of a composite polymer based on the perfluorinated ionomer, Nafion and the conducting
polymer polypyrrole. The presence of polypyrrole results in improved layer stability
when compared to Nafion-based layers. The improvement in layer stability comes at the
cost of sensitivity, with detection limits for the model analytes oxalate and tripropylamine
being 10 uM and 100 nM, respectively; an order of magnitude decrease in sensitivity

compared with Nafion-based layers.

The second electrode modification method investigates the use of aryl diazoniums to form
thin films of luminescent reagent at the electrode surface. Diazoniums were used to form
ECL active films via both the attachment of a ligand and subsequent complexation at the
surface and the attachment of the luminescent complex directly at the electrode surface.
Attachment of the luminescent complex was achieved via both electroreduction of the

diazonium from aqueous solution and the spontaneous deposition of the film with the

v



resulting films characterised using CV, XPS, TOF-SIMS and AFM. The films were found
to be stable over a period of several hours while remaining sensitive to low concentrations

(10 nM) of model analytes such as 2-(dibutylamino)ethanol.
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Chapter 1: Introduction

Electrochemical-based sensing methods are well established analytical techniques for the
detection of a diverse range of compounds that have led to the development of numerous
commercial sensing devices. Electrochemical systems form the basis of small, simple,
inexpensive sensors that provide rapid response times. In contrast, chemiluminescence
sensing offers excellent sensitivity, selectivity and high linear range. The combination of
these two methods in the form of electrochemiluminescence (ECL) can create a sensing
platform that offers the best aspects of both forms of chemical analysis.' Traditionally,
ECL-based sensing systems have required that the luminescent reagents are present in
solution. However, this requirement can be circumvented if the active form of the
luminescent reagent is regenerated during the course of the reaction. In this situation the
luminescent reagent can be bound to or otherwise immobilised at the surface of the
electrode. A number of possible benefits can be gained by modifying the electrode with
the ECL active agent, such as simplified sensor design and ease of miniaturisation,
improved detection limits and reduced sensor costs. These enhancements have the
capacity to provide low-cost, reliable ECL-based sensors as well as simplified detection
systems for a range of devices including high performance liquid chromatography and

lab-on-a-chip.

Many methods have been used to immobilise luminescent reagents at electrode surfaces.
For example, the luminescent moiety may be bound to a polymer chain which is then
coated on the electrode in the form of a thin film” or the luminophore may be polymerised
directly onto the surface by electrochemical methods or other means.’ Electrostatic
attachment within sol-gels*” and ion-exchange polymers™® has also been popular and

formation of luminescent monolayer films by self assembly or covalent bonding has been
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demonstrated.”'! However, these immobilisation methods have shown varying success in
the fabrication of effective ECL-based sensors, with many methods suffering from poor

stability, sensitivity, and reproducibility.'

This thesis investigates the synthesis and surface chemistry of two distinct approaches to
electrode modification for the creation of high performance ECL active layers. The first
modified electrode is a composite polymer system based on the perfluorinated ionomer,
Nafion® and polypyrrole. The second system centres on the creation of a thin covalently-
bound film formed via the electrodeposition of diazonium compounds. In both systems
the surface chemistry of the layer is central to its effectiveness in producing a sensitive
and stable ECL sensor. Parameters such as reagent concentration and availability, and
charge and mass transport within the layer are significant in determining the sensitivity of
the film. The stability of the film is affected by the bonding arrangement between the

luminophore and the surface and the luminophore polarity.

The aim of this thesis is to develop and understand alternative immobilisation methods for
ECL-based sensors that provide improvements to device stability, sensitivity and
reproducibility. The relationship between the structure of the immobilised films and the
factors limiting device performance will be investigated. There is a particular focus on
understanding the long term stability of the modified electrodes and the associated

degradation pathways.

Chapter 2 presents the rationale of the thesis and a review of the background literature
relevant to this work. It focuses on the various electrode modification techniques used for

electrochemical sensing, such as polymer-based and diazonium modification methods,

? Nafion is a registered trademark of DuPont
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and provides a framework for understanding the phenomenon of ECL and its application

to electrochemical sensing.

Chapter 3 introduces the experimental techniques used for the fabrication and analysis of
the modified electrodes. Surface analysis techniques such as X-ray Photoelectron
Spectroscopy (XPS) and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
have been extensively used in the characterisation of the modified electrodes. By
investigating the surface chemistry (XPS and ToF-SIMS), the electrochemistry (via
Cyclic Voltammetry, (CV) and Electrochemical Quartz Crystal Microbalance (EQCM))
and the morphology of the layers (Atomic Force Microscopy (AFM)), a more complete
understanding of the structure and behaviour of the modified electrode can be determined.
Chapter 3 discusses the implementation of these analytical techniques and the specific

instrumentation employed in this thesis.

Chapter 4 presents a polymer composite used to produce stable modified electrodes for
potential use in ECL-based sensing applications. The chapter discusses the incorporation
of tris(bipyridyl) ruthenium(Il), Ru(bpy)s*", and polypyrrole into a Nafion layer and its
subsequent characterisation via electrochemical (CV) and surface analysis methods (XPS,
ToF-SIMS, AFM). It assesses the resulting film suitability as an ECL-based sensor by
investigating its response to the model analytes tripropylamine and the oxalate anion. The
Nafion/polypyrrole composite is compared with a Nafion film and a model is developed

for the improved performance of the composite layers over the Nafion-based layer.

Chapters 5 and 6 discuss methods for creating modified electrodes via the grafting of
diazotised ligands and complexes to a metal or carbon surface. Chapter 5 details a method
to create a covalently attached ECL active layer on the surface of gold and glassy carbon

electrodes via the electrodeposition of the diazotised ligand, 4-(4-diazoniumphenyl)-2,2'-
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bipyridine tetrafluoroborate, followed by a reaction with bis(2,2 -bipyridyl)dichloro-
ruthenium(II). The deposited layer is characterised using CV, EQCM, XPS, ToF-SIMS

and AFM at all stages of synthesis to determine the performance in ECL sensing.

Chapter 6 explores an alternate approach to the two step method described in Chapter 5
by diazotising the ECL active compound, bis(2,2"-bipyridyl)(4’amino-4-phenyl-2,2"-
bipyridyl) ruthenium(Il), Ru(bpy)z(apb)%, and then reducing the diazotised complex in-
situ to bind it to the electrode in a single pot reaction. As with Chapter 5, the layer is
characterised via electrochemical (CV) and surface analytical methods (XPS, ToF-SIMS,
AFM). The resulting layer is assessed for its suitability as an ECL sensor with particular

focus on film stability. In addition, a layer degradation mechanism is proposed.

Chapter 7 expands on the work presented in Chapter 6 by investigating the spontaneous
deposition of the diazotised Ru(bpy)(apb)*”. The deposition of Ru(bpy)(apb)** onto a
glassy carbon electrode is monitored via open circuit potential measurement and the
resulting electrode is characterised by CV, XPS and ToF-SIMS prior to being assessed for
its suitability as an ECL sensor. In addition, the suitability of this deposition for micro
array electrodes is demonstrated through selective deposition of Ru(bpy)(apb)** onto a

micropatterned surface of silicon nitride.

Finally Chapter 8 presents the general conclusions of the thesis and outlines possible

future research activities emerging from this thesis.
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Chapter 2: Background and Literature Review

2.1. Introduction to Electrochemical Sensing

Electrochemical methods have been used extensively by chemists for the detection of
almost every class of compound, providing in many cases, very sensitive quantitative
information while maintaining good chemical selectivity. Like all sensing techniques,
electrochemical sensors require at least two steps for the detection and quantification of
the analyte to take place. The initial step of any sensing design is analyte recognition,
where the desired analyte selectively interacts with the sensor to provide a detectable
event. In electrochemical systems, this recognition step could range from a selective
redox reaction to the more complex binding of an antigen to an antibody. Once the
analyte recognition event occurs, it is then translated into a useable electrical signal such
as a change in current, potential or capacitance. Optical transduction pathways can also be
used in spectroscopic and luminescence-based experiments. Once an electrical signal is
produced by the transducer (usually an electrode), signal processing can then be

undertaken in-silico to complete the detection and quantitation of the target analyte.

All electroanalytical methods require an electrochemical cell comprising at least two
electrodes. Amperometric and voltammetric methods where current is measured as a
function of the driven potential of the cell require a minimum of a working electrode and
a counter electrode. The working electrode is typically the electrode where the
electrochemistry of interest occurs, while the counter electrode completes the circuit.
Usually, a third electrode is used as a reference providing a stable and known
electrochemical reaction to measure cell potential against (Section 3.2.4.2). In contrast
potentiometric methods where the open circuit potential of the cell is measured require an

indicator electrode (equivalent of a working electrode) and a reference electrode. In both
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cases the electrochemical cell must contain a conductive fluid which is in electrical
contact with the electrodes. Typically this contacting solution also contains the analyte(s)

of interest.!

The interactions between the working electrode and contacting solution are critical to the
response of the system. By intentionally modifying the electrode or the solution (such as a
change in electrolyte species or concentration or the addition of a catalyst or redox
mediator), a change in the system response can be effected, providing improved
sensitivity or selectivity for the analyte. As the contacting solution contains the analyte(s)
of interest, the ability to modify the contacting solution can be limited and often time
consuming. The addition of reagents to the solution for pretreatment prior to analysis,
such as analyte derivatisation or tagging, pH buffering and removal of interferences can
be difficult, time consuming and prone to user error. To avoid these issues, the electrode
may be modified prior to analysis, creating a range of opportunities for more facile

electrochemical detection of analytes.

2.2. Modified Electrodes

The direct chemical modification of a surface provides an excellent opportunity to
customise electrode properties via the immobilisation of one or more chemical species to
the surface. The modified electrode should then demonstrate characteristics of the
immobilised species, allowing for the enhanced electrode to be tuned to a specific
application or purpose. For example, the attachment of luminescent compounds allows for
the incorporation of an optical transduction pathway, while the immobilisation of a redox
active moiety can be used for electrocatalytic sensing. Additionally, the attachment of
biomolecules such as DNA, antibodies or enzymes can provide a high level of analyte

selectivity.
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Extensive research into electrode modification for chemical sensing has been undertaken
with the literature demonstrating a wide range of modification strategies applicable to
chemical sensing.”® By modifying the surface of the electrode, improvements can be
incorporated into the sensing method when compared to the use of an unmodified
electrode. These improvements include but are not limited to decreased limits of
detection, increased dynamic range, improved selectivity, extended sensor lifetime
through the prevention of electrode fouling, enhanced reaction kinetics and the enabling

of reactions at the surface that otherwise would not be thermodynamically possible.’

Numerous approaches to the attachment of compounds for electrode modification exist,
including the use of simple physisorbed and chemisorbed layers, such as Langmuir-
Blodgett films, electrostatically or hydrophobically bound polymers, and a wide range of
covalently attached systems.”” These attachment procedures have proven useful for a

. . . . . . 1.6-
variety of sensing applications and the area has been extensively reviewed. "**

2.2.1. Polymer Modified Electrodes

Polymer coatings represent the most prevalent form of electrode modification. Polymer
modified electrodes (PME) have the advantages of ease of construction, large synthetic
variability and a large analyte interaction zone when compared to monolayer-based

systems (Section 2.2.2).

The use of polymer films typically involves the deposition of many monolayer
equivalents onto the electrode. Depending on the application, films can range from sub-
nanometre to several microns in thickness, and when a porous morphology is also
employed, the resulting increase in surface area provides a large increase in the number of
active sites present when compared to a monolayer system. A polymer film can be

attached to the electrode via a number of interactions, typically with a combination of
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physisorption and low solubility in the contacting solution, although some films are

functionalised so that they form covalent bonds with the surface of the electrode.”

A PME can be formed by either the casting of the pre-formed polymer onto the electrode
from solution, typically via drop or spin coating, or through the direct polymerisation at
the electrode as with electrodeposition techniques. Three broad polymeric classes are
often used in the construction of a PME: pre-formed redox polymers, conducting

polymers and ion-exchange polymers otherwise known as ionomers.’

2.2.1.1. Pre-formed Redox Polymers

Pre-formed redox polymers typically involve the synthesis of an electroinactive polymer
backbone prior to modification with a redox active moiety and subsequent deposition
onto the electrode via drop or spin coating from a solvent. A range of polymers are used
as the basic starting polymer, with polyvinylpyridine and poly(N-vinylimidazole) being
commonly used examples.* Often metal complexes, for example complexes of Fe,'* Ru,
Os, and Ir,'"* are attached to the polymer forming a metallopolymer. However, non-

metallic redox active materials such as fullerenes,”> or TCNQ'® may also be used.

Pre-formed redox polymer materials have primarily been investigated for use for catalysis
and sensing applications. However, the use of these materials can be limited, with this

limitation due to both slow charge transport through the material?

and the layers
suffering from short lifetimes resulting from leaching, dissolution, and photo-degradation

of the layer."

2.2.1.2. Conducting Polymers

Conducting polymers are organic polymeric materials which possess intrinsic electrical

conductivity. This unique class of polymers affords outstanding electron transport
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resulting from a highly n-conjugated polymer backbone. The conjugation of the polymer
results in a band structure similar to that observed in inorganic semiconductors. By
changing the oxidation state of the polymer, electronic charges can be introduced into the
polymer forming intermediate states in the band gap, allowing for the thermal excitation
of electrons into the conduction band and facilitating charge transport as demonstrated in
Figure 2-1."” On oxidation, or reduction counter ions, commonly referred to as dopants,
enter into the polymer structure to maintain charge neutrality. Conducting polymers
include polypyrrole (PPy), polyaniline, and polyacetylene. Typically, conducting polymer
films are formed by oxidation of the desired monomers either via chemical or
electrochemical methods,'” however reductive pathways are also possible."® The

electrochemical oxidation of pyrrole is provided as an example in Scheme 2-1.

Conduction Band Conduction Band Conduction Band
. [ |
’ | |

Valence Band Valence Band Valence Band

Increasing Doping Leve

Figure 2-1: The formation of intermediate states in the band gap due to the increasing doping of the
polymer. Redrawn from Ref [19].
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Scheme 2-1: The electro-polymerisation mechanism of PPy. Redrawn from Ref [20].

Electrodes modified with conducting polymers have found a number of applications in

2122 with an extensive range of analytes being

the field of electrochemical sensing,
detected using this type of PME. Due to their redox-active nature, conducting polymers
can often function as a complete sensor without the need for further modification, as they

perform both a molecular recognition (via oxidation and reduction) and signal

transduction role (due to their conductivity). This is the case in many conducting
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polymer-based potentiometric sensors used for pH, gas or ion sensing. In these sensors,
ion selectivity can be designed into the conducting polymer film through the control of
both the growth conditions and dopants used. Such conducting polymer films have

soe . 23-2 22 2 . . 22
demonstrated selectivity for amines, 325 halogens,” surfactants % and various cations.

With the addition of separate compounds for molecular recognition, conducting polymers
can provide numerous options for specific sensors. These compounds can be included in
the polymer film using a variety of methods, including physical and electrostatic
entrapment or covalent attachment through direct functionalisation or subsequent grafting

onto the polymer.*’

The physical entrapment method is the most straightforward of the immobilisation
methods. The desired compound is included in the polymerisation solution, and is
incorporated into the film by being encased by the polymer during deposition. This
physical entrapment design has been successfully used to immobilise a range of
biological compounds in PPy in order to endow it with sensing capabilities.”® Enzymes
such as horseradish peroxidase and glucose oxidase, various antibodies and even
complete cells have been incorporated using this configuration.”® By controlling the
composition of the deposition solution and the charge passed through the electrode, the
electrodeposition method can allow for exacting control over the quantity and location of
the deposited polymer. This control can also be used to locate the detection elements
between multiple polymer layers coated onto the electrode. The layered approach has
been used to prevent enzyme folding, improve adhesion of the recognition moiety® and

include multiple enzymes in a sensor.”
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The electrostatic incorporation of the recognition compound into the conducting polymer
matrix is often achieved via the control of the dopant or counterion used with the
polymer. If the recognition moiety is natively an ionisable compound, such as an acid,
then it 1s possible to incorporate the compound into the film directly during
polymerisation or via ion-exchange after the formation of the film. Control of the dopant
provides control of the mass and charge transport properties of the film and is often used

22,24 - - - :
“* Both direct incorporation and ion-exchange

in the creation of gas and ion sensors.
methods have been used to bind tris(4,7-diphenyl-1,10-phenanthrolinedisulfonic acid)
ruthenium(IT) into a derivatised PPy film.*'”? These films have been used to detect

. . . . . 1-
oxalate ions and amines via electrochemiluminescence.’! >

The covalent attachment of the recognition moiety to the polymer film can be achieved by
two pathways. Firstly, the recognition element or other moiety can be modified to
include a polymerisable functional group, often with the incorporation of an alkane

** allowing for electrode modification to be under taken in a single step.

spacer,”
Alternatively a multi-step grafting procedure can allow for the incorporation of the
moiety into the film after polymer deposition at the electrode.*® Both methods have
proven useful for the attachment of a number of compounds into the film.”****® The
functionalisation of pyrrole prior to electropolymerisation has resulted in the creation of
glucose sensors via the inclusion of modified glucose oxidase® as well as DNA sensitive
films via the incorporation of pyrrole functionalised single stranded DNA.**® The use of

the PPy-DNA film for the detection of DNA hybridisation has been demonstrated through

both microgravimetric and fluorescence measurements.

Electrodeposition of a conducting polymer can sometimes expose the detection elements

to harsh polymerisation conditions. By utilising a multi-step grafting procedure, the
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recognition moiety can be protected from degradation. This multi-step method is
favourable for biosensing designs using enzymes and proteins where tertiary structure is
important.?* Depending on the sensor design, a number of manufacturing methods can be
used. A common pathway for this sensor design is the use of a biotin-avidin bridge where
both the recognition element and the underlying polymer are functionalised with biotin.*”
3% The biotinlyated-polymer is then exposed to the protein avidin which binds to the layer
through its interaction with the biotin. As avidin has a number of binding sites, the
functionalised recognition element can then be subsequently attached to the film. The
method is illustrated in Figure 2-2, and has been used with the creation of an enzymatic

based sensor for glucose and catcheol,” as well as DNA.*®
E @ @ enzyme layer
avidin layer

copolymer

mw electrode

B-GOX Av 1 2
w(ED) R » U
Figure 2-2: A PPy based glucose sensor where B-GOX is biotin bound to glucose oxdiase, Av is the

protein avidin, 1 is the pyrrole based biotin derivative and 2 is a pyrrole based tris(2,2'-
bipyridyl)ruthenium(II) derivative. Redrawn from Ref [40].

2.2.1.3. lonomers and Composites

Ionomeric polymers or ionomers, are branched polymers possessing ion exchange
functionality through the incorporation of functional groups such as sulfonic acids (for
example, Nafion (Figure 2-3) and polystyrene sulfonate), carboxylic acids, amines and

other nitrogen-containing groups (for example, polyvinylpyridine, PVP). The use of this
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class of polymer provides a range of electrode modification opportunities. In their native
form, ionomers may act as a membrane barrier or be used for their ion exchange abilities.
In acting as a membrane barrier, the ionomer film can be used to reduce interferences and
improve analyte selectivity via the restriction of the flow of counterions through the film.
For example, Nafion films have been successfully used to minimise ascorbic acid
interferences during the detection of neurotransmitters.*' Similarly through cation

.. . .. 42
exchange, Nafion can also assist in the preconcentration of cationic analytes.

(crcr.) —crer.]

(OCFz(IjF)H—IOCF2CFZSO3H
CF;

X

Figure 2-3: The chemical structure of Nafion.

It is also possible to modify the ionomer through the electrostatic attachment of charged
compounds to the ion exchange sites. A range of compounds have been immobilised via
ion exchange for use in sensing. There have been a number of papers on the electrostatic
immobilisation of the electrochemiluminscent complex, tris(2,2 -bipyridyl) ruthenium(II)
(Ru(bpy)s>") in Nafion and related polymers (Section 2.5.1.). Alternative metal complexes

4345 _ .
34 With

such as those of osmium, iron, and cobalt have also been immobilised in Nafion,
anionic metal complexes, such as IrClg”, W(CN)s> and Fe(CN)s> immobilised in
PVP.***" In addition, Nafion and the related ionomer Eastman AQ, have been employed

for the formation of enzyme-based sensors, with enzymes such as glucose and choline

oxidase being electrostatically incorporated into the films.*!

2.2.1.4. lonomer/Conducting Polymer Composites

Commonly, conducting polymers require use of an ionic dopant to be conductive. The

dopant used can have a significant effect on the properties of the conducting polymer
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film. For example, the physical size of the dopant may provide control over the
mechanical and morphological characteristics of the film, with smaller ions providing a
more porous and less mechanically stable material than larger ions.”® Dopant size also
affects the ion exchange properties of the film. Small, mobile dopants enable anion
exchange while large, sterically immobilised dopants are favourable for cation
exchange.” In addition, the polymer conductivity can be modified by varying the pK, of

the dopant, with resistivity varying proportionally to pK,.°

The use of an ionomer such as Nafion as a dopant allows for the formation of films that
are both mechanically sound and highly conductive, potentially providing an excellent
platform for a range of PME-based sensors.”’ Two manufacturing methods exist for the
construction of ionomer/conducting polymer composites. The most common method is a
two-step procedure involving the coating of the electrode with the ionomer prior to the
deposition of the conducting polymer into the deposited ionomer. The alternative method
is a one-step procedure where the ionomer is present in the electrodeposition solution.
However, this method suffers from poor reproducibility caused by competition between
the ionomer and the electrolyte in the doping of the conducting polymer.”' As
reproducibility is a requirement of any sensor design, the two step production method is

the logical choice and thus will be discussed in detail below.

A range of glucose sensors based on Nafion/PPy composites have been developed using a
two-step synthesis.’>> It was reported that these sensors provide improved enzyme
entrapment when compared to using Nafion alone and reduce interferences from
compounds such as urate and ascorbate.” Metallised Nafion/PPy composites have also
been used as the basis for an electrochemical H, gas sensor.>* In this case, the addition of

PPy to the Nafion membrane significantly increased the lifetime of the sensor.”*
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A common use for ionomer/conducting polymer composites, in particular Nafion/PPy
composites, has been for membranes in direct methanol fuel cells and electrodialysis.”
This type of composite has been shown to improve cell efficiency and lifetime by
reducing methanol crossover in the fuel cell by up to 80%.°° The reduction in methanol
crossover is attributed to diminished permeability of the membrane caused by the
presence of the PPy.”” It has been suggested that the PPy restricts the molecular mobility
of methanol through the film by obstructing the reversed micellar structure of the

Nafion.”’

2.2.2. Monolayer Modified Electrodes

Modification of a surface by the covalent deposition or adsorption of monolayers is an
accepted method of creating electrodes for a variety of sensing applications.”” In
comparison with polymer-based designs, monolayer construction can provide a sensing
system that is easy to construct, often by spontancous self-assembly, while typically
providing a highly ordered layer that allows for the construction of more complex sensing
systems, such as protein-based biosensors.” Many monolayer attachment chemistries have
been used for electrochemical sensing applications. Arguably the two most important
categories are: self assembled systems (otherwise known as self-assembled monolayers
or SAMs) and electrografted layers. Self-assembled systems include chemistries such as

9,58,59

alkanethiols on coinage metals and silanes on oxide surfaces.””® Whereas

electrografting layers rely on the formation of radicals by either oxidation (as in the case

60-62

for amines,”** carboxylates, alcohols®” and Grignard reagents®) or reduction (as in

58,61,064 58,60,61,65

the case of alkenes and diazoniums ) of the attachment moiety. Currently
alkanethiol and diazonium chemistries have found the most widespread use in
electrochemical sensing applications, with the other attachment chemistries mentioned
often proving unsuitable. For example, organosilanes require the presence of an oxide

layer thus producing an insulating layer that can limit electron transfer rates making them
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unsuitable for signal transduction to the electrode; alkene-based chemistries often require

in-vacuo preparation of substrates,* and carboxylate chemistries often have low yields.’

2.2.2.1. Alkanethiol Monolayers

Historically, alkanethiol monolayers have been used extensively for sensing applications
due to their ability to form stable, well ordered, densely packed monolayers on a range of
metallic surfaces.”® Alkanethiols have been shown to chemisorb spontaneously to the
surfaces of coinage metals such as gold, silver, platinum and copper via the formation of a
metal-thiol bond.®® Gold is the most common substrate used, due to its lack of stable

oxide under ambient conditions.

Alkanethiol-based monolayers provide an easy to synthesise layer with the initial
deposition undertaken via immersion in a dilute (~1 mM) solution of the thiol for a short
period of time (~1 hr). Initially, the thiol is deposited randomly across the surface. The
thiol is, however, partially mobile and can reorder over time to form a well-defined layer

with alkyl chains angled at 20-30° from the surface normal.”®

The use of a large alkane group can insulate the electrode from the contacting solution,
thereby limiting their usefulness for electrochemical applications. However, short-chained
alkanethiol SAMs (such as 3-mercaptopropionic acid) are suited to electrochemical
sensing applications as they form relatively disordered monolayers®’ while providing a
low electron tunnelling barrier, allowing sufficient electron transport from the sensing
moiety to the electrode. The use of conjugated,”®® DNA™ and nanotube based’’
alkanethiol SAMs have also been shown to provide alternative electron transfer pathways

making them suitable for use in most sensing applications.
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Alkanethiols can have large electrochemical potential windows making them suitable for
a wide range of sensing applications. Long chain alkanethiols can be electrochemically
stable between potentials of about -1 and +1 V vs Ag/AgCl in some aqueous media.”®">"*
However, this potential window is reduced rapidly with decreasing chain length, as
demonstrated with the 3-mercaptopropionic acid window of -0.4 to 0.6 V.”’° The

7677 at more anodic

monolayer is oxidised to sulfinates (-SO,) and sulfonates (-SO3")
potentials and as a consequence, long term storage of the monolayer is difficult. To

prevent oxidation of the monolayer, alkanethiol-based sensors are often stored in silver

packaging to limit the effects of light and oxygen.’®

Despite the limitations of alkanethiol-based SAMs, a large number of electrochemical
sensors have been developed using this attachment chemistry.®® Two methods are
employed. In the first method, the desired compound used for analyte recognition is
synthesised with a thiol functionality present prior to deposition. The second approach
builds the sensor via the sequential reaction of the layer with the desired chemistry,
adding and removing functionality until the sensor is complete.9 Scheme 2-2 provides an
example of the multi-step method for the construction of an enzyme-based sensor, with

3-mercaptopropionic acid used as the base thiol.
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Scheme 2-2: A typical multi-step reaction scheme used for the construction of a enzyme based sensor
using an alkanethiol SAM for grafting to the surface. Redrawn from Ref [9].

A number of steric issues can arise from the use of bulky detection moieties in sensor
construction. This may result in the creation of pinholes and other surface defects leading
to possible non-specific binding of compounds at the electrode, often resulting in poor
sensor performance. To overcome this issue, a mixture of thiols can be used in the layer
formation, providing more space between recognition sites while inhibiting non-specific
binding to the electrode. An example of the use of this dilution method is found in the

production of a DNA sensor shown in Figure 2-4. In this example, thiolated single-
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stranded DNA is diluted by a short chained thiol preventing the direct absorption of the
DNA to the electrode, ensuring it protrudes into the solvent phase allowing for better

hybridisation of the DNA."

L/‘\-/(CHZ)G-SH

Figure 2-4: The formation of a DNA probe through multiple applications of alkane thiols. In (A)
Single-stranded DNA (ssDNA) is adsorbed to the gold substrate through the thiol group as well as
through backbone/substrate contacts. (B) After immersion in mercaptohexanol, the ssDNA is left
attached by the thiol. (C) The end-tethered DNA can then successfully hybridise with ssDNA to form
complementary oligonucleotides. Redrawn from Ref [78].

These construction methods have led to effective sensors being developed for the

75,83-88 89-91 78,92-96

monitoring of pH,”™ inorganic, organic and biochemical species using a
range of chemical and biochemical-based sensing moieties. The majority of these sensors
are based on either the detection of redox chemistry from the selected analyte or the
blocking of access to the modified electrode surface to a mediator such as Fe(CN)s>,

caused by the binding of the analyte to the surface.®

2.2.2.2. Organosilane Monolayers

Organosilane monolayers provide an alternative attachment mechanism to the alkanethiol
chemistry. This method allows for a different class of substrates to be used. Organosilanes

spontaneously bind to a range of hydrogenated oxide surfaces forming -O-Si- bonds, as
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described in Scheme 2-3. The silane can then undergo further modification to provide the
desired surface functionality. An oxide layer at the surface is required for the use of
organosilanes. Use in an electrochemical sensor is limited, as many oxide materials
introduce an insulating layer which can limit signal transduction. However, some
conducting oxide materials exist, enabling electrochemically active organosilane-based
layers to be constructed.””™® Current literature suggests that very few of these

monolayers have been developed into useful electrochemical sensing devices.

—OH -0
R4
—0H * Ry=Si—=R — —0—Si=R
R4
—OH -0
oXide oxide

Scheme 2-3: Organosilane monolayer formation. The layer can be formed on any oxide surface. R, is
typically either a halogen, or a methoxy group.

2.2.3. Diazonium Modified Electrodes

The use of diazonium chemistry to modify electrode surfaces provides an excellent
opportunity to overcome many of the limitations of alkanethiol and organosilane-based
systems. The grafting of aryl diazonium salts was first described by Pinson and co-
workers” in 1992 and is achieved via a one-electron reduction and subsequent radical
formation at the electrode surface as demonstrated in Scheme 2-4. The reductive
deposition of the diazonium occurs at very low electrochemical potentials near 0 V,*® and

can be controlled by either CV'* or potentiostatic deposition'®' from an aprotic solvent

61,101

such as acetonitrile, or acidic aqueous media (e.g. 0.1 M H,SOy). Diazonium systems

102,103

have also been reported to chemisorb spontaneously without the use of an applied

104-107
1.

potentia This spontaneous deposition is thought to proceed through a similar

mechanism to the electrochemical reduction with surface and solution impurities acting as
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an electron source.'” Diazoniums are known to be highly reactive; therefore low
temperatures (~ 0 °C) are required for their storage and use. Due to the difficulty in
storage, the diazonium is often created in-situ using the aryl amine and nitrous acid

(HNO,) in acidic media just prior to its deposition.'*®

o ra e o | s

Electrode Electrode

Scheme 2-4: Electrochemical deposition of aryl diazoniums.

Aryl diazonium salts are known to form stable bonds with a range of conductive materials

109-111 101,112 113-117

including carbon (glassy carbon, graphite, nanotubes and doped

d118—120 121 61,122-128

diamon ), polymers, = metals, and semiconductors such as indium tin
.1 129 - . 1 103 e 130-132 .

oxide, © gallium arsenide " and silicon. As expected, the nature of the bonding

with carbon materials is covalent while metals show the existence of a metal carbide

109,123,124,133,134
bond.

The bonding orientation of the diazonium on the surface has also
been calculated using DFT calculations which demonstrate that in the case of the metallic
substrates, binding can occur either as a o-bond orientated normal to the surface or
favouring n-bonding with the aryl group lying parallel to the surface.'** When bonding to

a graphitic surface, the binding exists normal to the surface irrespective of basal or edge

planes.'?’

The bond formed during the diazonium grafting can be stronger than most other
attachment chemistries (c.f. 21 to 200 kJ mol™ for Au-S>°"1%1¥ to ~265 kJ mol for
edge plane C-C'*). As a consequence the resulting layer is typically more stable.

Diazonium modified electrodes have shown long term stability when stored in air and
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also withstand sonication in a range of organic solvents.”''"'*" Additionally, the layers

111

have been demonstrated to withstand temperatures of up to 700 K= and resist

electrochemical degradation over a range of 5.6 V depending on the diazonium used.'"!

The stability of 4-nitrobenzenediazonium modified gold surfaces has been directly
compared to the equivalent thiol (4-nitrobenzenethiol) modified surface'** and provides
direct evidence for the enhanced stability of diazonium layers over thiols. It was found
that while a higher portion of the thiol film survived sonication and refluxing, the thiol
layer was completely removed after displacement with octadecanethiol while 25 % of the

diazonium film remained, suggesting that the diazonium film is more strongly bound.

This excellent stability over a wide potential range and flexibility in terms of electrode
substrates make diazonium modified electrodes highly suitable for electrochemical
sensing applications, including ECL-based sensing.'*> While diazonium-based layers can
provide excellent stability and wide potential range, the formation of these layers at the
electrode surface is less controlled than that of alkanethiol or silane-based chemistry.
Diazonium deposition is often controlled by varying the applied potential and deposition
time. By assessing the charge passed through the electrode, surface coverage and layer

. . 1,144
thickness can be ascertained.®"

However, this calculated surface coverage tends to be
an upper limit of the amount of material deposited onto the surface. This overestimation
of surface coverage is due to two factors. Firstly, not all free radicals generated are
captured by the electrode. It has been reported that between 56 % (for Highly Orientated
Pyrolytic Graphite, HOPG) and 84 % (for glassy carbon) of the radicals generated form

1

bonds to carbon substrates.''' On gold substrates, electrochemical quartz-crystal

microbalance data indicates that the number of free radicals captured can be as low as
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14 %.'** Secondly, in addition to the reaction described in Scheme 2-4, a number of side

reactions are also known to occur.

The two most important side reactions are the attack of an aryl group already bound to the
surface at the meta position relative to the diazonium functionality'® (and also the para
position in the case of the R group in Scheme 2-4 being hydrogen) forming a multilayered
system, and bonding to the surface without the loss of the diazonium creating an azo bond
(-N=N-).!*1¢ The nature of these reactions is dependent on both the diazonium and

substrate used.®’

It is commonly accepted that the attack of the aryl groups present at the surface allows for
the possibility of multilayer formation in most aryl-diazonium based systems.'®'**
Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) show that
the resulting layer can range from a well ordered monolayer to a loosely structured porous
multilayered system in excess of 2 pm thick,'*'**!*>!*® (Figure 2-5) dependent on the
deposition conditions and substrate used. It has been suggested that the morphology of the
layer is dependent on the relative rates of reaction of the electrogenerated phenyl radical
with the substrate and the already bound aryl groups.®’ If the reaction with the surface is
faster, it is more likely that a monolayer will form before a second layer is established.
However, if the reaction with the bound aryl groups is faster then bonding will occur at

112

nucleation sites on the surface resulting in a more porous structure. -~ As a result, aryl

layers on gold tend to be more porous than the equivalent carbon-based system.’®
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Figure 2-5: Profilometry of thick (a) and thin (b) films deposited from the diazonium precursor.
Presented in (a) is a line scan of a scratched 2 pm thick polyphenylene film on an iron substrate
(Redrawn from Ref [148]). In (b) below a line scan of a terphenyl monolayer 1.5 nm thick is shown
(Redrawn from Ref [100]).

Layer morphology is not only influenced by reaction rate but also by the shape of the
diazonium. It has been shown that the thickness of the layer can be controlled by altering
the substituent at the ortho and meta positions relative to the diazonium group.® It has
been further demonstrated that ortho-substituted diazoniums do not participate in grafting
and the more bulky meta substituted diazoniums such as 3,5,-bis-tert-butyl
benzenediazonium result in thinner more monolayer-like films than their less sterically-

hindered counterparts.
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From an electrochemical sensing view, the formation of multilayers, porous or otherwise,
is not necessarily detrimental. As the aryl diazonium layers will often allow charge

transport through the conjugated sp” structure,'*'**!>

transduction of an analyte
recognition event can readily be achieved. In addition, a porous structure allows for an
increase in the active analysis area when compared to a two dimensional monolayer.
Currently, only a few sensing applications require a well defined layer, with only some
biochemical-based sensors, such as those used for DNA detection, explicitly benefiting

from highly ordered surfaces.”*'*'"'>*

The other important side reaction is the formation of azo functionalities throughout the
layer. This type of reaction can be problematic for the creation of sensing devices. The
binding of the diazonium through the azo group could possibly provide a less stable bond
which is susceptible to oxidation.'”>'*® The XPS spectra of diazonium films can reveal a
peak at about 400 eV in the N Is region.'”* This peak has often been discounted as a
contaminant or unwanted by-product of the surface modification. Studies by Bélanger'*
were first to suggest that this peak was due to the azo functionality and suggested the
mechanism of formation (Scheme 2-5). The formation mechanism is proposed to be
similar to the solution phase reactions observed with diazoniums and phenol or napthol,
and results from the use of partially oxidised carbon substrates. Further, Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS) studies of diazonium derived phenylene
layers by Pinson'*® are supportive of the formation mechanism proposed in Scheme 2-5.
In a multilayered system azo functionalised binding between layers is also thought to

exist.'>>1% Pinson'#¢

also presents ToF-SIMS evidence for the alternative formation
mechanisms described in Scheme 2-6. This scheme presents two possibilities; in the ideal

case (path a) a linear chain is formed with the diazonium constantly reacting in the para

position, resulting in perfect molecular chains originating from the electrode surface.
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However, it is thought that the second pathway (path b) also occurs, with the diazonium
reacting at the ortho position without the loss of nitrogen forming the azo linkage. This
pathway can be considered sterically more favourable in some cases than other multilayer

mechanisms previously proposed that suggest the complete loss of N,.°!

an
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Scheme 2-5: The proposed formation of azo bonds at the surface Redrawn from Ref [146].
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Scheme 2-6: Proposed mechanisms for polyphenylene multilayer synthesis, via the use of a phenyl
diazonium salt. Path (a), is the ideal situation without azo formation, and path (b) the suspected
mechanism for the formation of azo groups within such a layer. Redrawn from Ref [146].
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Some studies have suggested that up to 75 % of the aryl groups in the layer are bound by
-N=N- bonds."*>!"*” This high percentage of azo bonding may present a problem for some
sensing applications due to the possibility of oxidative cleavage of the bond,"”>'*® which

would adversely affect device lifetimes.

Irrespective of the issues discussed above, a number of electrochemical sensors have been
successfully developed with the use of diazonium-based surface modification. These
sensors have been created using both multi-step and single step methods, and as with
alkanethiols, they cover the full spectrum of analytical chemistry, with the development

158 159,160 1.: . 108,161-169 - - 170 - 120,171,172
of pH, ™" gas, biochemical, inorganic " and organic Sensors.

2.3. Electrogenerated Chemiluminescence

Electrogenerated chemiluminescence, otherwise known as electrochemiluminescence or
ECL, is the light emission that arises from the high energy electron transfer between
electrochemically generated species. An ECL reaction can be considered a subset of a
broader class of charge transfer chemiluminescence (CL) reactions that adhere to the

general reaction:

A+ B—25 5 Product *

Product*—22— Product + hv

Where A and B are the reactants that form a product in an electronically excited state

with an efficiency of ®gg that subsequently relaxes with the emission of a photon with an

173

efficiency of ®,. "~ In ECL, one or more of the reactants are electrochemically generated,

resulting in the creation of highly oxidising or reducing intermediates suitable for a CL
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reaction. Electrochemical initiation provides a number of benefits over alternate
chemically initiated pathways: giving greater control over the reaction, minimising side
reactions, as well as providing precise control over the temporal and spatial location of
the reaction. ECL may be produced by reactions involving organic species such as
polyaromatic hydrocarbons, like anthrancene or luminol. However, more commonly
studied is the ECL arising from luminescent metal complexes such as the prototypical

ECL luminophore, Ru(bpy)s* """

The emission of light upon electrolysis can form the basis of a detection scheme for a
range of analytes and hence is of much interest to the analytical chemist. A number of
reaction pathways result in light emission. Initially it was thought that ECL was only
possible through the annihilation pathway where the oxidised and reduced forms of the
luminophore, e.g. Ru(bpy)s®" and Ru(bpy);’, comproportionate to form the excited
luminophore, Ru(bpy),”"".'” This pathway is often not useful from an analytical view
point, due to the wide potential window required for the formation of the reduced species.
This makes the annihilation pathway unsuitable for use in aqueous media, and therefore

unsuitable for most analytical applications.

In 1977 Bard demonstrated an alternate ECL mechanism involving the use of a co-
reactant, where only a single potential step is needed,'’®'”’ reducing the potential window
required and allowing the reaction to proceed in aqueous media often without
deoxygenation.'” Typically, this mechanism involves the oxidation of the co-reactant to
form a strong reducing agent (replacing Ru(bpy);’) which then proceeds to reduce
Ru(bpy)s”" to Ru(bpy),*". As expected, the converse with Ru(bpy);~ being oxidised to
Ru(bpy),”"" is also possible with the appropriate co-reactant.'”” An example of the co-

reactant mechanism involving the oxalate anion is shown in Scheme 2-7 below. Here the
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Ru(bpy)s”" acts to oxidize the co-reactant, however this function can also be performed by
the electrode, particularly in the case of co-reactants containing amine moieties.
Ru(bpy);"™" —e” — Ru(bpy),”
Ru(bpy)33+ + (/1204_2 - Ru(bpy)f +C,0,"
C,0,” — CO, +CO;
Ru(bpy);™ +CO;™ — [Ru(bpy),” T + CO,
[Ru(bpy),” 1 — Ru(bpy)y™* + hv

Scheme 2-7: ECL reaction of Ru(bpy);*" with the oxalate anion.

Many compounds have been demonstrated to act as a co-reactant in mechanisms similar
to Scheme 2-7, with compounds containing organic acids and amines, in particular
tertiary amines, being shown to be most suitable for the oxidative pathway, and
peroxydisulfate (S;0s”) and similar compounds being suitable for the reductive

pathway.'”’

Reactions involving a co-reactant are desirable in analytical applications as the ECL
intensity is usually proportional to the concentrations of the co-reactant and the
luminescent species. Thus, depending on the concentration of either reagent, ECL can be
used in the detection and quantification of a co-reactant, the luminescent reagent itself or
compounds labelled with either reagent, such as detection of Ru(bpy)s’" tagged
DNA #1818 1 the case of CL, this co-reactant pathway requires the use of a strong

oxidant such as lead dioxide or cerium(IV) sulfate.'™

The formation of the excited state and the resultant light emission are not unit efficiency
processes and a system can suffer from low photon yields reducing suitability for
analytical applications. The efficiency in producing a photon from a given redox event

(®Dgcr) can be considered a product of two factors: the efficiency of production of the
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excited state (Dgs) and the efficiency of light emission from the excited state (®;,). The
ECL efficiency can vary significantly between compounds. The most investigated
compound, Ru(bpy);>", is accepted to have an efficiency of 5% (via annihilation) under
ideal conditions, however, values of up to 33 % for tris(4,7-diphenyl-1,10-
phenanthroline) ruthenium(II) have been reported."® The variation in ®gc is due to

variations in both ®gs and @,,. Temperature and solvent can also affect this value.

The efficiency of the formation of the excited state, R, is governed by the electron
transfer between the precursors, which in the case of an annihilation reaction

(Scheme 2-8) can be considered the reduced species, R, and its oxidised counterpart, R".

R-e >R
R+e >R
R"+R >R +R
R > R+hv

Scheme 2-8: A generalised ECL annihilation mechanism.

The precursor R” can be described as a molecule containing a ‘hole’ in the Highest
Occupied Molecular Orbital (HOMO), and R can be thought as having an electron
existing in the Lowest Unoccupied Molecular Orbital (LUMO). As described in Figure
2-6, two possible pathways exist for the electron transfer between the R” and R" species,
with the electron in the LUMO of R being transferred directly to the HOMO of R" (Path
B) or alternatively being transferred to the LUMO of R" then decaying via light emission
to form the ground state (Path A). The preference for the system to decay via either mode

determines the probability and hence the efficiency of the excited state formation, ®gs.
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Figure 2-6: Molecular orbital diagram showing two alternative pathways for electron transfer
between reduced and oxidised precursors R" and R*. (A) Formation of an excited state and (B) direct
production of ground state products. Redrawn from Ref [185].

An understanding of the reaction route preference can be realised through the electron
transfer theory first developed by Marcus.'™ Briefly, for ECL to occur, the
thermodynamically less favoured electron transfer shown in Path A of Figure 2-6 needs to
be preferred. ECL reactions are typically characterised by fast (~10'© M's™), highly
energetic (2-4 eV) electron transfers, and as such formation of ground state products
would require a large amount of energy to be rapidly dissipated through the vibrational
modes to accommodate the thermodynamically favoured pathway. This difficulty is
resolved by the formation of the electronically excited product and the ultimate

dissipation of the excess energy in the form of a photon.'® In other words, the formation
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of ground state product is kinetically inhibited because the highly exergonic nature of the

reaction places it in the so-called Marcus inverted region.

In ideal situations, ®gc can be considered to approach ®p, (for example, Ru(bpy)s”” in
deoxygentated acetonitrile) yet it is generally observed to be lower. This behaviour can be
attributed to at least two causes: firstly, the instability of the reaction products (for
example R" or R") results in not all electrochemically generated material participating in
the reaction and secondly the competition between the reaction leading to the excited state

and that directly leading to the ground state.'®®

The excited state can be quenched by another molecule to produce the ground state
without light emission, potentially reducing @gcr significantly. The non-radiative electron
transfer between the luminophore and a quencher occurs quite readily due to the excited
state being easier to oxidise or reduce than the corresponding ground state by an amount
essentially equal to the excitation energy of the molecule.'" Quenchers are most
commonly oxygen or water, although the unexcited luminophore or co-reactant can also

14,190
" These quenchers can prove to

act as a quencher, particularly in high concentrations.
be a limiting factor on the sensitivity of a co-reactant detection system. The effect of

quenching on co-reactant detection has been demonstrated in the detection of

tripropylamine, with the reducing tripropylamine radical quenched by oxygen.'*

The electrode itself can also quench the reaction by allowing electron or energy transfer
to occur between the electrode and the luminophore. The problem of electrode quenching
can be minimised by electronically decoupling the luminophore from the electrode
through the use of a semiconducting electrode such as indium tin oxide (ITO) coated

189
glass.
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2.4. ECL for Chemical Sensing

Extensive work has been undertaken in regards to the analytical suitability of ECL-based
detection methods with a number of commercial detection systems now available for the
identification of biomolecules."® Due to the selectivity of the method it is often employed
for the sensitive detection of organic compounds containing acid or amine functionality,
such as pharmaceuticals and pesticides. ECL-based detectors are typically coupled to
Flow Injection Analysis (FIA), Capillary Electrophoresis (CE), or High Performance
Liquid Chromatography (HPLC) systems, however batch detection and lab-on-a-chip

174,181
systems can also be used.'’*'®

When compared to other detection methods for similar compounds ECL can provide a
number of benefits, including: spatial and temporal control over the reaction zone;
inexpensive and simple experimental set-up; low background signals; relative
insensitivity to matrix effects; large linear ranges (up to 6 orders of magnitude for some
co-reactants) and excellent sensitivity, with limits of 10> M routinely achieved for
luminophore tagged biomolecules and sub nanomolar sensitivity achieved for co-

174,180,191
reactants.

2.4.1. Solution Phase ECL

Traditionally ECL-based detection has been undertaken with all required reagents in the
solution phase. Solution phase ECL offers sensitive detection limits for a range of
compounds while providing simple, cost-effective experimental design. Bard first
demonstrated the analytical applications of ECL in 1983 by using the technique to detect
and quantify the oxalate anion in aqueous solution.'” Since then numerous compounds
have been demonstrated to be suitable for quantification via ECL methods. Solution phase

methods have proven to be highly sensitive and reliable and are now routinely used in a
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number of commercial ECL systems such as the ORIGEN Analyzer180 which is designed

for use in clinical diagnostics.

Two operational modes exist for solution phase systems. The first mode of operation is
with a large excess of luminophore present in solution when compared to the amount of

17 This operational mode is designed for the sensitive detection of the co-

co-reactant.
reactant as it can be assumed that the luminophore concentration remains effectively
constant throughout the reaction and thus the amount of light produced is primarily a
function of co-reactant concentration. The second mode of operation functions with a
reversal of reagent concentrations, with the co-reactant being present in excess, acting as
a detection mechanism for the luminophore. Typical applications involving this mode

incorporate the luminescent labelling of a compound such as DNA or antibody prior to

detection.'®?

Both methods can provide excellent sensitivity with co-reactant concentrations of 10° M
. 174,180,191 -12 .
regularly being detected, and conversely 107" M for the detection of the

2 In addition to being highly sensitive, these systems also

derivatised luminophore.'
possess an excellent linear range of up to 6 orders of magnitude for the detection of the
luminophore,' and up to 8 orders of magnitude for some pharmaceuticals.'”* Due to this
sensitivity and large linear range, solution phase ECL has proven suitable for the analysis

of a large range of compounds, often finding use with many pharmaceutical and

agricultural chemicals.

Despite the excellent performance of solution phase ECL, it does suffer several
disadvantages, including loss of signal due to diffusion of the luminophore out of the

reaction zone, limited ability to cycle electrochemically an individual luminophore
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repeatedly and high consumption of the luminescent reagent.'* Further, the inclusion of
extra reagents to the solution may complicate any additional sample processing. These
difficulties are compounded when using solution phase ECL as a detection system for
flowing stream methods such as FIA and HPLC. This is due to the requirements of
additional reagent streams for the introduction of the luminophore containing solution
which in turn provides more experimental variables (luminophore flow rate for example)

to adjust for optimal detection.

With these disadvantages in mind, there has been considerable effort committed to the
creation of modified electrodes for use in the ECL detection of co-reactants. As the
luminophore is not the analyte in this detection mode and can be regenerated during the
course of the reaction, it is possible to immobilise the luminescent reagent at the electrode
surface and not degrade the system performance, by maintaining a similar luminophore
concentration to that in the reaction zone of the equivalent solution phase experiment.'”
The use of an immobilised luminophore for ECL sensing would avoid many of the
problems commonly associated with solution phase ECL detection methods, with the

resulting sensor being readily compatible with existing separation techniques.

2.5. Immobilisation Methods for ECL Active Compounds

In the case of Ru(bpy)s”" based ECL, the luminescent reagent is regenerated during the
course of the reaction and therefore can be reused for many more analyte recognition
events. This feature of the reaction lends itself to the creation of ECL sensors based on
modified electrodes. The immobilisation of the luminescent reagent at the electrode can
offer a simple and sensitive detection arrangement requiring only a small quantity of

luminescent reagent, while at the same time localising the luminophore, achieving
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concentrations not normally possible in the equivalent solution phase set-up (c.f.
millimolar to molar concentrations). The reduction in the quantity of reagent can reduce
costs and assist in the development of ECL-based lab-on-a-chip devices and other

applications.

The immobilisation of ECL active complexes, in particular Ru(bpy)s;*" and its derivatives,
has been explored with a wide range of immobilisation methods. Several immobilisation

strategies for Ru(bpy)s>” and its derivatives have been reported, including the use of:

194,195

Langmuir-Blodgett and Langmuir-Schaefer films;'"**"” liquid crystals;'”®  self-

143,199-205 31,32 11,206-208

assembled monolayers; conducting polymers and metallopolymers

both preformed and electrodeposited varieties;””>'" hydrophobic immobilisation;*'**"?
electrostatic immobilisation in ionomers such as Nafion 2'**'® and Eastman AQ55D;*"

221-229

Sol-Gels;*'*** and a range of composite materials often involving the use of

230-234 217,235

nanotubes or nanoparticles.
The most favoured Ru(bpy)32+ attachment method is through the use of a polymeric
matrix to immobilise the complex to the electrode. However the use of covalently-bound
monolayers remains a largely unexplored alternative for ECL sensors.'* Both attachment
methods provide a number of benefits. However, it is currently considered that most
immobilisation methods lack the stability required for a commercially suitable analytical

device.

2.5.1. Polymer Modified Electrodes

Polymer Modified Electrodes are a simple method of electrode modification and are often
used in ECL-based sensors. A range of polymer systems have been previously

investigated for ECL analysis, with redox polymers'' and ionomers typically used.
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The most explored of these polymer layers has been ionomers, with Rubinstein and Bard
first reporting the electrostatic immobilisation of Ru(bpy)32+ in the perfluoronated cation-
exchange polymer Nafion in 1980.*° Since then, extensive research has been undertaken
in an attempt to improve and understand such polymeric systems. This Nafion-based
system provides good sensitivity and linear range for the detection of oxalate and various
amines in aqueous solution, with a linear range of 4 orders of magnitude being
demonstrated for oxalate.”'* However, there are issues with the stability of this system as

Ru(bpy);>" may partition into electrochemically inaccessible hydrophobic regions of the

214,216,237-24
ﬁlm.g’ ,216,237-240

Nafion and related polymers such as Eastman AQ (a non-fluorinated version of Nafion)
and polystyrene persulfonate are often considered to be a clustered network of reversed

micellular structures®*!>*

consisting of hydrophilic and hydrophobic domains as shown
in Figure 2-7. For Nafion at least, this structure is thought to vary significantly with
solvent content.”*** The networking of the hydrophilic regions allows for the diffusive

transport of ions throughout the layer while the hydrophobic regions provide structural

integrity and prevent dissolution into aqueous media.

Figure 2-7: The reversed micellular structure of Nafion. Redrawn from Ref [245].



Chapter 2: Background and Literature Review 40

The presence of hydrophobic regions in the film can create potential difficulties in regards
to the electrochemistry of hydrophobic metal complexes such as Ru(bpy)32+, exhibiting a
slow partitioning into the electrochemically inaccessible region of the film. Studies have
been undertaken to verify and understand the partitioning of compounds into the
electrochemically inaccessible regions.”*>***" It is normally considered that complexes
like Ru(bpy)s”" are electrostatically bound to the sulfonate functionality, however, it is
possible for the complex to exist as a neutral charge compensated entity (such as
Ru(bpy);Cl,) and reside within the hydrophobic region of Nafion.”*” The rate at which a
complex migrates into this hydrophobic region is generally considered to be slow,
occurring over a period of hours and is determined by a range of factors including
solution pH, oxidation state and proton content of the complex.”** Complexes absorbed
into these hydrophobic regions can be temporarily introduced into the electrochemically
active areas of the Nafion by partially solvating the hydrophobic and interstitial regions of

the film with the addition of a water miscible organic solvent like ethanol.*'***

To overcome the limitations in stability of ionomer films such as Nafion, a range of

221-232,235
d. ’

composite materials have been develope Previously used composites have

typically blended Nafion with a range of sol-gels (including silica,”*’ titania,”** vanadium

226 223 230,231

oxide™” and alumina®) and carbons (nanotubes and powdered graphite’**). These
composites have had varying success in improving the stability of the film, extending the
layer viability from approximately a day for Nafion films to a number of days for most
composites.'”* However, the current literature suggests an incomplete understanding of
the layer stability improvement mechanism. It is suggested that this improvement is due

to the composite co-material (nanotubes, organic silicates, etc.) providing a stronger

hydrophobic interaction with the Ru(bpy)s>" than that of the surrounding Nafion. This
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stronger interaction hinders the migration of the Ru(bpy);*" into the electrochemically

- - - 224,232,235
inaccessible regions of the Nafion.””">~

The lack of understanding regarding stability is compounded by there being no
benchmark by which the analytical stability of solid state ECL devices is measured.'™
Previously, stability has been estimated in relation to peak currents and ECL intensity,
however the conditions, such as solvent type, storage, and duty cycle vary significantly
between authors. The issue of improving layer stability while maintaining sensitivity
remains an obstacle to the commercialisation of ECL sensors based on immobilised

luminescent reagents.

While a large range of Nafion composites have been explored for ECL sensing, the use of
Nafion/conducting polymer composites in this field is yet to be reported. Conducting
polymers possess properties that make them potentially suitable for the creation of a
Nafion-based ECL sensor, such as high conductivity which could allow for high charge
transport throughout the layer and simple sensor synthesis via electrodeposition. As
previously mentioned (Section 2.2.1.4), conducting polymer composites of Nafion are not
new and have been used to improve the entrapment of the redox moiety, reduce
interferences and improve sensor lifetimes. These reported benefits would be desirable for

a PME-based ECL sensor.

2.5.2. Monolayer Modified Electrodes

A number of monolayer and multilayer-based ECL active systems have been developed
with varying success.'™ The first ECL active monolayer systems were produced by Bard
195

via the deposition of Langmuir-Blodgett films using a Ru(bpy);>" based surfactant.

These films are relatively easy to produce, however they suffer significantly from poor
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stability.'”*

These type of monolayer films have been reported to collapse at the electrode
surface’™ and also suffer from limited oxidative stability, degrading in up to 15 minutes

under repetitive cyclic voltammograms.***

An alternate monolayer attachment chemistry is the use of alkanethiol chemistry, with a
limited number of alkanethiol based monolayers being reported for ECL use, 20020%20>2%
While excellent light output is reported, issues with layer stability are experienced. As
expected, these stability issues resulted from desorption of the SAM at the high oxidising
potentials required for ECL which is typically much higher than the potential window of

the SAM (c.f. 1.3 V with 0.8 V). As a result of this instability such layers have not been

investigated from an analytical point of view.

Aside from alkanethiols and Langmuir-Blodgett methods, a range of other monolayer
chemistries exist that are potentially useful for luminophore attachment. One recently
explored option has been the use of organosilane-based layers. The creation of
organosilane monolayers for electrochemistry has been limited due to the requirement of
an oxide layer to conduct the attachment chemistry, potentially restricting electron
transfer to and from the electrode. Some researchers have used organosilane chemistries

to attach potentially ECL active complexes to the surface.*'*°%"

Investigation of both
the photochemistry and electrochemistry of these complexes has been undertaken,

although the ECL properties have not yet been reported.

Recently Wang’s group have reported the synthesis of an ECL active organosilane
monolayer on an ITO electrode.”” This conductive oxide readily allows access to the
redox properties of the layer. The ECL active layer was based on a ruthenium complex

with an epoxy modified phenanthroline ligand. The ligand was attached to the substrate
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via reaction with an aminated silane already immobilised at the electrode surface. To
improve the solid state ECL response, a layer was formed whereby the complex was
attached to gold nanoparticles through use of the epoxy chemistry, then subsequent
attachment to the electrode with the use of a mercaptosilane. While both layers exhibited
strong ECL, the demonstration of the layers stability was restricted to only 10 cyclic
voltammograms (~8 minutes), preventing an appropriate comparison with other
immobilisation methods. The absence of other relevant analytical data such as limits of
detection also hampers the assessment of the layer suitability for ECL-based sensing

systems.

A potential method to achieve stable ECL active monolayers is to form layers via the
electroreductive absorption of aryl diazonium salts. As previously discussed, this
chemistry can result in a strong carbon-carbon bond between the compound and the
electrode, possibly limiting many of the degradation issues associated with monolayer
chemistries. The use of the diazonium pathway has been previously used to achieve an
ECL active sensor, with Ru(bpy)32+ being electrostatically attached to the electrode via a

benzene sulfonic acid monolayer deposited from the diazonium salt.'*’

The layer was
reported to be stable with no loss of signal over the course of a week when stored dry,

however no information about the duty cycle of the sensor during that time was provided.

At present no covalently bound ECL-based devices using diazonium based attachment
chemistry have been reported. A redox active osmium compound has recently been
attached using a two-step method based on the diazonium chemistry.>> While no ECL
was demonstrated in this paper, tris(2,2"-bipyridyl) osmium(II) complexes have been

253

shown to undergo solution phase ECL.”” Also Lefrant’s group have demonstrated the

electrodeposition of a Ru(bpy)s>" derivative, bis(2,2"-bipyridyl)(4-phenyl-2.2 bipyridyl)
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ruthenium(Il) from the isolated diazonium salt in acetonitrile.”***

The complex was
successfully attached to a range of substrates including glassy carbon, carbon nanotubes
and boron doped diamond. The resulting layer was suggested for use in a range of
possible optoelectronic applications requiring photosensitive compounds and was shown
to be stable for an extended period of time with a 20 % decrease in peak height over 90
min. However the use of organic solvents for the deposition possibly limits the potential
use of these devices in many developing fields such as microfluidics and screen printed
electrodes where organic solvents may be detrimental for sensor construction or lifetime.

In summary, these previous achievements highlight the potential for creation of a

diazonium based immobilisation method for ECL active complexes.
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Chapter 3: Experimental Methods and Characterisation

This chapter details the experimental methods used for the fabrication, synthesis and

characterisation of all modified electrodes produced in this thesis.

3.1. Fabrication and Synthesis Methods

In this work, two different approaches for creating solid state ECL sensors were explored.
The first approach involved the formation of composite films consisting of Nafion,
Ru(bpy)s>", and polypyrrole. The second approach involved the use of aryl diazoniums to
covalently attach either an ECL active complex to the electrode or a phenyl-bipyridyl
ligand, which was then complexed with bis(2,2 -bipyridyl)dichloro ruthenium(II)

[Ru(bpy).Cl,] at the electrode surface.

All chemicals described in this thesis were purchased from Sigma-Aldrich Pty. Ltd.
unless otherwise mentioned. All chemicals were of reagent grade or better and used
without further purification unless specified. Deionised water (Sybron Barnstead,
resistivity > 17.9 MQ cm) was used for aqueous solutions and aqueous rinses. All

acetonitrile was purified by distillation over calcium hydride.

Electrodes were polished to clean and renew the surface prior to use. Glassy carbon
electrodes were polished successively with 0.3 pm and 0.05 pm alumina prior to rinsing
and sonication. Platinum electrodes were polished with 0.3 um alumina prior to rinsing.
Gold electrodes used for electrochemical characterisation were polished with an aqueous

cerium oxide slurry with an average particle diameter of 10 nm.
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3.1.1. Fabrication of Nafion/Polypyrrole Films

Nafion/polypyrrole composite films were formed on glassy carbon and platinum
substrates by the following procedure, which was modified from previous work by
Downey and Nieman." A Nafion solution (5 % solution in a mixture of alcohols) was
drop coated onto the substrate and allowed to air dry. The resulting film was immersed in
a 0.1 M H,SO, solution for 1 hour to allow the film to swell. Ru(bpy);*" was loaded into
the swollen film by soaking in a 1 mM solution of the Ru(bpy);Cl, dissolved in 0.1 M
H,SO4 for 20 minutes. Polypyrrole was then incorporated into the Nafion/Ru(bpy)s>™ film
by the immersion of the electrode in a solution containing pyrrole (0.05 M) and the
supporting electrolyte, 0.05 M dodecylbenzenesulfonic acid (DBSA), followed by the
application of a potential of 1.5 V v.s. Ag/AgCl for 5 seconds. The resulting film was

rinsed thoroughly in deionised water before being characterised.

For electrochemical studies, films were deposited on 3 mm diameter glassy carbon discs
embedded in a 6 mm diameter PTFE body (CH Instruments, TX, USA). For surface
analysis experiments, 12 x 12 mm platinum squares were used as working electrodes. The
resulting films were analysed with Cyclic Voltammetry (CV), X-ray Photoelectron
Spectroscopy (XPS), Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) and
Atomic Force Microscopy (AFM) as described in Section 3.2.

3.1.2. Electrodeposition of Ruthenium Based Layers using
Diazonium Chemistry

Bis(2,2"-bipyridyl)(4-phenyl-2,2"-biypyridyl)ruthenium(II) [Ru(bpy),(ph-pby)*']  layers
were constructed through two alternate methods. The first method, discussed further in
Chapter 5, involves the deposition of a layer of 4-phenyl-2,2 -bipyridine covalently

attached to the substrate prior to its complexation at the surface with Ru(bpy),Cl,. The
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second method, which is discussed in Chapter 6, involves the synthesis
of the complex bis(2,2 -bipyridyl)(para-amino-4'- phenyl-2,2"-bipyridyl) ruthenium(II)
[Ru(bpy)(apb)*], prior to its conversion to the diazonium and subsequent
electrochemical deposition. The structures of the ligands used in this thesis are described

in Figure 3-1.

N I N | N | N |
N\ \ | N\ \ | N\ \ | N\ \
= = = S
) N+ BF,
" -
N
ph-bpy apb dpb bpy

Figure 3-1: Ligands used in Chapters 4 to 7. ph-bpy is 4-phenyl-2,2"-bipyridyl, apb is 4'-(4-
aminophenyl)-2,2*-bipyridyl , dpb is para-diazonium-4'-phenyl-2,2'-bipyridine and bpy is 2,2-
bipyridyl.

3.1.2.1. Two-step Synthesis of Ru(bpy).(dpb)** Films
The ligand, 4-(4-aminophenyl)-2,2'-bipyridine, was synthesised by Gregory Barbante®
following the procedure described by Johansson.” Once synthesised, the ligand was
converted to the diazonium salt by reaction with an equivalent quantity of NaNO, in
acidic media and isolated through the addition of NaBF4. No further purification of the
diazonium salt was undertaken. The electrodeposition of the diazonium onto gold or
glassy carbon substrates was conducted from a fresh solution containing 3 mM of the
diazonium salt (MW = 346.1 g mol') and 0.IM tetrabutylammonium
hexafluorophosphate (TBAPFs) electrolyte in acetonitrile. Deposition was undertaken by

voltammetric cycling between 0.3 and -1.8 V vs Ag wire at 100 mV s™' for 3 scans.

* Department of Chemistry, La Trobe University, Australia
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The formation of the Ru(bpy).(ph-pby)*" layer at the electrode was attempted using a
variety of experimental conditions. The method involved the in-sifu formation of the
bis(2,2"-bipyridyl)diaquo ruthenium(II) from the dichloro compound prior to attachment
to the electrode. This attachment was achieved by soaking the phenyl-bipyridine coated
electrode in a room temperature ethanol/water (90:10) solution containing 1 mM of

Ru(bpy).Cl, over a period of 24 hours.

Throughout the synthesis, the layer was characterised using a range of analytical
techniques including CV, Electrochemical Quartz Crystal Microbalance (EQCM), XPS,
ToF-SIMS, and AFM. For electrochemical studies, films were deposited on either a 3 mm
diameter glassy carbon disc or 2 mm diameter gold disc embedded in a 6 mm diameter
PTFE body (CH Instruments, USA). EQCM studies used a clean gold coated (1000 A
thick) AT cut quartz crystal with a fundamental frequency of 7.95 MHz and a geometrical
electrode area of 0.196 cm”® (CH Instruments, USA). For surface analysis (XPS, ToF-
SIMS, or AFM), 15 mm diameter glassy carbon discs (active deposition area of

0.503 cm?) and the gold coated quartz crystals described above were used.

3.1.2.2. Direct Electrodeposition of Ru(bpy).(apb)** Films

To form the complex Ru(bpy)x(apb)*™ the following procedure was used. The ligand, 4-
(4-aminophenyl)-2,2'-bipyridine (94 mg, 0.4 mmol), was reacted with bis(2,2'-
bipyridyl)dichloro ruthenium(II) (100 mg, 0.38 mmol) by heating at reflux under a
nitrogen atmosphere for 5 hrs in a mixture of ethanol and water (20 ml, 1:1). Once a deep
red solution had formed the solvent was evaporated under reduced pressure. The solid
was redissolved in deionised water (20 mL) and the resulting solution filtered through a
sintered funnel; the filter cake was rinsed with deionised water (5 mL). The filtrate was
treated with a saturated aqueous solution of KPFs, which gave an orange precipitate. The

resulting solid was collected by filtration and washed with deionised water (2 x 5 mL) and
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diethyl ether (2 x 5 mL). The red precipitate was recrystallised from an acetone-water
mixture to give a dark red powder and then dried under vacuum at 50 °C (0.150 g, 42 %)).
'H NMR (300 MHz, DMSO-ds) & 5.81 (s, 2H), 6.64-6.68 (m, 3H), 7.43-7.61 (m, 8H),
7.68-7.82 (m, 7H), 8.13 (t, 4H, J 7.8 Hz), 8.81 (d, 3H, J 8.4 Hz), 8.91 (s, 1H), 9.1 (d, 1H,
J8.10 Hz); ESI-MS: m/z [Ru-PF6+H']" 806.0 (Calculated: 805.7), [Ru-2PF6+2H']"

663.1 (Calculated: 660.74), [Ru-2PF]*" 330.6 (Calculated: 330.37).

Layers were deposited onto electrodes (Section 3.1.2.1) from a 0.5 M HCI solution
containing 1.2 mM of Ru(bpy).(apb) and 1.5 mM NaNO, which was allowed to react for
at least 2 minutes prior to electrochemical deposition. The electrochemical cell was kept
in ice prior to and during the deposition. Deposition solutions were used up to 10 times
before disposal. Films were deposited via 6 sequential potential scans between 0.5 and
-0.7 V v.s. Ag/AgCl at a scan rate of 100 mV/s. After deposition the resulting films were

characterised using CV, XPS, ToF-SIMS, and AFM.

3.1.3. Spontaneous Deposition of Ru(bpy).(apb)?* Films

The formation of layers of Ru(bpy)(apb)*” by spontaneous deposition of diazonium salt
onto both glassy carbon and patterned Diamond Like Carbon (DLC) surfaces was
undertaken. Thin films of Ru(bpy),(apb)*" were prepared by soaking substrates in a room
temperature solution of 0.5 M HCI containing 1.2 mM of Ru(bpy).(apb)(PFes), and
1.5 mM NaNO, for a period of one hour. DLC surfaces were prepared in a Scanning
Electron Microscope (SEM) by electron beam deposition of residual hydrocarbons (from
a diffusion pump) onto a silicon nitride substrate.” To obtain a 2 by 2 pattern of DLC
squares (3 x 3 um squares 25 nm high with each block separated by 3 pm) a 4555 ps
dwell time (100 nm beam diameter) was used with an accelerating voltage of 10.0 kV and

an emission current of 40 pA on a JEOL JSM 840 SEM. After the deposition of
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Ru(bpy)z(apb)2+, layers were rinsed in both water and ethanol. Layers on DLC substrates
were also briefly sonicated in ethanol prior to analysis. The layers were characterised

using CV, XPS, ToF-SIMS and AFM.

3.2. Characterisation Methods

Several analysis methods were used to characterise the films produced in this thesis. This
section provides essential background information to the techniques and the experimental
conditions used in the analysis of the films manufactured in accordance with Section 3.1
described above. The analysis methods chosen to characterise the thin films produced in
the thesis provide complementary information about the composition, structure and
electrochemical response of the film. Table 3-1 provides a brief overview of the analysis

method and the information it provides.

Technique | Incident probe Analysed Analysis Information available
response Depth
XPS X-ray photons | Photoelectron | 5-10 nm e Surface elemental
energy composition

e Chemical bonding
e Elemental/chemical
distribution

ToF-SIMS Ion beams Ion Mass 1-2 nm e Surface elemental and
molecular
composition

e Molecular
distribution

e Isotope distribution

AFM Mechanical Force | Topography Not e Surface topography
Applicable | e Film thickness
e Film stiffness

CcvV Electromotive Current Up to e Reaction

Force whole film thermodynamics
e Reaction kinetics
e Mass transport

EQCM Electromotive Mass change | Whole film | e Mass deposition and
Force and Current transport

Table 3-1: An overview of the characterisation techniques used in this work.
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3.2.1. X-ray Photoelectron Spectroscopy
3.2.1.1. Basic Concepts
X-ray Photoelectron Spectroscopy (XPS) is a powerful surface analysis technique that can
determine both the elemental and chemical composition of solid surfaces via use of the
photoelectric effect. A sample is irradiated with X-rays of a known energy, hv, resulting
in photoelectron emission with a kinetic energy, Ex. The relationship between Ex and hv

can be expressed as shown in Equation 3.1,

E, =hv—E, ¢ (3.1)

where Ep is the binding energy of the photoelectrons in the sample and ¢ is the
spectrometer work function. This work function is a combination of the surface work
function of the sample and the analyser work function. An energy level diagram of this
process is shown in Figure 3-2. The work function can be measured and compensated for

and in practice, Equation 3.1 becomes:

E, =hv-E, or E,=hv—-E, (3.2)

Einstein first described this relationship in 1905," and by measuring the kinetic energy of

the ejected electrons, the binding energy can be determined.
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Figure 3-2: Energy diagram of photoelectron formation. Redrawn from Ref [5].

The binding energy is the energy required to release the electron from an atomic or
molecular orbital and as such each element possesses a unique set of core electron
binding energies, allowing for all elements present in concentrations above the limit of
detection to be identified. The photon energies used in XPS enable it to be sensitive to

core electron binding energies for all elements except for H and He.

The main advantage of XPS is its ability to obtain information about the chemical state of
the surface in addition to elemental information. This ability originates from the binding
energy of the electron being dependent on the bonding state of the associated atom. For
example, a shift to more electronegative environments for a carbon atom results in the
binding energy of the C s photoelectron shifting to higher values (Eg(C-C) = 285.0 eV
c.f. Eg(CFO) = 289 eV c.f. Eg(CHF) = 291 eV c.f. Eg(CF3) ~ 293 ¢V).>’ This shift in

binding energies can readily be observed in a Nafion film as shown in Figure 3-3.



Chapter 3: Experimental Methods and Characterisation 69

2
X 10
Cl1s CF:

30,
25

20_

CPS

15

104
CF;

cro C<C

I U N U L L
298 294 290 286 282

Binding Energy (eV)

Figure 3-3: XPS spectrum of the C 1s photoelectron region in Nafion.

The observed photoelectron flux, I, is directly dependent on a range of factors. For a

homogeneous sample, the photoelectron flux can be described simply by

I=JpcKA (3.3)

where J is the photon flux, p is the concentration of the chemical species on the solid
surface, o is the photoelectron cross-section which is dependent on the element and
photon energy considered, K is an instrument dependent term that takes into account
factors like instrument geometry, electron transmission and detection efficiency and A is

the inelastic mean free path of the photoelectrons.®



Chapter 3: Experimental Methods and Characterisation 70

The inelastic mean free path of an electron is described as the thickness of material that
will result in the intensity of an unscattered electron beam to be reduced by 1l/e. As a
result, 95% of unscattered photoelectrons ejected from the material originate from within
a distance of 3\ from the surface. Depending on the Ey of the photoelectron and the
material assessed, values for A can range between 5 and 100 A as shown in Figure 3-4,
however if the Ex of the photoelectrons is kept to over 50 eV this upper limit reduces to
20 A. The incident X-ray energies used in XPS (eg. the Al Ka line at 1486.6 eV) ensure
that the Ei of the photoelectron is over 50 eV and as a result, only photoelectrons within

~50 A of the surface escape without being inelastically scattered, limiting the analysis

depth of XPS to this value.’
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Figure 3-4: The universal curve of electron mean free path. Redrawn from Ref [10].

The photoelectron intensity in Equation 3.3 is considered to be the integrated peak area
after background subtraction has been performed (background subtraction is either a

linear background or a function that takes into account the background inelastic scattering
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of the photoelectrons upon which the peak sits). Equation 3.3 allows for the direct
quantification of chemical species present on the surface however experimentally
determined sensitivity factors, F, are more often employed and incorporate terms such as
o, A, and K. If during the course of an experiment the photon flux and analysis area are
held constant, an atomic percentage of the species of interest can be derived by dividing
the normalised peak area by the sum of all normalised peak intensities as demonstrated in

Equation 3.4

()

3.2.1.2. Instrumentation

[4] (3.4)

atomic %

Figure 3-5 shows the principal components for an XPS system: an X-ray source, charge
neutraliser, electron energy analyser, and detector, and a computerised control and data
acquisition system. To minimise electron scattering and to preserve sample surfaces, all
of these components, excluding the control system, operate under ultra-high vacuum
(UHV).
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Figure 3-5: Schematic of a XPS system with essential components shown. Redrawn from Ref [11].
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In laboratory-based XPS systems, X-rays are generated by X-ray fluorescence. This
fluorescence is achieved by the acceleration of electrons onto a metallic target causing the
emission of a photon with an energy that is characteristic of the target material. In most
XPS systems, X-rays generated are from Al or Mg sources, with primary Ko emissions of
1486.6 eV and 1253.6 eV respectively.’” These principal X-ray lines and other less intense
peaks exist on a background of Bremstrahlung radiation. The X-ray sources also have line
widths greater than 0.7 eV limiting spectral resolution. X-ray sources are often
monochromated using quartz crystal arrays to remove the Bremstrahlung and to reduce

X-ray line width and can reduce the X-ray line width to 0.16 eV’

Photoelectrons are energy analysed as shown in Figure 3-5, before being counted and
converted into usable spectra. Several different types of energy analysers are currently in
use; currently, variants of the Concentric Hemispherical Analyser (CHA) are most
common. The CHA as shown in Figure 3-5 consists of two concentric metal hemispheres
with a voltage (V) applied between them. These hemispheres guide electrons of pre-
defined kinetic energy (referred to as pass energy) through the analyser to the detector.
Only electrons within 10 % of that pass energy will navigate the analyser successfully to
be detected. All other electrons will collide with the CHA walls or miss the detector. The

relationship between the applied voltage and pass energy is given by:

E = (3.5)

Where R, and R; are the radius of the outer and inner hemispheres, respectively. The

following equation for the energy resolution then holds:
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dE _dS

E 2R

pass

(3.6)

Where dS is the average slit width and R is the mean radius of the spectrometer. This
equation indicates that improved absolute energy resolution can be achieved using smaller
slits or pass energy. The conventional mode of analyser operation is referred to constant
energy analysis with the pass energy fixed (values typically range between 5 to 160 eV)
by use of a retarding potential applied prior to the CHA, ensuring constant energy

resolution during analysis.

3.2.1.3. Experimental
XPS experiments were conducted using an Axis Ultra DLD (Kratos, UK) spectrometer
equipped with a radial distribution chamber as shown in Figure 3-6. A monochromatised
Al Ko X-ray source was used (hv = 1486.6 eV) operated with a power output of 150 W.
The analyser was operated in a hybrid mode that combines the use of electrostatic and
magnetic lenses. The photoelectrons were energy analysed using a CHA and detected

with a delay line detector system. The analysis area was 700 um by 300 um.
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Figure 3-6: The Kratos AXIS Ultra DLD XPS spectrometer with components, monochromatised
Al Ka X-ray source (a), sample introduction system (b) sample transfer chamber (c), CHA energy
analyser (d) and control instrumentation (e).

Survey and high-resolution region spectra were collected using 160 eV and 20 eV pass
energies respectively. The spectrometer energy scale was calibrated using the Au 4f;,
(Ez= 84.0 eV), Ag 3ds» (Eg = 368.3 eV) and Cu 2p3, (Eg = 933.6 eV) photoelectron
peaks. A surface charge neutraliser was utilised to improve resolution. Spectra were
charge corrected to a reference of 284.6 ¢V for the aromatic peak in the C 1s spectra® or

to the Au 4f;, photoelectron peak at 84.0 eV.

Spectra were quantified using the CasaXPS software program (version 2.3.10, Casa
Software Ltd., UK). Unless otherwise mentioned, relative atomic concentrations were
determined by applying the associated peak sensitivity factor (supplied by Kratos), after

background subtraction (Shirley background shape) and the fitting of
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12-14

gaussian (70 %) / lorentzian (30 %) synthetic peaks. Atomic concentration

uncertainties for all fitted spectra were estimated to be £ 10 % of the measured value.

3.2.2. Time-of-Flight Secondary lon Mass Spectrometry
3.2.2.1. Basic Concepts
Secondary Ion Mass Spectrometry (SIMS) is a mass spectrometry technique that is ideal
for analysis of solid surfaces. SIMS is performed by bombarding the surface with high
energy ions (primary ions), and mass analysing the secondary ions created in the
bombardment. This mass analysis can allow for both elemental and structural information

to be obtained from the top 1-2 nm of the surface.

In SIMS primary ions of keV energies are used to disrupt the surface, and with the
resulting collisions, cause a cascade of secondary collisions that eject low energy
(ca 20 eV) secondary particles from the surface'> as demonstrated in Figure 3-7. These
particles consist of positive, negative, and neutral species. The overwhelming majority
(90 %) of species emitted are neutral, however only the secondary ions are mass analysed

in a SIMS instrument.
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Figure 3-7: Secondary ion generation in SIMS, note the minimal penetration depth. Redrawn from
Ref [16].

If a surface is bombarded with a low dose of ions during the experiment
(< 10" ions cm™), the surface damage remains minimal as statistically no point in the
analysis area would be impacted more than once."” The information derived from an
experiment of this type is considered to be directly representative of the outermost layers
of the surface and is known as static SIMS due to the limited change in surface

composition experienced.

In ToF-SIMS a Time-of-Flight (ToF) mass analyser is used for mass discrimination and
secondary ion detection. ToF mass analysers have many advantages over other SIMS
analysers. ToF analysers can provide excellent sensitivity (as low as ng cm™ or parts per
trillion) while providing good mass resolution (> 10° m/Am) and with a theoretically
limitless mass range (practically up to 10* m/z)."” Further to this, ToF mass analysers
allow for parallel detection of all masses in the selected range. This parallel detection
makes it ideal for SIMS by minimising the fluence a sample is exposed to, reducing

damage by primary ions. As an example of the data obtained, a detailed ToF-SIMS mass
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spectrum obtained from a glassy carbon disc using Bi" primary ions is presented in Figure

3-8.

b
-—
o

S
!

Intensity
= N
e

x10°  Cotly |
> 1.5 Catly

1.0- hAIL
0.5-
Aan AAAAAA AAAL‘ AAA‘A
0

120 130 14

Intensit

[ \ \ \ \ \ \ \ \ \

1
x10 1 CioHpy i
>6.0 Ci7Hny -

Intensit

210 220 230 240 250 260 270 280 290 iy
Y4

Figure 3-8: A typical positive ion ToF-SIMS spectrum of glassy carbon with major peaks labeled.

While SIMS techniques, in particular ToF-SIMS, provide excellent qualitative
information about a surface, they are usually unable to provide quantitative information.
This is due to difficulties in the modelling of the sputtering and ionisation events as
chemical species tend to sputter and ionise with differing rates and probabilities.'® Even
with this difficulty in quantification, the high quality chemical data SIMS provides is of

great value in surface characterisation.

3.2.2.2. Instrumentation

A ToF analyser is shown in Figure 3-9. The analyser primarily consists of ion extraction

optics, flight tube and detector, all maintained in a UHV environment. A low energy
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electron flood gun is required for non-conducting samples, such as polymers, to neutralise

surface charging thereby preserving efficient secondary ion production.

Reflector

Deflectron analyser

Extractor

44 Post-acceleration

m MultiCharmel Plate
1 Brintillator

Electron flood gun

Detector

Figure 3-9: Schematic of a reflectron ToF analyser. Redrawn from Ref [19].

In a ToF-SIMS instrument, the secondary ions generated are extracted using the
extraction assembly before passing through a flight tube which is shielded from external
electric fields. After extraction, the ions will have a kinetic energy of Ej, and a velocity of
v. The velocity of the ions is given by Equation 3.7. Thus the velocity and hence the time

of flight is dependant on the mass of ion, m.

E, =—m’ (3.7)

or V=
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Equation 3.7 demonstrates that the smaller the mass of the ions, the faster they will
traverse the flight path and hence be detected with a shorter flight time than heavier ions.
Ions of all masses will eventually reach the detector, thus allowing the mass range of a

ToF instrument to be limited only by the duty cycle period.

Not all the secondary ions extracted have the same initial velocities due to variations in
the ion sputtering processes, which results in a broadening of spectral peaks. To remove
this effect, an electrostatic mirror (or reflectron) and second field free region are used,
ensuring that the time of flight is only dependent on ion mass. The electrostatic mirror
decelerates, stops and then accelerates the ions towards the detector. Ions with larger
initial velocities penetrate deeper into the mirror resulting in a longer trajectory and
longer flight time. Careful adjustment of reflectron conditions compensates for and
removes the effect of initial velocity spread improving mass resolution in the resulting

spectrum.

For detection, ion mass is discriminated through the use of the relation given by Equation
3.8.1° The time, 7, is defined as the time taken for the ion to travel the length of the

analyser, L, from the point of primary ion impact to the detector.

=L |- (3.8)

3.2.2.3. Experimental
ToF-SIMS analysis was performed using a ToF-SIMS IV (Ion-TOF GmbH, Germany)
instrument, as shown in Figure 3-10. A Bismuth cluster liquid metal ion gun operating at
25 keV was used as the primary ion source. The source was capable of producing a range

N : . .+ .+ . 4+ U 4+ Jus . :
of ion clusters including 2094 , Bi3', Bi3 ', Bis ', Bi; ' ions. 298" was the primary ion
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used with Biy" used for high m/z (> 800 Da) investigations. The instrument was operated
with a 100 ps acquisition cycle time and a 10.5 ns ion pulse width, resulting in a current
of 2.5 pA at the sample surface. The analysis time was 100 s and the analysis area was
100 um x 100 pm. The primary ion dose density kept below the static SIMS limit of
10" jons cm™. Surface charge neutralisation was performed with the use of an electron
flood gun pulsed out of phase with the ion source during data acquisition. The analysis
chamber pressure was kept at or below 10” torr. High mass resolution spectra (> 7500 at

m/z = 29) were recorded.

Figure 3-10: The ToF-SIMS IV instrument showing: the Bi ion source (a), analysis chamber (b), Time
of Flight analyser with reflectron (c), sample loading chamber (d) and control electronics (e).

3.2.3. Atomic Force Microscopy
3.2.3.1. Basic Concepts
Atomic Force Microscopy (AFM) is a versatile and sensitive scanning probe technique
that can be used to provide high resolution images of a surface. AFM works by measuring
the forces between the surface and a microscale probe that is rastered across the surface to

form an image. A typical AFM probe consists of a small cantilever with a sharp tip
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(<50 nm depending on application) attached at one end. When an AFM tip is brought
into close proximity of a surface, the tip will experience deflection due to the attractive or
repulsive forces between it and the surface. By measuring the deflection of the cantilever,
the height of the tip relative to the surface can be determined.”’ The deflection of the
cantilever can be measured with use of a laser reflected off the back of the cantilever and

onto a position sensitive photodiode as shown in Figure 3-11.

Photodetector

Cantilever

Tip

Figure 3-11: A schematic illustrating the measurement of cantilever deflection. Redrawn from
Ref [21].

AFM provides many advantages over other high resolution imaging techniques. As it uses
mechanical transduction, AFM can be run in many types of environments including
vacuum, air, and liquid allowing for a wide range of samples to be analysed with minimal
sample preparation. Another advantage is that the tip itself can be modified to measure
and map a range of physical and chemical parameters such as conductivity, magnetism,

force measurements, surface adhesion and various electrochemical processes.

An AFM can be run in a variety of modes each providing a range of benefits. The two

most common modes are static and dynamic modes. In static mode, the probe is lowered
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until there is physical contact between the tip and surface before the probe is scanned
across the surface while being allowed to maintain either a constant cantilever deflection
or constant height above the surface. Static mode is a conceptually simple technique,
however it is generally used for hard flat samples™ as it can often cause unwanted indents
in the surface or potentially damage the AFM tip. In dynamic AFM, described by
instrument manufacturers as tapping or AC mode, the probe is driven at or near its
resonance frequency causing it to oscillate. As the tip is lowered closer to the surface the
amplitude of the oscillation is damped by interaction with the surface. As with static
mode, the tip is scanned across the surface while maintaining either constant height or
constant damping. Dynamic mode is considered a potentially less damaging technique

that is well suited to the analysis of softer surfaces.*

3.2.3.2. Experimental

AFM images were acquired using MFP-3D Atomic Force Microscopes (Asylum
Research, USA) as shown in Figure 3-12. To minimise noise and drift, the sample stage
and head were positioned on a TS-150 active isolation table (Herzan, USA) which was
then enclosed in an environmental isolation enclosure (Asylum Research / TMC, USA).
Two types of AFM cantilevers were used; PPP-NCHR PointProbe-plus monolithic silicon
tips (Nanosensors, Switzerland) with a maximum tip radius of 10 nm and PPP-NCHR tips
modified in house by the electron beam deposition of Diamond Like Carbon (DLC) in a
SEM (15 minute deposition at an accelerating voltage of 10.0 kV and an emission current
of 5 pA on a JEOL JSM 840). To obtain images, the instrument was operated in dynamic
mode with a minimum image resolution of 256 by 256 points. Images were corrected with
a first order plane fit prior to presentation or further analysis. Scratching experiments
were undertaken by imaging a region of interest with a PPP-NCHR tip in contact mode
with a high applied force (a setpoint of 4 V which corresponds to a force of 17 uN) over

an area of 2.5 x 2.5 um at a scan rate of 1.0 Hz. Two sweeps of the scratched area were
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conducted to ensure complete removal of loose material from the scratched area. A
minimum image resolution of 256 by 256 pixels was used. Force curves were measured
using a PPP-NCHR tip with the point of contact defined by the deflection observed prior
to the extension of the tip to the surface.”* An estimate of the force applied with the tip
was determined by using the mean force constant of 42 N m™ for the PPP-NCHR tip as

determined by the manufacturer.”

Figure 3-12: The Asylum MFP-3D atomic Force Microscope including the microscope head (a),
cantilever (b), sample stage (¢) and active dampening table (d). The entire setup is enclosed in an
environmental isolation enclosure.
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3.2.4. Cyclic Voltammetry

3.2.4.1. Basic Concepts:

Cyclic voltammetry (CV) is a versatile electrochemical analysis technique that can
provide a wealth of information regarding redox reactions occurring at or near the
working electrode. The technique involves the controlled cyclic sweep of the potential
E (V), of a working electrode with respect to a reference potential as shown in Figure
3-13 where the resulting current, i (A), is then measured. The observed current is

characteristic of the properties of the solution and contacting electrode.

m

Potential

Figure 3-13: An example of the triangular waveform used in CV.

Figure 3-14 shows a simulated voltammogram of a reversible one electron solution phase
redox reaction under ideal conditions. In this voltammogram the potential is swept from
E; to E; and back at a scan rate of v (V s'l). The initial current at E; is due to the non-
faradaic (capacitive) charging of the electrode / solution interface which increases linearly
with scan rate. As the potential is moved towards E, the current increases due to the

oxidation of the redox active species with a peak in current response observed at a
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potential E, with a magnitude, i . After the potential moves past E, the current falls

away as the un-oxidised species cannot diffuse fast enough into the region adjacent to the
electrode to maintain the rate of the electrochemical reaction. On the returning sweep, a
peak in current, i, at a potential, E_, corresponding to the reverse reaction, the reduction

of the previously oxidised species, is observed before again tailing off due to a depletion

in reagents.
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Figure 3-14: A typical voltammogram showing the important parameters. E;, and E, are the lower
and upper scan limits with E and i being the cathodic response and E_ and i being the anodic

response.

Even under ideal conditions for solution phase reactions a hysteresis in the

voltammogram is observed, with E| and E_ being split by a potential difference, AE,, of

57 mV for a one electron transfer.”® This potential difference presents an issue as
thermodynamically a reaction cannot have two different energies (one for the forward and
one for the reverse reaction). Consequently, a formal potential, E°, can be defined as the

true potential at which the redox reaction occurs (under standard conditions of 25 ° C at
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an effective concentration of 1 M and gases at a pressure of 1 bar) can be related to the

peak potentials via the Equation 3.9.%

=E;‘+E;
2

E° (3.9)

Subsequently the difference between the peak potentials and E°, AE,/2, can be considered
as an overpotential which is analogous to the activation energy required to transfer an
electron from the electrode to the redox active species. Under non-ideal conditions higher
values of AE, are often observed due to slow hetrogeneous kinetics, though values of

AE,> 57 mV can also arise as a result of the resistance of the cell.

CV measurements can provide a substantial amount of information regarding the
electrochemical process of interest, in particular, information about thermodynamics and
kinetics, charge and mass transport and reagent concentrations. For example, when the
electroactive species is not surface confined and the current is limited by diffusion, the
use of the Randles-Sevcik equation (Equation 3.10), can provide information about the
electrochemical system at hand”’ including the concentration of the electroactive species,
C (mol cm'3), the diffusion coefficient, D (cm2 s'l), the stoichiometric number of electrons

transferred, n, or the electrode area, A (cmz).

. 5 3/2 1/2 1/2
i, =2.69x10°n"2AD"*Cv (3.10)

If the scan rate is varied or multiple cycles are run, further information about
heterogeneous or homogeneous reaction kinetics may be obtained. Also, the observation
of new peaks (or conversely the absence of existing peaks) in the voltammogram can
indicate formation of new chemical species or layers. This makes the technique ideal for

the monitoring of growth or degradation polymers and other thin films.
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3.2.4.2. Instrumentation

Cyclic voltammetry is typically performed using a three electrode setup as shown in
Figure 3-15 below. The three electrodes are: a working electrode, where the
electrochemistry of interest takes place; a counter or auxiliary electrode, which supplies
current and completes the electrical circuit; and a reference electrode, where a secondary
redox couple with a defined potential provide a reference point for the applied potential.
The three electrode types are typically made from different materials. Working electrodes
are traditionally metals (typically inert metals e.g. Au or Pt) or carbon based materials
(often glassy carbon or graphite). Counter electrodes are normally constructed of inert
materials such as platinum to avoid interferences. Reference electrodes typically consist
of a silver wire coated with silver chloride the half reaction for which is shown in
equation 3.11 below, although other systems such as mercury/mercury chloride can be

27,28
d.

use The reference electrode is typically encased in a glass capillary with a porous

frit at one end providing electrical contact between the reference electrode and the

remainder of the electrochemical cell.?*?’

AgCl+¢e¢ > Ag+CI' (3.11)

The reference electrode embodied in equation 3.11 only occurs in aqueous solutions. For
work in non-aqueous solutions a quasi-reference electrode (QRE) is often employed.
Usually this consists of a silver wire immersed in an appropriate solvent/electrolyte
system.”” QREs are considered more unstable than their aqueous counterparts and to

. 2
compensate are often referenced to an internal standard such as ferrocene.”’
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Figure 3-15: The standard three electrode cell set-up used for cyclic voltammetry and other
electrochemical procedures

3.2.4.3. Experimental

Cyclic voltammetry was performed using a p-Autolab Type II (Eco Chemie, Netherlands)
potentiostat/galvanostat. A three electrode cell consisting of a reference electrode, counter
electrode, and working electrode was used. The counter electrode was a platinum wire.
For aqueous systems a Ag/AgCl (3 M KCI) reference electrode with a standard electrode
potential of 0.233 V with respect to a standard hydrogen electrode was used. In organic
solvents a Ag wire pseudo reference was used, which was referenced to the ferrocene E°
potential of 0.265 V v.s. Ag/AgCL?” All reference potentials are referred back to the
Ag/AgCl reference unless otherwise mentioned. The working electrode used was either a
3 mm diameter glassy carbon or 2 mm gold disc embedded in a 6 mm diameter PTFE
body (CH Instruments, USA). For experiments involving surface analysis 12 x 12 mm Pt
flags (Goodfellow, USA), glassy carbon discs of 15 mm diameter (HTW, Germany), or
gold coated QCM discs (Section 3.2.5.2) were used as electrodes. The EQCM cell
described in Figure 3-17 was used for electrochemical experiments involving both the

glassy carbon and QCM discs. Contacting solutions were degassed with nitrogen gas
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(99.999% Linde) for a minimum of 5 minutes prior to commencing an experiment unless
otherwise mentioned. To minimise electrical noise, experiments were conducted in a

grounded Faraday Cage.

For ECL experiments, a quartz bottomed glass cell as shown in Figure 3-16 was used, and
positioned in a holder designed to allow a reproducible distance between the working
electrode and photodetector. Light emission was detected using a photomultiplier tube
(PMT) (9828SB, Electron Tubes, UK) biased at + 500 V positioned directly under the
cell. The output signal was amplified using a transimpedance amplifier (D7280, Ames
Photonics, USA) and acquired using the auxiliary channel of the potentiostat with the
GPES software package (version 4.9, Eco Chemie, Netherlands). Experiments were
conducted in a light tight Faraday Cage. Whenever possible the light signal was given

time to relax between experiments to minimise background noise.

/ Auxiliary Working electrode \

Reference
_/;_,_, Nitrogen
Light
holder

tight
E‘ box

Quartz
\ PMT base /

Figure 3-16: Diagram of electrochemical set up for ECL experiments.

Cell
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3.2.5. Electrochemical Quartz Crystal Microbalance

3.2.5.1. Basic Concepts

Quartz Crystal Microbalance (QCM) techniques allow for measurement of small mass
changes via the measurement of the corresponding change in resonant frequency of a
crystal oscillator. In QCM a quartz crystal is electrically oscillated in a shear mode at a
resonant frequency, fy (Hz), and as a mass, Am (g), is deposited on the crystal surface the
resonant frequency of the crystal will decrease according to the Sauerbrey Equation as

given in Equation 3.12

_ =21 Am
Af = A m (3.12)

where Af is the frequency shift of the quartz oscillator in Hz, A is the area of the quartz
covered by the electrode in cm?, Lq 1s the shear modulus of quartz (2.947 x 10" gem™ %)

and pq is the density of quartz (2.648 g cm™).*

Electrochemical Quartz Crystal Microbalance (EQCM) uses an electrode on the quartz
crystal as a working electrode, allowing for electrochemistry to be performed while the
QCM is running. This technique provides a unique opportunity to analyse the

electrodeposition of material onto the electrode surface in-situ.

3.2.5.2. Experimental

EQCM studies were performed on a CH Instruments 420A Potentiostat (CH Instruments,
USA) using a 3 electrode EQCM cell, a diagram describing the EQCM cell and its
connection to the potentiostat is shown in Figure 3-17. The working electrode was a gold

coated (100 nm thick) AT cut quartz crystal with a fundamental frequency of 7.95 MHz
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and a geometrical electrode area of 0.196 cm’. Working electrodes were cleaned
electrochemically by cycling between 0.4 and 1.4 V vs Ag/AgCl in 0.1 M H,SOy at a scan
rate of 10 mV/s until there was no change in CV. The counter electrode consisted of a
platinum wire, with the reference electrode being a Ag wire pseudo reference in
acetonitrile, which was regularly referenced to the ferrocene (E’ = 0.265 V v.s.
Ag/AgCl).”” The EQCM cell and QCM signal generator were housed in a grounded
Faraday Cage to minimise electrical noise and dampen acoustic interference. To further
dampen any undue noise, the EQCM cell was located on a marble table in a temperature

controlled room (22 “C).
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Figure 3-17: Diagram of the EQCM cell used. Redrawn from Ref [31].
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Chapter 4: Nafion/Polypyrrole composites for ECL
sensing

4.1. Introduction

The immobilisation of ECL active compounds on electrodes can be achieved through a
variety of methods such as the use of Langmuir-Blodgett'” and Langmuir-Schaefer
films,> self-assembled monolayers,”” and the electrostatic attachment into polymer

10,11
films. ™

The advantages of each method are discussed in Chapter 2. The electrostatic
attachment method provides a number of benefits over other immobilisation techniques.
In particular, such systems are characterised by an enlarged reaction volume compared to
2D monolayer systems, often resulting in better sensitivity due to greater analyte
turnover. lonomers such as Nafion have shown promise for the -electrostatic
immobilisation of Ru(bpy);”",'"'* however they tend to suffer from instability related to
the migration of Ru(bpy);*" into electrochemically inactive regions of the polymer."
Nafion composites have been shown to be successful in improving the stability of the
Ru(bpy)s”" loaded film while maintaining excellent sensitivity.'* It is suggested that the
enhanced stability of these composites is due to the co-material (nanotubes, sol-gels, etc.)
providing a stronger hydrophobic interaction with the Ru(bpy);*", than that of the
surrounding Nafion, hindering the migration of Ru(bpy);*" into the electrochemically

inaccessible (hydrophobic) regions of the Nafion.'>"’

A number of Nafion-based composites have been investigated for use in ECL sensing,
however the use of conducting polymer blends remains unexplored. Conducting polymers
possess qualities that make them potentially suitable for the creation of a modified
electrode-based ECL sensor. These qualities include good electron transport properties

and simple, easily controlled synthesis via electrodeposition. As discussed in Chapter 2
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(Section 2.2.1.4.) conducting polymer composites of Nafion have been reported
previously and were used to improve the entrapment of the redox moiety, reduce
interferences and improve sensor lifetimes.'®!” These reported benefits are desirable for a

PME-based ECL sensor.

In this chapter, a Nafion/polypyrrole composite for the immobilisation of ECL reagents,
in particular Ru(bpy)32+, is described. The structure and function of the composite film are
compared with pure Nafion using a combination of electrochemical and surface analytical
techniques, such as CV, XPS and ToF-SIMS, with a view to understanding the factors

that influence the overall performance of the film.

4.2. Results and Discussion

The fabrication methods of the Nafion films described in this section are discussed in

Section 3.1.1.

4.2.1. Layer Thickness

Atomic Force Microscopy (AFM) measurements were used to determine the thickness of
the deposited Nafion layer. A typical AFM image of a fractured fully hydrated Ru(bpy)s>"
loaded Nafion film on a silicon substrate is shown in Figure 4-1. The average thickness of
the film (d), is estimated to be ~1.5 um. The AFM measurements are consistent with
estimates based on the previous measurements of charge transport rates in similar

1929 The film thickness, coupled with the surface coverage (I' = 18.2 nMol cm™

films.
+ 1.9 nmol cm?) from slow scan CV experiments under conditions of exhaustive
electrolysis of the ruthenium centres within the layer allows for the estimation of the

concentration of electroactive sites within the film (¢ = I' / d). These experiments suggest

a Ru(bpy)s”" concentration of 0.12 M + 0.013 M.
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Figure 4-1: An AFM image showing a created step edge (top right hand corner) on a hydrated Nafion
film loaded with Ru(bpy);"" on a silicon substrate. Average film thickness was measured to be
~1.5 pm.

4.2.2. Ruthenium Absorption and Polypyrrole Deposition

Figure 4-2 shows a series of CVs following the absorption of Ru(bpy)s>" from solution
into the immobilised Nafion layer over time. The increase in peak current associated with
each successive scan is attributed to Ru(bpy)s>" diffusing into the layer. Distinctive peak
tailing in the CVs is observed which is consistent with semi-infinite diffusional charge
transport where the thickness of the depletion layer is less than that of the film (~1.5 pm).
The increase in peak current, i,, over time is demonstrated in the insert of Figure 4-2. It is
observed that i, starts to plateau after 45 minutes of immersion indicating that the Nafion
film becomes fully loaded with Ru(bpy)s*" in this period. It is important to establish the
loading rate for the Nafion film to ensure sufficient SO;™ sites are still available for the
incorporation of the cationic polymer, polypyrrole (PPy), into the film. Therefore the film
was only partially loaded with Ru(bpy);*" by immersing the film in solution for

20 minutes.
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Figure 4-2: Consecutive CVs demonstrating the absorption of Ru(bpy);*" into the Nafion film. The
first 40 scans are shown. The insert demonstrates the increase in peak current over time, with the
plateau indicating that the film is fully loaded. Scan rate was 100 mV s

The amount of PPy deposited into the Nafion layer was estimated by measuring the
charge passed during polymerisation in a control experiment where no Ru(bpy):*"
complex was present in the layer. The absence of Ru(bpy):*" in the film avoids the
contribution of the Ru*"/Ru*" oxidation to the measured charge. In these experiments,
0.5 mC £ 0.17 mC of charge was passed and as the polymerisation of pyrrole may be
considered a one electron transfer,”’ this corresponds to the polymerisation of

5.2+ 1.8 nmol (83.4 nM cm™ £ 25.4 nM cm™) of pyrrole monomer into the film.

4.2.3. Electrochemical Characterisation of Films

Figure 4-3 shows a typical CV for an electrode modified with the Nafion/PPy composite
and loaded with Ru(bpy)s;*" (Nf/Ru/PPy). A cyclic voltammogram of a film containing
only Nafion and Ru(bpy)s>" (Nf/Ru) prior to the incorporation of the PPy is provided for
comparison. The 10" cycle is shown in each case. The Nf/Ru/PPy and Nf/Ru films
exhibit similar voltammetric behaviour, with the Ru*/Ru’" redox couple observed at

approximately 1.1 V. Distinctive tailing of the voltammetric peak is observed for both



Chapter 4: Nafion/Polypvrrole composites for ECL sensing 99

electrodes at these relatively short experimental time scales. Under these conditions the
peak current varies linearly with the square root of scan rate (Figure 4-4). This response
is consistent with semi-infinite diffusional charge transport where the thickness of the
depletion layer is less than that of the film (~1.5 pm). An additional irreversible peak (not
shown) was observed at 1.0 V for the Nf/Ru/PPy system which appeared only in the first
scan and was attributed to the oxidation of residual pyrrole monomer present in the
film.** The reversible electrochemistry of Nafion/PPy composites is normally observed
between -0.4 to -0.54 vs Ag/AgCl depending on the electrolyte present in the contacting
solution.”* This redox couple is notably absent in the Nf/Ru/PPy film. This absence has
been reported previously for Nafion/PPy composites produced in a similar manner.> The
reason for this is unclear but may be related to the polymeric nature of the Nafion dopant
which being immobile, inhibits the charge compensation process relative to systems

doped with freely diffusing anions.
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Figure 4-3: Voltammetric response of Nf/Ru film in 95:5 0.2 M Na,SO,/Acetonitrile before (----), and
after (—), the incorporation of PPy. The scan rate was 100mV/s.

At relatively fast scan rates and under identical conditions to the pure Nafion system, the

peak currents associated with the oxidation and reduction of Ru(bpy):*" in the film were
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consistently 20 to 30 % smaller after the incorporation of PPy. However, slow scan rate
studies, where the layer was exhaustively oxidised (scan rates less than 1 mV s™),
revealed that the surface coverage (I') of the ruthenium complex remained identical

(I' = 18.2 nmol cm™ + 1.9 nmol cm™).

As the total amount of Ru(bpy)s*" is constant, the most likely explanation for the decrease
in peak currents on incorporation of PPy is a decrease in the rate of charge transport

through the film. It has been previously shown that charge transport in thin films of redox

26,27 28,29

polymers, including Nafion-based systems, is a diffusion-like process and hence

the voltammetric response obeys the Randles-Sevcik equation,’ as given below.

i,=2.69x10°n"2AD"*Cv'" 4.1)

where 1, is the peak current (A), n is the electron stoichiometry, A is the electrode area
(cm?), D is the diffusion coefficient of the system (cm” s™), C is the concentration of the
electroactive  species (mol cm™) and v is the scan rate (V  s).
Figure 4-4 shows that the peak current scales linearly with the square root of the scan rate
for both film types, allowing information regarding the charge transport characteristics of
the film to be extracted. Table 4-1 provides further information regarding the gradients
presented in Figure 4-4. By measuring the voltammetric response of the Nf/Ru layer at
various scan rates before and after polymerising PPy into the layer, any variations in
response due to differences in Ru(bpy)32+ concentration were minimised. Figure 4-4
shows how the slope of the i, versus square root of scan rate varies depending on the
composition of the layer and that of the contacting solution. Comparison of graph (a)
with (b) and graph (c¢) with (d) suggests a decrease in the rate at which charge is

transported through the layer by a factor of approximately two upon incorporation of PPy.
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Figure 4-4: Comparison of charge transport rates through Nf/Ru and Nf/Ru/PPy films with and
without the presence of acetonitrile. (a) Nf/Ru in 0.2 M Na,SO, with 5 % acetonitrile, (b) Nf/Ru/PPy
in 0.2 M Na,SO, with 5 % acetonitrile, (¢) Nf/Ru in 0.2 M Na,SO,, (d) Nf/Ru/PPy in 0.2 M Na,SO,.
All trendlines presented have a R* > 0.99.

Series Gradient (A vzl 2) Intercept | Dcr (cm2 s'l)
(nA)
a) Nf/Ru in 95:502 M 148x10°+1.0x10° | 0.73+£027 | 4.12x10”
Na,SO4/Acetonitrile +1.0x 107
b) Nf/Ru/PPy in 95:502M | 9.59x 10°+48x 10° | 3.79+0.83 | 1.73x 107+
Na,SO4/Acetonitrile 420x 107
¢)Nf/Ruin 0.2 M Na,SO, | 7.77x10°+54x10° | 1.86+0.23 | 1.13x 107+
2.76 x 1077
d) Nf/Ru/PPy in 0.2 M 575x10°+1.8x10° | 1.16+0.19 | 6.22x 107+
Na,SO4 1.51x 10"

Table 4-1: Values for Dcr, along with gradients and intercepts for data presented in Figure 4-4. The
surface coverage (I') for these layers was 1.82 + 0.2 x 10°® cm’s™ and the layer thickness was 1.5 pm.

The value of the apparent charge transport diffusion coefficient (Dcr) for the Nf/Ru/PPy
film in 0.2 M Na,SO,4 is 6.22 x 10'° ¢m® s! and can be compared with a value of
1.14 x 10” cm?s™! for the Nf/Ru films prepared. The measured value of D¢t for Nf/Ru is
within the range of previously reported values for this system.”**’*" Since exhaustive
electrolysis (1 mV s") of the layers before and after incorporation of PPy reveal no
change in the total number of moles of Ru(bpy)s>” in the layer and if the layer thickness

and thus ruthenium concentration (0.12 M), are assumed not to vary significantly on
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incorporation of PPy, the apparent decrease in D¢t cannot be ascribed to variations in Ru
intersite separation or to loss of Ru(bpy)32+ from the layer. Redox switching in these
layers requires influx and efflux of counter ions from the supporting electrolyte in order
to maintain charge neutrality. Therefore, the most likely explanation for the observed
decrease in signal is an impeded ion flux as a result of partial blocking of the ion channels

present in the Nafion by PPy resulting in slow charge transport.

Figure 4-4 also illustrates the effect of the acetonitrile content of the contacting solution
on the apparent rate of charge transport through the films. The increase in D¢, by a factor
of approximately three, manifested by the greater slope of the graph, may be attributed to
the partial solvation of hydrophobic and interstitial regions within the layer, allowing for
improved ion transport through these regions of the Nafion. Apart from inhibiting the
movement of charge compensating counter-ions, another explanation for the observed
effect of PPy on the layer is a decrease in the ruthenium concentration due to
displacement from the layer. However, the recovery in voltammetric response on
exposure of the same films to acetonitrile solution supports the conclusion that the effect

of PPy on the film is to slow the rate charge transport by impeding ion flux.

4.2.4. Surface Characterisation of Films

Figure 4-5 shows a comparison of the C 1s and N 1s photoelectron region spectra for the
Nf/Ru and Nf/Ru/PPy films. Table 4-2 provides a comparison between the concentrations
of film constituents as atomic % and normalised to the Ru 3d photoelectron component.
XPS analyses are required to confirm the presence of PPy, at least at the surface of the

films, as no PPy electrochemistry is observed.
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The C 1s spectra of both films (Figs. 4-5(a) and 4-5(b)) are complex due to the different
chemical environments associated with the Nafion film, Ru(bpy)32+ and PPy. The
presence of Ru(bpy)s®" in both films is confirmed by the observation of the Ru 3ds;
photoelectron peak at 280.9 eV. The Ru 3ds;, peak occurs at a binding energy 4.17 eV
higher than the Ru 3ds, peak and lies underneath the aliphatic C 1s component
(Es =285.0 eV). Other peaks observed in both films include CF; (Eg = 293.3 eV), CF,
(Eg = 291.6 eV), both associated with Nafion, C=0O (Ez = 289.6 eV), C-O
(Eg =287.6 V) associated with Nafion and PPy and C-N (Eg = 286.0 eV) associated
with PPy and Ru(bpy)s;*". These peak assignments are consistent with those previously
reported.’’ The aromatic C 1s component (Eg = 284.6 eV) is associated with both PPy and
Ru(bpy)ngr and was fitted by taking into account the contributions expected from both

species.
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Figure 4-5: Comparison of high resolution C 1s and Ru 3d XPS spectra for Nf/Ru (a) and Nf/Ru/PPy
(b) films. High resolution N 1s XPS spectra of Nf/Ru (c¢) and Nf/Ru/PPy (d) films are also compared.
Tables 4-2 and 4-3 provide peak assignments and quantification of this data.
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Element | Component | Binding Nf/Ru Film N{/Ru/PPy Film
Energy | Atomic | Normalised | Atomic | Normalised
(eV) % to Ru 3d % to Ru 3d

F 1s C-F 688.8 45.0 112.5 47.3 175.6

O 1s CF-O-CF 535.2 3.5 7.9 2.6 9.8
C=0 532.2 0.7 1.6 0.6 2.1
C-0-C 5333 0.1 0.2 0.1 0.3
-SO3° 5314 3.7 8.5 3.0 11.3

N 1s N* 402.1 0.0 0.0 0.3 1.0
-NH- 400.0 2.9 6.5 23 8.7

Cls -CF; 294.6 0.4 0.8 0.4 1.3
CF;-CFO, 2933 4.8 11.0 2.8 10.4
CF,0
-CF, 291.6 14.8 33.6 16.2 60.2
-C=0 289.6 3.0 6.7 2.7 10.4
-C-O 287.6 2.2 5.0 2.5 9.2
-C-N 286.0 5.7 12.9 5.2 19.1
-C-C 285.0 33 7.5 6.1 22.5
Aromatic 284.6 8.5 19.4 6.6 24.5
carbon

S 2p3n -S05° 167.8 0.9 2.1 0.8 3.0

Ru3ds, |Ru” 280.9 0.4 1.0 0.3 1.0

Table 4-2: Comparison of XPS % atomic concentration for Nf/Ru and Nf/Ru/PPy films. Components
have been normalised to Ru 3d intensity.

The N 1s region spectra for both films include a component at 400.0 eV, consistent with
the bipyridine ligand in Ru(bpy);>". However, in Fig. 4-5(d) a weak contribution from a
higher binding energy component (402.1 eV) is observed and is assigned as N" from the
cationic form of PPy’? confirming the presence of PPy in the layer. The presence of PPy
at the film surface is further supported by the increase in the ratios of C-N : Ru (10.6 to
19.1), N : Ru (6.5 to 8.7) and aromatic carbon : Ru (15.9 to 24.5) in the Nf/Ru/PPy film,
which is expected due to the structure of the pyrrole monomer as shown in Figure 4-6.
These changes are greater than the uncertainties assigned to the XPS data and therefore

statistically significant.
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Figure 4-6: The structures of (a) Ru(bpy);>*, (b) DBSA, and (c) Nafion and (d) Cationic Polypyrrole.

The surface composition of the films was determined by first normalising the XPS
components to the Ru 3d peak, and then subtracting the expected contributions from the
Ru(bpy)32+ (as determined from the N : Ru ratio) to account for the nitrogen and carbon
present in the complex. This correction was performed on the N 1s region spectra and
C-N and aromatic components of the C 1s spectra. The adjusted ratios are presented in
Table 4-3 and allow for a direct comparison between the concentrations of pyrrole

monomer, Ru(bpy);>" and SO;” sites in each film.

Component Binding Energy | Ratio of Ratio of
(eV) Component orectea: Ru | Componentgprectea: Ru
Nf/Ru/ Film Nf/Ru/PPy Film
N* 402.1 0.0 1.0
-NH- 400.0 0.5 2.7
-C-N 286.0 0.9 7.1
Aromatic carbon 284.5 1.4 6.5

Table 4-3: XPS components from Table 4-2 with ratios corrected for contributions
due to Ru(bpy):**.

The surface composition of the films may be further explored by considering these

corrected atomic ratios in conjunction with the empirical structures of the PPy ([C4H3N],)
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and Nafion. The structure of Nafion consists of a poly(tetrafluoroethene) backbone with
sulfonic acid functionalised side chains, thus the Ru : S ratio provides a ratio of
Ru(bpy)s>" to SO5™ sites present in the Nafion. In the Nf/Ru films the Ru : S ratio is 1 to
2.1, which corresponds to the stoichiometric ratio expected from the formal charges
assigned to the Ru(bpy)s”", and thus suggests that the Ru(bpy)s®  is electrostatically
bound to the Nafion. The Ru : S ratio for the Nf/Ru/PPy, in contrast, is 1 : 3.0 and this
result is attributed to the combined electrostatic binding of the PPy to the SOs” sites
present in the Nafion. If the electrostatic binding of Ru(bpy)s>" to the Nafion (Ru : S ratio
of 1 : 2) is considered, the remaining sulfur component provides an indication of the
relative concentration of PPy present at the surface. In the Nf/Ru/PPy film, the S : N ratio
when adjusted for the binding of Ru(bpy);*" into the Nafion (by subtracting the two SO3”
equivalents bound to the Ru(bpy);*"), is 1 to 3.7 suggesting that there are 3.7 pyrrole
monomers present in the film for every SOs™ group. These results also indicate that in the
N{/Ru/PPy film the PPy is electrostatically attached to the Nafion, and are consistent with
previous studies of PPy doped with large docdeylbenzenesulfonic acid (DBSA) surfactant
compounds.** XPS analysis of the Nf/Ru/PPy films indicates that the surface composition
comprises approximately one Ru(bpy)s®" complex for every 3.0 SO; groups and 3.7
pyrrole monomer units. This result is in agreement with the -electrochemical

measurements (Ru(bpy)s : pyrrole ~ 1 : 4.5) presented herein.

Figures 4-7a and 4-7b show the positive and negative static secondary ion mass spectra
respectively, obtained from the surface of the Nf/Ru/PPy layer. Spectra for Nafion and
Nf/Ru films are presented in Appendix I (Figures I-1 and I-2). The data confirms the
presence of Ru(bpy)s>™ in both the Nf/Ru and Nf/Ru/PPy layers with characteristic peaks
present at m/z 96, 98-102, and 104, corresponding to the isotope pattern of ruthenium. In

addition, clusters of peaks are observed at m/z 570, 414, and 258 corresponding to the
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complete Ru(bpy);*” molecular ion and its fragmentation products after the loss of

successive bipyridine groups; other significant peaks are indicated in Figures 4-7a

and 4-7b.
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Figure 4-7: Positive (a) and negative (b) ion ToF-SIMS spectra for the Nf/Ru/PPy layer. Relevant
high intensity mass fragments are labelled.

The presence of PPy in the layer is difficult to determine definitively via ToF-SIMS as the

ionisation process results in changes in the polymer. However, several minor peaks
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corresponding to oligomeric fragments of PPy were detected, including C;H;N" (m/z =
66), CsH;N>" (m/z = 131) and C;o;H7N;" (m/z = 193). In addition, nitrogen-containing
fragments, including CN™ (m/z = 26), CH,N" (m/z = 28) and CoH3;N" (m/z = 41), that are

33-35

often associated with pyrrole, were detected. These may also be associated with the

bipyridine ligands of Ru(bpy)s*".

Previous ToF-SIMS studies of doped PPy have detected mass fragments consistent with
the dopant.’*** In the present study, the Nf/Ru/PPy layers are formed in the presence of
Nafion and DBSA, both with the potential to dope the electropolymerised PPy. Figure
4-6b shows a range of significant peaks consistent with Nafion as expected. However, the
well-defined mass fragmentation pattern of DBSA®® is not observed. DBSA was chosen
as the supporting electrolyte in the electropolymerisation step because diffusion of this
large anion into the layer is inhibited, ensuring that Nafion remains the primary dopant for
the PPy. The results presented in Figure 4-6(b) confirm that DBSA does not play a role in
the doping of the PPy and as such the PPy present is exclusively associated with the

Nafion ionomer.

AFM images of both the Nf/Ru and Nf/Ru/PPy films were acquired to assess any
morphological differences between the films. Typical images of each film are presented
in Figure 4-8. The images indicate no change in morphology on incorporation of PPy into
the film. Both types of film exhibited roughness not exceeding 15 nm. Often the
electrodeposition of pyrrole results in a rough nodular surface stemming from the
nucleation of PPy on the surface.””’” The absence of this roughness suggests that the PPy
nucleation takes place within the Nafion network, or directly at the electrode surface.
Further, the presence of PPy at the surface, as detected by XPS, indicates that the PPy

network propagates from the bulk to the surface of the film.
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Figure 4-8: AFM images of Nf/Ru (a) and Nf/Ru/PPy (b) films. No significant changes in morphology
can be observed. A DLC modified PPP-NCHR tip was used.
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4.2.5. ECL Response

The application of an oxidising potential to electrodes coated with Nf/Ru/PPy films in the
presence of suitable co-reactants resulted in an ECL emission which was similar to the
corresponding Nf/Ru layers both in intensity and in wavelength (Ap.x = 610 nm). The
ECL response was investigated using cyclic voltammetry with the addition of oxalate and
tripropylamine as model analytes. The layer was found to be sensitive to both analytes
and a typical cyclic voltammogram with simultaneously detected ECL emission in the
presence of sodium oxalate is shown in Figure 4-9 (the response of the Nf/Ru/PPy layer
to tripropylamine is shown in Figure I-3). The response from the Nf/Ru film is shown in
Figure 4-10 for comparison. The voltammetric response in both cases is consistent with
an electrochemical reaction in which the analyte oxidation is mediated by Ru(bpy)33+.
Specifically, the anodic peak during the forward sweep is enhanced relative to the
response in the absence of analyte (also shown), whereas the cathodic peak current is
diminished. Figure 4-9 also shows that in both cases the emission of light is coincident
with the generation of Ru(bpy)s;>" within the layer. Since virtually no light is emitted in
the absence of the analyte, this indicates that the excited state [Ru(bpy)32+]* is created

during the cross reaction with the analyte.
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Figure 4-9: Typical voltammetric (red line) and light emission (upper trace) response of a Nf/Ru/PPy
film in aqueous solutions containing 50 mM sodium oxalate and 0.2 M Na,SO, electrolyte.
Voltammograms of solutions without oxalate are shown for comparison (blue line). The scan rate
was 10 mV s,
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Figure 4-10: Typical voltammetric (red line) and light emission (upper trace) response of a Nf/Ru film
in aqueous solutions containing 50 mM sodium oxalate and 0.2 M Na,SO, electrolyte.
Voltammograms of solutions without oxalate are shown for comparison (blue line). The scan rate
was 10 mV s™.
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A decrease in ECL signal is observed from the Nf/Ru/PPy film when compared to the
Nf/Ru films; this may be attributed to the difference in the charge transport characteristics
of the films or differences in the rate of transport of analyte within the layer. The limits
of detection (signal-to-noise ratio = 3) for the Nf/Ru/PPy film in the absence of
acetonitrile were found to be 10 pM and 100 nM for oxalate and tripropylamine
respectively. This difference in detection limits between the two analytes is expected due
to the greater efficiency of tripropylamine in generating the excited state.’® The system
exhibited a linear response for oxalate concentrations (Figure 4-11) in the range of 100
uM to 100 mM and tripropylamine concentrations (see Figure I-4) in the range of 100 nM
to I mM. The use of a 5 % acetonitrile solution improves the detection limit by an order
of magnitude, providing detection limits of 1 uM and 10 nM, respectively. This decrease
in detection limits, observed alongside an increase in peak current, suggests that the
improved sensitivity is due to the acetonitrile allowing more facile access and congress of
charge compensating counterions by solvating the hydrophobic and interstitial regions of
the Nafion. The limits of detection achieved are comparable to those achieved by Downy
and Neiman with Nf/Ru films, who reported detection limits of 1 pM and 10 nM for

oxalate and tripropylamine in flowing streams.'?
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Figure 4-11: Dependence of ECL intensity on the concentration of the model analyte sodium oxalate
for a Nf/Ru/PPy modified electrode. The error bars represent the maximum difference in response
for three measurements.

4.2.6. Layer Stability

The stability of the Nf/Ru/PPy films to electrochemical cycling was investigated and
compared with Nf/Ru films. Both film types were continuously scanned in electrolyte
with oxidative peak currents (I,.x) measured with respect to time. All films remained
macroscopically stable for the duration of the experiment, with no delamination or
cracking occurring. Ru(bpy)s®" was not detectable in the contacting electrolyte by UV-
VIS absorption or luminescence spectroscopy at the end of these experiments, even when
a small volume (< 1 cm’) electrochemical cell was used. This suggests that rather than
being lost from the layer, the ruthenium complex partitions into inaccessible regions of
the film with time. Films were investigated in two solvent systems: an aqueous
0.2 M NaySOy solution and a 95:5 mix by volume of 0.2 M Na,SO4 aqueous solution and
acetonitrile. In both instances, Nf/Ru/PPy films showed an enhanced stability over Nf/Ru
films. In the aqueous solution a useful lifetime (a decrease to 90 % of maximum

electrochemical signal) of 7 hrs may be observed for the Nf/Ru/PPy films, whereas the
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useful lifetime of the Nf/Ru films tested was 4.5 hrs, an increase of over 50 % (see
Figure I-5). Bard et. al. have previously observed a 5 % decrease after 1.5 hrs and a 16 %
decrease after 6.6 hrs for Nf/Ru films,'® and this is consistent with the results presented

here.

As shown in Figure 4-12, when scanned in the solution containing acetonitrile, the useful
lifetime of Nf/Ru/PPy and Nf/Ru films were shortened considerably, to 135 min and
108 min, respectively. This reduction in lifetime results from the partial solvation of the
film in the presence of acetonitrile, which may accelerate the transport of Ru(bpy);”" into
the electrochemically inaccessible regions of the Nafion associated with the fluorocarbon
backbone. These results are consistent with the results of Vining and Meyer, where the
addition of organic solvent enhances the rate of exchange between the various regions

within the Nafion film."
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Figure 4-12: Comparative response of Nf/Ru (m) and Nf/Ru/PPy (A) films mean oxidative peak
currents over time in 95:5 0.2 M Na,SO,/Acetonitrile. Films were continuously scanned at between
0.6 V and 1.5 V at a scan rate of 100 mV s™.

39-41

The structure of Nafion is believed to resemble that of a reversed micelle, consisting

of a porous assembly of hydrophilic ion clusters connected by ion channels. The observed
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increase in stability of Nf/Ru/PPy over Nf/Ru may be due to the formation of an
interpenetrating network of PPy within the Nafion film that partially blocks the ion
channels and in so doing impedes the transport of the Ru(bpy)s>" from the ion clusters
into the hydrophobic and interstitial regions of the Nafion film. Also the increase in the
time taken to initially reach 90 % of the maximum electrochemical signal (break-in time),
as observed in Figure 4-12, provides further evidence for the PPy existing in the

interstitial regions of the Nafion film.

The change in ‘break-in’ time (4 min for Nf/Ru and 15 min for Nf/Ru/PPy) may be due to
the PPy impeding the transport of solvent and electrolyte into the layer by blocking the
ion channels and interstitial regions in the Nafion. While the lifetimes of the films are
shortened with the use of acetonitrile, the addition of PPy provides a compensating

extension in film lifetime of 24 %.

The proposed stabilisation mechanism provided by the PPy contrasts to the mechanism
suggested with other Nafion composites described previously. Literature suggests that the
improvement is due to the composite co-material (nanotubes, organic silicates, etc.)
providing a stronger hydrophobic interaction with the Ru(bpy);®" than that of the
surrounding Nafion. This stronger interaction hinders the migration of the Ru(bpy);>" into
the electrochemically inaccessible regions of the Nafion.'”"” In contrast, the addition of
PPy is thought to stabilise the Ru(bpy)s®" within the film by physically impeding its
migration to the more hydrophobic and hence electrochemically inaccessible regions of

the Nafion film.
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4.3. Conclusions

The use of Nafion/PPycomposites for the immobilisation of Ru(bpy);*" at a working
electrode has been shown to be effective in producing stable films for use in an ECL-
based sensor. Surface characterisation of the film correlates well to electrochemical
measurements and suggests that the PPy present is distributed homogeneously within the
layer. ToF-SIMS studies demonstrate that PPy is exclusively doped with the Nafion

ionomer.

Although the presence of PPy impedes charge transport through the layer
(Der=1.13x 10° cm?® s for Nf/Ru c.f. 6.22 x 10" cm? s for Nf/Ru/PPy), it also
appears to slow the rate of transport of Ru(bpy)s>" into the electrochemically inaccessible,
hydrophobic regions of the film. This provides an improvement to the usable lifetime of
the film when compared to the use of pure Nafion films. In aqueous solution, the
N{f/Ru/PPy film has been shown to be stable to electrochemical cycling for 7 hrs, which is
an improvement of 50 % over the pure Nafion-based film. In the presence of acetonitrile,
this stability is somewhat reduced; however, the addition of acetonitrile provides an
improvement in the ECL sensitivity by an order of magnitude, resulting in the detection

of oxalate to a concentration of 1 uM and tripropylamine to a concentration of 10 nM.
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Chapter 5: Covalently bound ECL active films - a two-step
approach

5.1. Introduction
An alternative approach to the use of polymer films for the immobilisation of ECL active
complexes is the covalent attachment of an ECL active complex to the surface. As
described in Chapter 2, a number of covalent attachment methods for ECL active
complexes have previously been investigated including those based on surfactants,'”

alkanethiols,”* silane and epoxy chemistries.’

The electroreduction of aryl diazonium salts has previously been used for the construction
of amperometric sensors for a variety of analytes.®® In this chapter, a two-step approach
to immobilisation of an ECL active ruthenium complex is investigated. The initial step
involves the electrodeposition of the ligand, para-diazonium-4'-phenyl-2,2"-bipyridine
tetrafluoroborate (referred to as dpb), via the electroreduction of the diazonium. After the
deposition of dpb, the complex was assembled on the electrode by complexation with
Ru(bpy),Cl,. The layer was characterised at each stage using CV, EQCM, AFM, XPS and

ToF-SIMS.

5.2. Results and Discussion
The synthesis and deposition methods used to create the films described in this section are

discussed in Section 3.1.2.1.
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5.2.1. Phenyl-bipyridine Layer Deposition

Glassy carbon (GC) electrodes were modified via the electrochemical reduction of dpb in
an acetonitrile solution containing 3 mM dpb and 0.1 M TBAPF¢ as the supporting
electrolyte. The cyclic voltammogram obtained from the deposition solution is presented
in Figure 5-1a. Two broad cathodic peaks are observed in the initial scan, at -0.2 V and
-1.0 V. In subsequent scans the peak at -0.2 V is not observed, whereas the reductive peak
at -1.0 V shifts to more negative potentials (-1.35 V). A similar situation is also observed
at a gold electrode (Figure 5-1b), with peaks initially being observed at -0.3 V and -0.9 V.
In subsequent scans, the peak at -0.3 V is not present while the peak at -0.9 V shifts to
more negative potentials. Also observed in the second sweep is a peak at -1.5 V that shifts

to a more negative potential (-1.7 V) on the third sweep.

With most aryl diazoniums, a single reduction peak in the CV is observed,”!! which

correlates to a one-electron reduction of the diazonium and the resulting attachment to the

substrate. The diazonium reduction typically occurs at or near 0 V,'"'?

although for

diazotized ruthenium complexes this reduction potential can exist as low as -1.17 V." In

some cases multiple reduction peaks have been reported for diazoniums on a range of
14-19 .

substrates including gold," and have been attributed to the slight difference in work

function associated with each crystalline face of the substrate present at the surface.'
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Figure 5-1: The electroreduction of dpb onto glassy carbon (a) and gold (b) substrates from
acetonitrile. Scan rate was 100 mV s™.

To assist in determining which reduction was responsible for the attachment of dpb to the
surface, EQCM experiments were undertaken. Figure 5-2 shows the electrodeposition of
dpb onto a gold electrode and the associated change in mass with applied potential. The
mass increase prior to -0.6 V may be associated with the spontaneous deposition of the

2021 To minimise the influence of

diazonium as observed previously in other systems.
spontaneous deposition on the experiment, the CV was undertaken promptly and without
degassing. By not degassing the solution the cathodic peaks described in Figure 5-1b are

masked and broadened, however the peak previously described at -0.9 V is still observed.

The total mass deposited at the gold substrate after 3 scans is 4.2 x 10”7 g and is the
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equivalent to a surface coverage of 9.5 x 10” mol cm™. The number of monolayers that
this coverage correlates with may be determined by assuming that 50 % of the dpb
reductions result in the loss of N, in accordance with the results from Section 5.2.2.2 and
the dpb is packed in a close-packed manner (calculated monolayer surface coverage of
6.9 x 10" mol cm™). This calculation suggests a film thickness that is equivalent to
12.4 monolayers. The result demonstrates the presence of a multilayered system where

the diazonium is bound not only to the substrate but also to the previously deposited dpb.
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Figure 5-2: EQCM cyclic voltammogram and associated mass-potential curve for the deposition of
dpb onto a gold electrode. The potential was swept between 0.5 V to -1.8 V in acetonitrile at a scan
rate was 100 mV s”'. The 1% scan is the black line, the 2" scan is red and the 3" scan is blue.



Chapter 5: Covalently bound ECL active films - a two-step approach 125

NN
o O
|

=75 -
=125 -
=175 -
-225 -
=275 A

-325 | I | |
-1.85 -1.35 -0.85 -0.35 0.15

Potential / V

dm/dV (ng/V)

Figure 5-3: Rate of mass deposition with respect to potential. For clarity, only forward scans (0.5 V to
-1.8 V) are presented. The 1* scan is the black line, the 2" scan is red and the 3" scan is blue.

The rate of mass deposition observed varies with applied potential (Figure 5-3) and
provides a clearer understanding of the deposition process. In Figure 5-3 two distinct
peaks are observed, at -0.65 V and -1.4 V. The position of the peaks correlate well to the
onset of the voltammetric peaks observed in Figure 5-1b, and demonstrate that each
reduction results in attachment of dpb to the electrode. Immediately following each peak
in Figure 5-3 the rate of mass transfer decreases, demonstrating that each peak is related
to a process that is diffusion-limited during the scan. Interestingly, a second larger peak in
the deposition rate is observed at -1.45 V which corresponds to the reduction of the
bipyridine moiety. It is hypothesised that the deposition of the diazonium at this more
negative potential may be attributed to the mediated reduction of the diazonium by the

bipyridine already deposited on the surface (or by freely diffusing bipyridine).
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dpb = bpy-ph-N,"

bpy-ph-N," + e — bpy-ph* +N,  (-0.65 V) direct reduction (5.1)
bpy + e — bpy™ (-1.4V) (5.2)
bpy™* + bpy-ph-N," — bpy-ph® + N, mediated reduction (5.3)

According to equations 5.1 and 5.2 above, the reaction between the bipyridine radical
anion and the diazonium is thermodynamically favorable with a free energy (AG)

of -0.75 eV.

The faradaic efficiency of the deposition process (moles of diazonium deposited per mole
of electrons) can also be determined from Figure 5-3, and varies with the applied
potential, reaching a maximum efficiency of 0.11 at a potential of -1.6 V. This low
faradaic efficiency has been previously observed for other bulky diazoniums when
deposited on gold such as 4-diethylanilinediazonium’ with the remaining portion of

diazonium radicals formed reacting with each other in solution.

5.2.1.1. AFM of dpb Layers

To determine the layer thickness and morphology of dpb deposited on the substrate, AFM
imaging and scratching experiments were conducted on glassy carbon substrates. Figure
5-4a and 5-4b show typical AFM images of dpb deposited onto glassy carbon, and a
polished glassy carbon substrate for comparison. As a result of polishing, clean glassy
carbon substrates have track marks up to 10 nm deep present on the surface. In
comparison, substrates deposited with dpb (Figure 5-4) show a clear smoothing of the

surface resulting from the filling in of scratch marks which leaves only the deepest marks



pm

Chapter 5: Covalently bound ECL active films - a two-step approach 127

visible. Under these deposition conditions no nucleation sites are observed at the surface

of the film resulting in a homogeneous coverage.

-10

um pum

Figure 5-4: AFM image dpb deposited onto a glassy carbon substrate (a). A blank substrate is shown
for comparision (b). A PPP-NCHR tip was used for imaging.

To determine film thickness scratching experiments were undertaken, as described in
Section 3.2.3.3. After imaging in dynamic mode, a section of the surface was scratched
using contact mode with a high set point (4 V or ~17 uN of applied force), prior to the re-
imaging in dynamic mode. Due to the possibility of removing some of the substrate
during these experiments only glassy carbon substrates were used due to their previously
demonstrated resistance to scratching from a silicon nitride tip.”> Figure 5-5a presents a
typical result of dpb scratched from the surface of glassy carbon. The average height
profile over the scratched area is shown in Figure 5-5b. The height profile in Figure 5-5b

shows an average difference in height between the two regions of 6 nm.
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Figure 5-5: Typical scratched surface of a dpb coated glassy carbon substrate (a). The average cross
section, within the area defined by the green lines, is shown below in (b) with an average dpb film
thickness of 6 nm.

To confirm that the exposed surface was glassy carbon, force curves prior to and after
scratching were taken, with typical results displayed in Figure 5-6. Prior to scratching
(Figure 5-6a), a clear hysteresis is observed between the forward and return curves,
indicating a compressible surface capable of undergoing large scale plastic deformation.*
After scratching (Figure 5-6b) this hysteresis is no longer observed. This lack of
hysteresis shows that the underlying surface is much harder than the deposited layer

suggesting that the freshly exposed surface is the glassy carbon substrate. Figure 5-6b is
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also consistent with force curves acquired on sections of glassy carbon where the dpb

ligand was not deposited.
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Figure 5-6: Force curves for the dpb surface (a), and the exposed glassy carbon substrate (b). Tip
extension (red) and retraction (blue) are shown in both cases. For clarity, the glassy carbon force
curve is offset by 300 nN.

5.2.2. dpb Layer Characterisation

5.2.2.1. Electrochemical Characterisation of dpb Layers

Cyclic voltammograms of the layer deposited onto both glassy carbon and gold substrates
are presented in Figure 5-7. On both substrates, the reduction of the bipyridyl ligand is
observed (E, = -1.5 V for GC and -1.1 V for Au). The Gaussian shape of these peaks
(after background subtraction) suggests complete reduction of the surface-immobilised
material and that the layer is indeed surface-confined. On glassy carbon this peak is
irreversible and degrades into two components (E, =-1.7 V and -1.25 V) by the second
scan; the peak on the gold substrate (E, = -1.1 V) is reversible. The electrochemistry of
the bipyridyl ligand is known to vary significantly depending on its environment. For

example, bipyridyl absorbed onto Au(l111) surfaces can undergo a reversible
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electrochemistry at -0.3 V (v.s. Ag/AgCl),** however, when bound in a metal complex

such as Ru(bpy)s>" this reduction shifts to -1.1 V (v.s. Ag/Ag").”

The surface confined nature of these peaks enables a determination of the electroactive
surface coverage area present after deposition. On glassy carbon, this electroactive
surface coverage is 9.2 x 107" mol cm™ while on gold a lower figure of
4.5 x 10" mol cm™ is obtained. A close-packed monolayer has a theoretical coverage of
6.9 x 10" mol cm™. On both gold and glassy carbon electrodes the amount of bipyridyl
that is reduced during the CV is significantly less than the surface coverage determined
by the EQCM measurements (9.5 x 10° mol cm™), suggesting that the layer is not

uniformly electrochemically accessible.
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Figure 5-7: The anodic electrochemistry of 3 mm diameter glassy carbon (blue) and 2 mm diameter
gold (red) electrodes modified with dpb. The electrode was tested in acetonitrile with a TBAPF,
electrolyte, scan rate was 100 mV s
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5.2.2.2. XPS Analysis of dpb Layers

To confirm the electrochemical and AFM results, the complementary techniques of XPS
and ToF-SIMS were used to determine the chemical structure of the deposited dpb film.
Figure 5-8 presents XPS survey spectra of glassy carbon discs before (Figure 5-8a) and
after (Figure 5-8b) the electrochemical deposition of dpb. In both spectra, a strong C 1s
photoelectron peak is observed at a binding energy of 284.0 eV, in addition an O 1s
photoelectron peak is observed (Eg = 533.0 eV) corresponding to a partially oxidised
surface that is often associated with glassy carbon substrates.”*?’ Trace amounts of
nitrogen (Eg = 400.0 eV) and silicon (Si 2p Eg = 102.0 eV) were observed on the blank
glassy carbon discs which are attributed to the manufacturing process used.”**® After the
deposition of dpb, two distinct changes are observed in the survey spectrum: the
appearance of fluorine and an increase in the nitrogen signal. Low levels of sodium,
sulfur and zinc are also observed at the surface after deposition. The appearance of the
F 1s photoelectron peak (Eg = 686.0 eV) is due to residual electrolyte,
tetrabutylammonium hexafluorophosphate (TBAPFs), being present on the surface. The
increase in the N Is signal is associated with the nitrogen present in both dpb and
TBAPF; as the nitrogen to fluorine ratio is higher than expected from TBAPF; alone
(N : F would be 1 : 6 for TBAPFg, c.f. an observed ratio of 15.9 : 1), confirming the

presence of dpb on the surface.
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Figure 5-8: XPS survey spectra of a glassy carbon substrate before (a) and after the deposition of dpb
(b). Relevant photoelectron and Auger lines are labelled.

To determine the nature of the bonding of dpb to the substrate, high resolution XPS

spectra of the C Is and N 1s photoelectron regions of dpb attached to glassy carbon and

gold were investigated and are presented in Figures 5-9 and 5-10. Table 5-1 provides a

comparison between the relative concentrations of the layer components as atomic

percent. In addition to the C 1s and N 1s results presented in Figures 5-9 and 5-10, the

analysis of high resolution photoelectron regions reveals the presence of fluorine, oxygen,

chlorine,

sulfur and zinc components, with the binding energies and relative
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concentrations of these species also presented in Table 5-1. The fluorine component
(Eg = 686.0 eV for GC) is from both the BF,4 anion associated with the starting material
(boron Eg = 189.0 eV for GC) and the PF¢ anion in the electrolyte TBAPF¢ used during
deposition, however the associated phosphorus is not observed, possibly due to its
concentration being below the limit of detection for the technique. The oxygen observed
at the surface (Eg = 532.2 eV for GC and 532.6 eV for Au) is expected to be due to
surface oxides present on the substrate. The chlorine, sulfur, sodium and zinc components
present are possibly caused by impurities in the starting materials or possible surface
contamination during either layer deposition or sample transfer. The binding energies of
the chlorine (Eg = 199.6 eV for CI 2p3, on GC) and sulfur (Eg = 168.3 eV for S 2ps3,, on
GC) components suggest that these elements may exist as anions (Cl” and SO4%)

electrostatically attached to the film.*’
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Figure 5-9: C 1s photoelectron region spectra for dpb deposited onto glassy carbon (a), and
gold, (b), substrates.
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Figure 5-10: N 1s photoelectron region spectra for dpb deposited onto glassy carbon (a), and gold (b),
substrates.
Element Component Binding Energy (eV) Concentration (Atomic %)
GC Au GC Au
Na ls Na" 1071.0 ND 1.5 ND
Zn 2p3; | Zn’ 1021.5 1021.8 0.1 0.3
F 1s BE., PF¢ 686.0 ND 0.3 ND
O1s Oxides 532.2 532.6 14.3 19.8
N 1s N’ 401.8 ND 1.0 ND
Nbpy 399.9 400.4 2.9 2.8
Nazo 399.1 399.3 1.4 1.4
Cls n—m* Satellite 291.6 ND 3.7 ND
-COOH ND 289.1 ND 1.4
-C=0 287.4 287.1 2.1 5.3
-C-O0 286.4 ND 9.0 ND
-C-N 285.4 286.0 22.0 14.3
-C-C 285.0 285.3 4.3 9.4
Aromatic carbon 284.6 284.9 34.7 32.4
Cl2ps, | CI 199.6 ND <0.1 ND
B 1s BF4 189.0 ND 0.4%* ND
S2ps; | SO~ 168.3 ND 1.8 ND
Si 2p Si0, 102.0 ND 0.4 ND
Audf;, | Au’ N/A 84.0 N/A 12.9
Al 2p3/2 Al,O5 74.6 ND <0.1 ND

Table 5-1: XPS components of a dpb film on both GC and Au substrates. ND = Not Detected. The
B 1s peak is broad and may contain contributions from other elements such as phosphorus and
iodine.
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Figure 5-9 shows the C 1s photoelectron region for dpb deposited on both glassy carbon
and gold. The spectra appear similar with peaks observed for the aromatic carbon
(Eg =284.6 eV for GC and 284.9 eV both Au) and C-N bonds (Eg = 285.4 ¢V for GC and
286.0 eV for Au) from the dpb. The difference in binding energy between these
components is a result of dpb on Au sample being charge corrected to the Au 4f;;
(Es = 84.0 eV) photoelectron line. The peak intensities of these components were fitted to
match the concentration of nitrogen observed from the N 1s photoelectron line. In
addition to components expected from the deposition of dpb, components associated with
surface oxides and adventitious carbons are observed. These components can be
attributed to C-O (Eg = 286.4 ¢V for GC), C=0 (Eg = 287.3 eV for GC and 287.2 eV for
Au), COOH (Eg = 289.1 eV for Au) and aliphatic carbon (Eg=285.0 eV for GC and
285.3 eV for Au) from surface oxides and other adventitious material present on the

surface.

Figure 5-10 shows the N 1s XPS region spectra for dpb deposited onto both glassy carbon
and gold substrates. The spectra appear similar with two low binding energy peaks
present on both substrates. An additional peak at 401.8 eV is observed on glassy carbon
and is attributed to the presence of charged nitrogen species, N". The ratio of N to
fluorine is 3 : 1 and is greater than the 1 : 6 ratio expected from only TBAPFs alone,
suggesting that the bipyridyl ligand may be partially protonated. The low binding energy
components are attributed to bipyridyl nitrogen (Eg = 399.9 eV for GC and 400.4 eV for
Au) present in dpb and azo functionality (Eg = 399.1 eV for GC and 399.3 eV for Au)
formed from the incomplete loss of N, during the electrodeposition of the starting
material.>*?! Crucially, no peak corresponding to the positively charged nitrogen in the
diazonium functional group (Eg =406 eV) is observed, confirming that the film is not

physisorbed to the electrode surface.”**® The ratio of bipyridyl to azo nitrogen present at
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the surface is approximately 2.1 : 1 on Au and 2.9 : 1 on GC. This ratio suggests that
approximately 50 % of the dpb present on gold is bound via azo bonds with 35 % of dpb
bound to a glassy carbon substrate via azo bonding. On gold, the ratio of the bipyridyl
peak to the other components is also consistent with the stoichiometry of dpb with 50 %

of the film bound via azo bonds.

5.2.2.3. ToF-SIMS Analysis of dpb Layers

ToF-SIMS was undertaken to confirm the presence of dpb on the surface. Figure 5-11
shows both positive (a) and negative (b) ion spectra of dpb on gold with major peaks
labelled. The use of a gold substrate provides a simpler background compared to glassy
carbon. The modified gold surfaces were cleaned in acetonitrile via an overnight Soxhlet

extraction, to ensure a pristine surface free of residual electrolyte from the deposition

process.
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Figure 5-11a: Positive ion ToF-SIMS spectrum of a dpb modified surface with major relevant peaks
labelled.
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Figure 5-11b: Negative ion ToF-SIMS spectrum of a dpb modified gold surface with relevant peaks
labelled.

Many peaks associated with dpb are observed, and assigned in Tables 5-2 and 5-3. ToF-
SIMS confirms the presence of dpb on the surface with fragments associated with phenyl-
bipyridine (C1¢H12N>"), bipyridine (C1oH7N,"), pyridine (CsHsN"), and benzene (C¢Hs')
detected (see Table 5-2 for details). In many cases, fragments of the tetrafluoroborate
anion (BF4) from the original diazonium salt are present. These BF4" fragments and other
anions are observed in the ToF-SIMS spectra despite the Soxhlet extraction. This result is
in contradiction to the XPS results which did not show evidence of fluorine or boron
following Soxhlet extraction. The reason for this discrepancy lies with the detection limits
of each technique, with ToF-SIMS having a detection limit in parts per billion whilst XPS
can only detect concentrations of parts per thousand. This result suggests that the phenyl-
bipyridine surface is partially protonated with the BF,” and other anions (for example, CI’

and SO4%) acting as counterions that are electrostatically attached to the surface.
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Positive Ions

Component Gold GC
Ion Mass (m/z) Ion Mass (m/z)
Benzene C¢H;" 75.025 Ce¢Hs" 77.038
CeH," 76.026 C¢He' 78.045
CeHe" 78.046 CeH; 79.054
Pyridine CsHN' 78.035 CsHsN" 79.040
Bipyridine CioH7N," 155.063 | C1oH/N," 155.061
Phenyl-bipyridine CigH Ny 231.090 | CigHyiNy 231.090
CigHiaN," 232.104 | Ci¢HoNy' 232.103
CigHisN, " 233.116 | C1¢H 3N, 233.105
Azobenzene CeHsN," 105.053 | C¢HsN,' 105.045
Azophenylpyridine Not present C1HsN3" 182.080
Azophenylbipryridine CisH N, 260.730 | C1gHioNg' 260.116
CigH13N4" 261.173 | Ci¢HisNs" 261.115
Bipyridine C1oH/N,BF," 242.054 | C1oH/N,BF, | 242.048
tetrafluoroborate
Phenyl-bipyridine Ci6H oN,BF4 317.009 Ci¢HioN,BF," | 317.050
tetrafluroborate
Azophenylbipryidine CisHoN4BF4 333.042 CisHioN4BF, | 333.042
tetrafluroborate Ci¢HisN4BFE, |  348.088 | C;¢H;3sN4,BE, | 348.132
Substrate 107Ag" 106.906 | CjoHg" 128.056
19Ag" 108.905 | Cy4Hio" 178.061
CooHio™ 250.067
Substrate + CisH1:N>Au" 429.158 | CagHaoNy" 360.130
phenylbipyridine C30H2N, " 410.145
Substrate + CiHaN4AU" 457.036 Not clearly observed
azophenylbipyridine
Di(phenylbipyridine) CaHpNg' 462.184 | C3pHpNy' 462.144
Di(azophenylbipyridine) C3HyNg© 517.113 CsoHyNg© 517.113
C3HasNg" 520.132 | C3HxuNg" 520.132
Phenylbipyridine + C3oH oNg " 487.194 Cs,H oNg " 487.168
azophenylbipridine C3,HaoNg" 488.264 | C3HyoNg" 488.175
CsHo\Ng" 489.306 | C3HaNg" 489.183
Tri(phenylbipyridine) CysH33Ng 691.261
Di(azophenylpyridine)+ CagH33N o 749.289 Not clearly observed
phenylbipyridine

Table 5-2: Positive ion mass fragments associated with dpb deposited onto gold and glassy carbon

substrates.
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Negative lons
Component Gold GC
Ion Mass (m/z) Ion Mass (m/z)
Substrate Au 196.997 Cio 143.998
Cis 155.996
Cis 179.992
Substrate + CH,Au 222.957 Not clearly observed
phenylbipyridine CsH4AUw 248.997
CsHAU 257.924
Bipyridine C10HN2_ 148.999 C]()HNz_ 149.032
Counterions I 34967 | “Cr 34.969
er 36.964 | *'Cr 36.966
BF, 49.008 BF> 49.009
SO;5 79.954 SO5 79.964
SOH 96.955
I 126.896

Table 5-3: Negative ion mass fragments associated with dpb deposited onto gold and glassy carbon
substrates.

The presence of both gold and silver ions in the ToF-SIMS spectrum (Figure 5-11)
suggests that the layer is either thinner than the 2 nm analysis depth that ToF-SIMS
provides or is inhomogeneous with inconsistent coverage across the surface exposing the
gold substrate. This inhomogeneity may be due to damage caused by the Soxhlet process
where any loosely-bound material such as physisorbed dimers are removed. This process
would be similar to the damage caused by sonication and has been well characterised by

Shewchuk and McDermott.**

ToF-SIMS can assist in determining the nature of the bonding between dpb and the
substrate. Several fragments in both positive and negative ion spectra provide evidence of
the covalent bonding of dpb to the surface through both proposed modes of binding, these
being the gold carbide bond (Au-C) and the azo bond (Au-N=N-C). A schematic of the
binding regime of dpb to the substrate is presented in Figure 5-12. Peaks including
CsHsAu, CisHppAu™ and Ci6HjoN>Au', suggest the presence of bonding via a gold

carbide link, whereas peaks such as CsH;2N;Au” demonstrate that the layer is also bound
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to the surface via azo bonds. The presence of peaks such as CeHsN,", CiH1oNy4',

C16H3N4BF,4" further confirms the presence of azo bonding within the film.

Several high mass fragments observed in Figure 5-11, can be attributed to the presence of
dimers and trimers of dpb on the gold surface providing strong evidence for multilayer
film formation. These oligomeric fragments contain m/z ratios that indicate the presence
of both carbon-carbon bonds and azo bonds between the individual dpb moieties. For
example, the trimer, tri(phenylbipyridine), is observed with zero (CasH3Ng',
m/z = 691.260), one (C4sH31Ng", m/z = 719.261), or two (C4sH31No', m/z = 749.289) azo

groups present.

Two forms of bonding between dpb monomers can exist with the diazonium either
attacking the phenyl or bipyridyl group in the dpb molecule and are described in
Figure 5-12. ToF-SIMS shows that both bonding configurations are present within the
film. The observation of fragments corresponding to diazobenzene (CsHsN,", m/z =
132.034), diphenylazide (C;;HgN,', m/z = 180.082) and biphenyl (C;Hjo", m/z =
154.063) demonstrates bonding to the phenyl group via both azo and carbon-carbon
bonds. Fragments corresponding to azobipyridine (CjoH¢N4', m/z = 182.077) and
di(bipyridyl)benzene (CaH17N; ™ m/z = 385.146) show the bonding of the diazonium to

the bipyridyl component.
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Figure 5-12: Schematic representation of the electrodeposited dpb layer on gold showing some of the
bonding configurations detected via ToF-SIMS. Bonds of note are labelled, I, dpb to gold via carbide
bonds, I1, via azo bonds, III and IV, dpb to dpb with complete loss of nitrogen, V and VI, dpb to dpb
without loss of nitrogen.

ToF-SIMS results of dpb deposited on glassy carbon are shown in Figure 5-13, with
relevant peaks listed in Tables 5-2 and 5-3. The spectra appear similar to the dpb layer
deposited onto gold (Figure 5-11), however fragments from the glassy carbon substrate
mask the contribution from the dpb layer. As with gold, peaks associated with dpb (such
as bipyridyl and phenyl bipyridine, fragments) are observed, although often with different

amounts of dehydrogenation and as with the gold substrate, these fragments can have an
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associated counter ion (including C;oH;N,BF4", CisHoN2BF,", C;sH;oN4BE,',
Ci6H13N4BF,") again suggesting protonation of the surface. Evidence for dpb directly
bound to the surface through carbon-carbon or azo bonds is ambiguous due to the
aromatic nature of both the film and underlying substrate. This ambiguity is due to many
of the surface-bound fragments being equivalent to those associated with a multilayered
system. The direct observation of mass fragments corresponding to a multilayered system
however is possible, with peaks corresponding to the dimer di(phenylbipyridine) in its

various bonding arrangements observed (see Table 5.2).
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Figure 5-13: Positive ion ToF-SIMS spectrum of a dpb modified glassy carbon surface with relevant
peaks labelled.
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5.2.3. Attachment of Ru(bpy).Cl, to dpb Films and Subsequent
Characterisation

As described in Section 3.1.2.1, the dpb functionalised surface was reacted with
Ru(bpy),Cl, to form an ECL active electrode. After soaking the electrode in a 1 mM
solution of Ru(bpy),Cl, in ethanol/water (90:10) for 24 hrs the surface was thoroughly
rinsed and investigated using a range of electrochemical and surface characterisation
techniques to determine both the success of the complexation at the surface and the

electrode suitability for use as an ECL sensor.

5.2.3.1. Electrochemistry of Ru(bpy)2(dpb) Films

Figure 5-14 presents a CV of a dpb modified glassy carbon electrode after refluxing in
Ru(bpy),Cl, for 24 hrs. A bare electrode refluxed in the same solution is shown for
comparison. The modified electrode presents a broad reversible peak at 0.9 V which is
attributable to the Ru®"/Ru’" redox couple of the attached complex.”>™ The bare
electrode shows no redox activity in this region suggesting that the redox couple observed
on the dpb modified electrode is not due to any residual Ru(bpy),Cl, present at the
surface. The low redox potential of the Ru*"/Ru’" couple bound to the layer compared to
that of solution phase Ru(bpy)s;*" (1.32 V in acetonitrile with 0.1 M TBAPF, vs Ag/Ag")*
and other similar ruthenium diimine complexes, suggests that this electrochemistry may
be due to the formation of a ruthenium complex with only 5 nitrogens datively bound to

the metal centre (referred to as N5) as opposed to the more common 6 dative bonds (N6).

The voltammetric peaks presented in Figure 5-14 have a Gaussian shape after the
subtraction of the faradaic background, verifying that the redox couple is surface-
confined and the complex is bound to the electrode. Integration of the charge under the

background-corrected voltammetric peaks reveals that the surface coverage (I') of the
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complex on the electrode surface is 1.4 x 10" + 0.76 x 10" mol cm™ (average value
from 5 electrodes). This value is equivalent to the estimated theoretical coverage for a
close-packed monolayer for the complex (1.4 x 10"° mol cm™) and demonstrates an
effective coupling of the Ru(bpy). to the surface. This data also suggests that the

ruthenium complex interacts only with the outermost layer of dpb.
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Figure 5-14: Anodic electrochemistry of a modified dpb layer after complexation with Ru(bpy),. The
electrode was tested in acetonitrile with TBAPF (0.1 M) as electrolyte, scan rate was 100 mV s”. The
first scan is shown in blue, with subsequent scans in black. An unmodified electrode refluxed in the
same manner is shown (red) for comparison.

5.2.3.2. XPS Characterisation of Ru(bpy).(dpb) Films

The surface characteristics of Ru(bpy),(dpb) films were investigated using XPS and ToF-
SIMS to confirm the presence of the ruthenium compound at the surface. Figure 5-15
presents a XPS survey spectrum of the complexed layer. Carbon, oxygen, nitrogen,
fluorine, sulfur and chlorine were detected as with the dpb layer, and in addition,

photoelectron lines attributed to ruthenium were observed. The presence of ruthenium on
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the surface indicates successful complexation, confirming that the observed

electrochemistry (Figure 5-14) is due to the ruthenium metal centre.
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Figure 5-15: A typical XPS survey spectrum of a Ru(bpy),(dpb) layer on glassy carbon with major
photoelectron lines labelled.

The photoelectron region scans of the complexed layer provide a detailed view of the
chemical environment present at the surface and assists in determining the bonding
environment of the ruthenium. Figure 5-16 shows high resolution C 1s and N 1s
photoelectron regions of the complexed layer on a glassy carbon substrate. Table 5-4
provides atomic concentrations of the components discussed. The C 1s region is
comprised of contributions from aliphatic (Eg = 285.0 ¢V) and aromatic (Eg = 284.6 eV)
carbons, C-N (Eg = 285.6 ¢V), C-O (Eg = 286.2 ¢V), and C=0 (Eg = 288.1 ¢V) bonds.
The peak intensities of these components were fitted to match the concentration of
nitrogen observed from the N 1s photoelectron line. The C 1s region is complicated by
the presence of the Ru 3d photoelectron peak that is partially obscured by the main carbon
peak (Ru 3ds, Eg = 281.0 eV, Ru 3ds, Eg = 285.2 eV). The position of the Ru 3ds;,
photoelectron line is consistent with the ruthenium being in the 2+ oxidation state.*' Two
peaks are observed in the N 1s region with these peaks corresponding to contributions

from bipyridyl ligands (Eg = 400.4 ¢V) and the azo bonding between dpb ligands and to
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the substrate (Eg=398.8 ¢V). This peak assignment is consistent with XPS results

observed for dpb films and other diazonium systems.
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Figure 5-16: XPS region scans of the C 1s (a) and N 1s (b) photoelectron peaks in a Ru(bpy),(dpb)

film on a glassy carbon substrate.

Element Component Binding Energy Atomic | Normalised to Ru 3d
(eV) %

F 1s PFe 686.6 1.4 3.5
O 1s Oxide 532.9 7.4 18.8
N 531.6 2.9 7.2
N 1s Nopy 400.4 3.9 10.0
-N=N- 398.9 0.6 1.5
Cls -C=0 287.8 33 8.2
-C-0O 286.5 10.7 26.9
-C-N 285.7 10.5 26.6
-C-C 285.0 19.4 48.9
Aromatic carbon 284.6 37.9 95.6
Cl 2p3p2 -O-Cl 200.5 0.2 0.6
CI 198.2 0.3 0.9
S 2psn SO~ 168.9 1.1 2.7
Ru 3ds;, Ru’’ 281.4 0.4 1.0

Table 5-4: Binding energy and relative concentration of components for the complexed layer as
determined by XPS. Binding energy for Ru 3d peak is given from the 3ds, component with the 3d;,
existing at a binding energy 4.17 eV higher. Both components are included as one peak for
quantification.
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By normalising the atomic concentrations in the film to the ruthenium content present in
the film, its composition becomes more apparent (Table 5-4). From the ratio of Ru to Nypy
(1 to 13.3), it is observed that all the bipyridine present on the surface is not complexed to
ruthenium. If all ruthenium was bound, then a ratio Ru to Ny, of 1 to 6 would be
expected. This lower ratio suggests that only about 55 % of the bipyridyl groups are
complexed to ruthenium. As the complexing agent, Ru(bpy),, contains bipyridyl ligands,
it is estimated that ~22 % of the phenyl-bipyridine ligand previously deposited onto the
surface is complexed to Ru(bpy),. This figure of 22 % derived from XPS results is also in
agreement with the ratio determined from electrochemical measurements of surface

coverage which suggest that 15 % of the phenyl-bipyridine ligand is complexed with

Ru(bpy),.

Table 5-4 also shows that when compared to the dpb surface presented in Table 5-1, the
ratio of the N 1s components associated with bipyridyl and azo functionality is
significantly different to the Ru(bpy).(dpb) surface, with the Ny, to Nypy ratio, changing
from approximately 1 : 2 to 1 : 6.6. In part, this change in ratio can be accounted for by
the extra bipyridyl nitrogens associated with the binding of Ru(bpy). to the surface,
however when this is considered, a Na,, to Nypy ratio of 1 : 4 exists on the complexed

surface.

5.2.3.3. ToF-SIMS of the Complexed Layer

To assist in determining the chemical structure of the complexed film, XPS was
complemented with ToF-SIMS. Figure 5-17 displays a typical positive ion spectrum of
the complexed film on glassy carbon. The presence of dpb is observed on the surface with
peaks corresponding to phenyl-bipyridine (m/z = 232.093), and azophenylpyridine

(m/z =182.079). In addition, peaks associated with Ru(bpy),, such as the presence of
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ruthenium isotopes at m/z 96, 98-102, and 104, are present, with the corresponding
isotope pattern also observed for fragments relating to Ru(bpy)" (m/z = 255.964) and
Ru(bpy),” (m/z=414.039). Peaks such as (bipyridine + H)" (m/z = 157.070) are

associated with both dpb and Ru(bpy),.

The observation of groups of peaks with intensities characteristic of the ruthenium isotope
distribution appear at masses higher than that of Ru(bpy),, suggesting that the ruthenium
present on the surface is not exclusively associated with Ru(bpy), and is instead
complexed to the surface. The lack of evidence for any of the starting material,
Ru(bpy),Cl, (m/z = 484), or possible reaction intermediates such as Ru(bpy).(H,0),
(m/z = 450) and Ru(bpy)>(H,0)CI (m/z = 467), on the surface further suggests that all the
ruthenium observed is complexed to the surface. Peaks corresponding to the desired
compound, Ru(bpy),(dpb) (m/z = 645), are not clearly observed in either the positive or
negative ion spectra on a glassy carbon substrate. However, peaks associated with
Ru(dpb)” (m/z = 333.013), Ru(dpb+N,)" (m/z = 361.003) and CsHyNsRu',
(m/z =579.100) suggest a complexation of Ru(bpy), to the surface. The lack of peaks
associated with the Ru(bpy).(dpb) compound may suggest that the complex is in the N5
form instead of the N6 form. The existence of the N5 complex is further evidenced by
related films of Ru(bpy)s and Ru(bpy),(dpb) not showing this fragmentation pattern® (see
Chapters 4 and 6) and instead presenting a clear molecular ion. However no peaks
exclusively associated with the N5 complex, such as Ru(bpy).(dpb)Cl (m/z = 680) are

observed.
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Figure 5-17: Positive ion ToF-SIMS spectra of a Ru(bpy),(dpb) modified glassy carbon surface.

From the results of the electrochemical and surface analysis presented above the structure
of the Ru(bpy).(dpb) layer may be inferred to be similar to the structure proposed in
Figure 5-18 with a thin layer (~6 nm) of dpb ligand covered by a monolayer of
Ru(bpy).(dpb) bound in the N5 coordination as shown. The creation of the NS5
coordinated complex at the surface may be due to a steric hindrance provided by the
disordered layer of dpb created prior to reaction with Ru(bpy),. This steric hindrance may

prevent the binding of the second bipyridyl nitrogen to the metal centre.
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Glassy Carbon

Figure 5-18: Proposed structure of the complexed film, with a monolayer of Ru(bpy),(dpb) in the N5
binding configuration on top of a thicker dpb film.

5.2.3.4. Electrochemiluminescence

Figure 5-19 demonstrates the ECL response of the complexed layer when used with the
co-reactant tripropylamine (TPA) in an acetonitrile solution. It is observed that the light
emitted from the layer is coincident with the onset of the oxidation of the ruthenium
centre at < 1 V, demonstrating that the light emission is due to the reaction of TPA with
the complexed surface. The layer produces a low intensity of light emission compared to
other model systems (see Chapters 4 and 6) with a relatively high concentration of TPA
required for a detectable response. For comparison, the electrodeposited layer presented

in Chapter 6 produces approximately 150 times more light emission for the same
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experimental conditions. A direct comparison with the Nafion-based film produced in
Chapter 4 is not possible as the film dissolves in acetonitrile, however, the equivalent
aqueous system produces a maximal light intensity approximately 6 x 10" greater than the
film presented in Figure 5-19. N5 coordinated ruthenium complexes are known to possess
significantly lower photoluminescent quantum yields than the corresponding N6 species.
As ECL intensity is governed by the quantum yield, this low level of light produced may

provide further evidence for the film existing in N5 state.”
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Figure 5-19: ECL emission from the complexed layer (red), in a solution of 5 mM TPA in acetonitrile
with 0.1M TBAPF electrolyte. The layers electrochemical response is also shown (black). Scan rate
was 100 mV s™.
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5.3. Conclusions

The successful deposition of thin phenyl-bipyridine films onto gold and glassy carbon
substrates from the associated diazonium salt, para-diazonium-4"-phenyl-2,2"-bipyridine
tetrafluoroborate, has been achieved. The direct electrodeposition of the diazonium salt
can be achieved with a reduction potential of -0.65 V. In addition, this deposition can be
achieved via the mediated electrolysis of the diazonium by previously bound bipyridine at

a potential of -1.4 V.

The deposited film has been characterised by various electrochemical and surface analysis
techniques. Characterisation of the film shows that it is a multilayered structure of
approximately 6 nm in thickness which is bound with both carbon-carbon and azo bonds
between the individual dpb molecules. ToF-SIMS data shows that both bonding types
also bind the film to the underlying substrate. XPS results estimate that approximately 50

% of the dpb in the film is bound through an azo bond.

The subsequent complexation of this film using the reagent Ru(bpy),Cl, to form an ECL
active layer was partially successful. XPS and ToF-SIMS analysis confirms the binding of
Ru(bpy): to the film, though electrochemical experiments and ToF-SIMS suggest that the
complexation reaction may be incomplete with the Ru bound to 5 pyridine groups instead
of the desired 6 with the second chloride remaining coordinated to the metal. Cyclic
voltammetry demonstrates that the film is electroactive and capable of co-reactant ECL
with TPA. However, further ECL experiments show that the film is not highly responsive
to the co-reactant, emitting low levels of light compared to other films discussed in this
thesis (see Chapters 4 and 6). This low level of light emission is related to the relatively
poor oxidising power of the Ru(N)s species and to its low quantum yield. Therefore,

although the study produced some interesting insights into the behavior of diazonium
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species, the results suggest that the film is not well suited to a role as an ECL-based

Sensor.
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Chapter 6: The Electrodeposition of Ru(bpy).(apb)?* films.

6.1. Introduction

The results presented in Chapter 5 suggest that some of the problems of side products and
low surface coverage, encountered in the multi-step approach to electrode modification
with ruthenium complexes, may be overcome by adopting a more direct single step
modification strategy. During the course of the work described here, Jousselme et al. have
demonstrated the successful deposition of the diazonium derivative of the complex
Ru(bpy)a(apb)(PFs),, from organic solvent."* However, in-sifu formation and deposition
of the diazonium complex from aqueous media was not explored nor were the ECL
properties. This deposition method can provide a useful single step aqueous attachment to
electrodes in environments sensitive to organic solvents such as screen printed electrodes

and lab-on-a-chip devices.

In this chapter the creation and use of an ECL active film from Ru(bpy)z(apb)2+ is
demonstrated. The Ru(bpy)a(apb)*” layer is electrodeposited from a solution of the
hexafluorophosphate salt, via the diazotisation of the amine with nitrous acid (HNO,).
The film is subsequently characterised with electrochemical and surface analysis
techniques, including CV, XPS and ToF-SIMS. The film is assessed for its suitability as
an ECL-based sensor with the model analyte 2-(dibutylamino)ethanol (DBAE), and the

stability of the film and the mechanism of its degradation is investigated.

6.2. Results and Discussion

The synthesis and deposition methods used to create the films described in this section are

discussed in Section 3.1.2.2.



Chapter 6: The Electrodeposition of Ru(bpy).( apb)zJr films. 158

6.2.1. Layer Deposition

Glassy carbon electrodes were modified via the electrochemical reduction of a 0 °C
1.2 mM [Ru(bpy)z(apb)](PFe), solution containing 1.5 mM NaNO; and 0.5 M HCl. A
typical cyclic voltammogram obtained from the deposition is presented in Figure 6-1. The
deposition gives rise to a broad reduction wave, unlike aryl diazonium salts in organic
media where a sharp deposition peak is observed.”* In similar systems it is reported that
the reduction peak for this diazonium occurs at -0.6 V v.s. Ag/AgCl in organic media.”
However, the observed response is consistent with the reduction of the diazonium and
subsequent formation of a covalent bond with the substrate through either a carbon-
carbon or azo (-N=N-) bond as shown previously.” This cathodic current is not observed
unless NaNO, is present. After the initial scan, the current drops to background levels in
subsequent potential sweeps. The loss of the large cathodic current observed in the first
scan indicates that the electrode is largely covered during the timescale of one

voltammetric cycle.
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Figure 6-1: Deposition CV for Ru(bpy),(apb)** from a solution containing 1.5 mM NaNO, and 0.5 M
HCI, the first 6 scans are shown. The initial scan is shown in red with the second scan shown in blue,
the remainder of the scans are presented in black. The scan rate was 100 mV s™.
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6.2.2. Layer Characterisation
6.2.2.1. Electrochemical Characterisation
The cyclic voltammetric response of the electrodeposited layer of the ruthenium complex
in blank electrolyte is presented in Figure 6-2 and is compared with the response from an
electrode treated in exactly the same way with the exception of the addition of NaNO, to
the solution. A reversible redox couple centred around 1.15 V is observed and can be
attributed to the Ru®"/Ru’" couple of the deposited complex and is consistent with the
solution phase voltammetry of the complex and with electrochemistry obtained from

other immobilised forms of Ru(bpy);*".'”

Current / pA
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Figure 6-2: Electrochemical response of a GC electrode after reaction with Ru(bpy),(apb)** and
NaNO, (solid line), and with only Ru(bpy)z(apb)2+ (dashed line). Scan rate was 100 mV s™.

Figure 6-3 shows the voltammetric response for a similar layer at a range of scan rates
with the insert showing the dependence of peak current on scan rate. After background
subtraction is performed on the voltammetric peaks, a Gaussian peak shape is observed.
The absence of peak tailing and the linear dependence of peak current (see insert of
Figure 6-3) on scan rate proves that the wave observed for the Ru*"/Ru’" redox couple is

due to a surface-confined species bound to the electrode. Integration of the charge under
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the background-corrected voltammetric peaks reveals that the surface coverage (I') of the
complex is 4.8 x 107+ 2.2 x 10" mol cm™ (average value from seven electrodes). This
value is greater than the estimated theoretical coverage for a close packed monolayer for
the complex (1.4 x 10" mol cm™), indicating the presence of a multilayered system

equivalent to between two and five monolayers.
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Figure 6-3: Scan rate dependence of 3 mm diameter glassy carbon electrode modified with a layer of
Ru(bpy),(apb)** in blank electrolyte solution (0.1 M LiClO,). The insert demonstrates the linear
dependence of the Ru*/Ru** peak current on scan rate.

6.2.2.2. Surface Analysis

The nature of the bonding in the layer and the functional groups involved in bonding to
the substrate (carbon-carbon or azo-carbon bonding) were examined using XPS and ToF-
SIMS. An XPS survey spectrum of the layer is shown in Figure 6-4, with contributions
observed from fluorine, oxygen, nitrogen, carbon and ruthenium. Trace amounts of
chlorine, silicon and phosphorus are also present. The nitrogen, carbon and ruthenium can
be attributed to the attached Ru(bpy)(apb)*" with the fluorine and phosphorus present
from the hexafluorophosphate (PFs") counterion used during the deposition. The presence

of chlorine is also expected to be a counterion for the Ru(bpy)(apb)*". The silicon
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observed may be a contaminant from the purification of the complex, being present in the
form of silica, accounting for some of the oxygen present, with the remainder of the
oxygen contribution resulting from either adventitious hydrocarbons or oxidation of the

surface prior to deposition.
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Figure 6-4: XPS survey spectrum of a Ru(bpy),(apb)** layer deposited onto a glassy carbon substrate.

Typical C 1s and N 1s photoelectron region spectra for the layer are shown in Figure 6-5.
The presence of Ru(bpy)(apb)*” on the electrode surface is confirmed by the observation
of the Ru 3ds), photoelectron peak at 281.2 eV and corresponds to Ru in the 2+ oxidation
state.” The Ru 3ds, peak occurs at a binding energy 4.17 eV higher than the Ru 3ds); peak
and lies underneath the aliphatic C 1s component. Other peaks observed in the C 1s
region of both films include C-N (Egz = 286.0 eV), aromatic and aliphatic carbon
(Eg =284.6 and 285.0 eV respectively), C=0 (Eg = 289.6 ¢V), C-O (Eg = 287.6 e¢V) and
a n—mn* shake up peak (Eg = 289.6 eV). These peak assignments are consistent with those

previously reported.g’9
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Figure 6-5: XPS region spectra for the C 1s (a) and N 1s (b) photoelectron regions of the

Ru(bpy)(apb)** film.
Element Component Binding Energy (eV) | Atomic % Normalised
to Ru 3d

F 1s PF¢ 686.4 4.3 6.6

O1s Oxides 532.2 8.1 12.5

N 1s Namine/bpy 400.3 4.3 6.7
-N=N- 399.0 1.5 2.1

Cl1s n—n* Satellite 292.5 1.3 2.1
-C=0 287.6 0.9 1.4
-C-0 286.6 4.6 7.1
-C-N 285.9 13.2 20.3
-C-C- 285.0 7.6 11.7
Aromatic carbon 284.6 52.3 80.6

Cl 2ps;2 CI 198.2 0.1 0.2

S 2psn SO~ 167.6 0.2 0.2

P 2p;), PF¢ 137.0 0.4 0.6

Si 2p Si0O, 103.0 0.5 0.8

Ru3ds, |Ru” 281.2 0.7 1.0

Table 6-1: Binding energy and relative concentration of components for the Ru (bpy),(apb) ** film as
determined by XPS. Binding energy for Ru 3d peak is given from the 3ds, component with the 3d;,
existing at a binding energy 4.17 eV higher. Both components are included as one peak for
quantification.
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Two peaks at 399.0 and 400.3 eV are observed in the N s region spectrum (Figure 6-5b).
The peak at higher binding energy (400.3 eV) can be attributed to the pyridyl nitrogen
present in the complex.”'® No peak corresponding to the positively charged nitrogen in
the diazonium functional group (Eg = 406 eV) is observed, confirming that the film is not

11,12

physisorbed to the electrode surface. In previous XPS studies of diazonium derived

films, the peak at 399.0 eV has often been discounted or ignored as a by-product of the

14 However, as first suggested by Belanger,

reaction or possible surface contamination.
this peak is due to the formation of azo (R-N=N-R) bonds in the layer. Recently it has
been shown by Doppelt, et. al. that through the use of ToF-SIMS and IR spectroscopy
that this is the case for a range of aryl diazonium salts."”> Doppelt suggested that the
formation of the azo bonds on a multi-layered system is related to the steric crowding of
the layer. As such, a large complex such as Ru(bpy),(apb)*" would encourage the
formation of azo bonds in the system under study here. The ratio of Ru to Ny, atoms

observed via XPS is 1 to 2 suggesting that through the analysis depth probed by XPS

(5-10 nm), the layer is exclusively bound via the azo functionality.

ToF-SIMS was undertaken to further investigate the bonding within the layer. Figure 6-6
shows a typical positive ion ToF-SIMS mass spectrum for a layer electrodeposited from a
Ru(bpy)(apb)*" solution, with a selection of relevant mass fragments listed in Table 6-2.
A number of peaks associated with the deposited complex Ru(ph-bpy)(bpy),, where
ph-bpy is 4-phenyl-2,2"-bipyridyl, are present, with the compound fragmenting most
typically through the loss of a ligand from the complex, resulting in groups of peaks
associated with Ru(bpy).(ph-bpy), Ru(bpy)., Ru(ph-bpy)(bpy), Ru(ph-bpy) and Ru(bpy)
fragments. These broad peak groupings are attributed to the multiple stable isotopes of Ru
present in the sample. Significantly, no peaks exclusively associated with the starting

material Ru(bpy)(apb)’” are observed in the spectra. In contrast to the positive ion
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spectrum, the negative ion mass spectrum for the layer provides little discernible
information regarding the structure of the layer with the most notable peak present

associated with the counter-ion used (PFy).
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Figure 6-6: Positive ion ToF-SIMS spectrum of the deposited Ru(bpy),(apb)** film.
m/z Ion fragment m/z Ion fragment
101.908 | "“Ru” 260.122 [(ph-bpy)-N=NT"
105.048 | C¢Hs-N=N" 308.116 [(CeHy)2-bpy]”
153.062 | C¢Hs-C4H," 331.992 [Ru(ph-bpy)]”
157.076 | [bpy+1H]" 411.995 [Ru(bpy),-2H]"
180.949 | C¢H4-N=N-C¢H," 483.985 [Ru(bpy)(ph-bpy)-4H]"
230.087 | [ph-bpy-1H]" 641.049 [Ru(bpy)a(ph-bpy)-2H]"
256.974 | [Ru(bpy)-1H]" 144.965 PF¢

Table 6-2: Relevant ToF-SIMS peaks from Figure 6-6. The most common ruthenium isotope, '"’Ru is
used where no mass number is listed.

ToF-SIMS provides further evidence for the nature of the bonding between molecules of
Ru(bpy)z(apb)2+ and between Ru(bpy)z(apb)zJr and the substrate. Peaks associated with
the azo functionality are present, including fragment ions such as C¢Hs-N,™ and

ph-bpy-N,", confirming the azo bonding suggested by XPS analysis in this study and the
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previous work of Doppelt."> Other fragments such as C¢Hs-N=N-CsH,4" can be associated
with the azo bonding to both the substrate and other ruthenium complexes within the film.
Further investigation of the spectra reveals the presence of peaks that can be attributed to
carbon-carbon bonding between complexes and the substrate. These fragments include
CeHs-C¢Hy ", (C¢Hy)a-bpy ™ and (ph-bpy)," confirming both modes of bonding in the layer.
Because of the aromatic nature of the glassy carbon substrate, it is difficult to discriminate
the bonding between monomers and bonding between monomer and substrate, with many
of the fragments related to the intermonomer binding also consistent with fragments from

either the substrate or the complex.

A long ToF-SIMS cycle time (150 us) was employed to generate mass spectra with a
mass range of about 3000 m/z in an attempt to detect oligomers of the complex at the
surface. The presence of oligomers can be interpreted as consistent with a multilayered
system. While no oligomers were observed, it is possible that these larger fragments are

not produced in sufficient quantities to allow for detection via ToF-SIMS.

6.2.3. Electrochemiluminescence

The ECL activity of the attached Ru(bpy),(apb)*” was investigated using the co-reactant
DBAE as a model analyte. As shown in Figure 6-7, the electrochemical response features
a broad peak at about 0.8 V due to the direct oxidation of DBAE. The voltammetric

23* redox couple is somewhat ill-defined compared to Figure 6-2

response for the Ru
because of the presence of the co-reactant. However, the ECL signal shows a large
increase at precisely the potential corresponding to the oxidation of the Ru®’. This
indicates that the ECL mechanisms previously suggested for Ru(bpy)s*" in the presence of

. . . . . . 16.1
tertiary amines, as given below, are also applicable in this case.'®!
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Ru(bpy)s”" — ¢ — Ru(bpy)s** (6.1)
DBAE — ¢ — DBAE™ — DBAE + H" (6.2)
Ru(bpy)s’" + DBAE’ — [Ru(bpy):*']" + products  (6.3)

[Ru(bpy)s*'] — Ru(bpy)s™" + hv (6.4)

The slight increase in ECL signal at ~0.7 V prior to the main peak may be due to traces of
the Ru(N)s complex in the layer produced by photolysis or as a side product during
synthesis. The absence of a corresponding peak in the voltammogram (Figure 6-2)
highlights the sensitivity of the ECL signal compared with the electrochemical signal. The
ECL response of the modified electrode to varying concentrations of DBAE is presented
in Figure 6-8. The layer is highly sensitive to the coreactant, achieving a low limit of
detection 10 nM, and has a linear response to DBAE between concentrations of 10 and
10 M (R* = 0.99). These results show that this system is among the best to be reported to
date in terms of sensitivity compared with previous work on ECL from modified

18
electrodes.
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Figure 6-7: A CV showing the ECL activity (solid line) of the layer with a 10 pM solution of
DBAE in 0.1 M LiClO,. The onset of light emission (dashed line) is co-incident with the
oxidation potential of the ruthenium complex which is masked by the oxidation of the DBAE.
Scan rate was 100 mV s™.
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Figure 6-8: Dependence of ECL intensity on the concentration of the model analyte DBAE for a layer
of Ru(bpy):(apb)** deposited on GC. The error bars represent the maximum difference in response
for three measurements.
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6.2.4. Stability

Stability is a recurring issue with modified electrodes used for ECL-based sensing, chiefly
because of the strongly oxidising conditions required to produce light emission. In order
to investigate the long term stability of this layer, a series of CV experiments were run
over a number of hours (1000 scans at 100 mV s between 0.5 and 1.25 V) to expose the
film to the maximum oxidative stress possible in a period of use, with the resulting
Ru*’/Ru’” peak current shown in Figure 6-9. As the light emission from the film is
dependent on the number of electrochemically active ruthenium centres present, this
cycling can be used as a simple measure of the films performance over time. The data in
Figure 6-9 shows an initial sharp degradation of the film which was followed by a gradual
decrease in the peak current. Over the analysis period of 1000 scans (5 hrs) the film
degraded to 90 % of the initial value. This degradation in performance is likely to be due
to the removal of any complex that is physisorbed or trapped in the covalently bound
film." The ECL signal from the layer after this period was also within 15 % of the initial
value, demonstrating that any physisorbed material does not contribute significantly to the
light emission. It should be noted that the stringent conditions under which the stability
of the layer was tested (5 hrs of continuous cycling to potentials > 1 V) were chosen in
order to emphasise the high level of stability of the system. The stress imposed on the
layer under these conditions significantly exceeds that which would be expected in any

normal period of use in a sensing context.
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Figure 6-9: Stability of Ru(bpy),(apb)’* film to continuous voltammetric cycling in 0.1 M LiClO,
between 0.5 and 1.3 V at a scan rate of 100mV/s. The graph shows the change in the peak oxidation
current (i ,,) over time.

It has been suggested the reduction in peak current in Ru(bpy)s>" containing solid state
devices is caused by either the removal of ruthenium redox sites from the surface,'’

2021
d,™

possibly through the cleaving of the azo bon or its degradation into

. S 2224
electrochemically inactive forms.

To assist in determining the mechanism for ageing,
XPS was conducted on samples before and after electrochemical degradation for a period
of 5 hrs corresponding to a 10 % decrease in peak current. Figure 6-10 shows the C 1s
and N 1s photoelectron regions before and after electrochemical degradation with Table
6-3 presenting the change in concentration and binding energy of each chemical species
before and after the degradation. Unlike other XPS analyses discussed in this thesis, data

in Table 6-3 cannot be presented effectively as normalised to the atomic concentration of

ruthenium as the concentration of ruthenium could then not be described.
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Figure 6-10: XPS spectra of C 1s and N 1s photoelectron regions before (images a and c¢) and after
(images b and d) electrochemical cycling.
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Element Component Before After
BE (eV) Atom % BE (eV) Atom %
F 1s PF¢ 686.4 0.9 N/A N/A
O1s Oxides 532.2 18.9 532.2 25.8
N 1s Nppy 400.2 2.9 400.2 2.8
—N=N- 399.1 0.8 399.0 0.6
Cls -COOH ND ND 289.2 1.4
-C=0 288.2 33 287.9 4.5
-C-O 286.5 6.0 286.4 9.1
-C-N 285.7 8.6 285.6 8.0
-C-C 285.0 14.2 285.0 6.1
Aromatic carbon 284.6 441 284.6 40.5
CIO5 ND ND 200.3 0.5
Cr ND ND 197.8 0.2
Ru 3ds; | Ru™ 281.3 0.3 281.1 0.2

Table 6-3: Comparison of XPS components of Ru(bpy),(apb)*" film before and after electrochemical
ageing in 0.1 M LiClO,. ND = Not Detected.

Table 6-3 shows that several changes occur with the ageing of the layer, with a large
increase in oxygen concentration and corresponding decreases in ruthenium and nitrogen
observed. The decrease in ruthenium concentration suggests the removal of
Ru(bpy)a(apb)*" from the surface, which is further suggested by the decrease in the Ny
component. The partial decrease in the N,,, concentration may be due to the removal of
ruthenium from the surface in the form of physisorbed dimers of Ru(bpy),(apb)*" bound
by an azo bridge as suggested previously.'’ The increase in oxygen functionalisation can
be attributed to the exposure of the modified electrode to highly oxidising potentials
during electrochemical cycling. These high potentials can result in the degradation of the
electrolyte, LiClO4, increasing oxygen functionalisation at the surface. After
electrochemical cycling, multiple chlorine species are observed at the surface, providing
evidence for this mode of action. In comparison, a layer that was only stored in 0.1 M
LiClO; over the same time period did not undergo any reduction in ruthenium
concentration, with minimal increase in oxygen functionalisation and associated

degradation of the perchlorate electrolyte ([ClO4] : [C1O57] + [C]'] = 5.4 : 1 for the control

film c.f. 0.4 : 1 for electrochemically cycled film).
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6.3. Conclusions

The in-situ formation of the diazonium salt of Ru(bpy).(apb)*" prior to its subsequent
attachment to an electrode in aqueous media has been shown to be effective in producing
stable highly responsive films for use in an ECL-based sensor. This strategy leads to
highly stable, covalently-bound layers which will not desorb or degrade at the moderately
high positive potentials required to oxidise the ruthenium complexes in the ECL cycle.
Instability of, for example, thiol based monolayers on gold has been an obstacle to the
creation of ECL active layers suitable for real-world sensing applications. The
electrochemistry of the system is consistent with a surface-confined species with a surface
coverage equivalent to up to 5 monolayers. Surface characterisation of the film correlates
well to electrochemical measurements and suggests that the deposited multilayered film is

attached to the surface almost exclusively via azo bonding.

The layer provides excellent ECL detection limits for the model analyte DBAE with a
low limit of detection of 10 nM while providing a linear response over 4 orders of
magnitude (10® M to 10 M). This performance may be related to the multilayer nature
of the film with a large proportion of the ruthenium centres effectively isolated from
quenching by the electrode surface. The film is also shown to be highly stable for
example, the current response from the layer only decreases by < 10 % after redox
cycling in supporting electrolyte for 5 hrs. This aqueous-based deposition method of an
ECL active complex and the resulting film provides an excellent opportunity for the

synthesis of sensitive and stable ECL-based sensors.
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Chapter 7: The Spontaneous Deposition of
Ru(bpy)z(apb)** Films

7.1. Introduction

Diazonium salts have recently been reported to undergo binding to a substrate without the
application of a potential.'® This deposition method provides opportunities for the
creation of both electrochemiluminescent (ECL) and chemiluminescent (CL) based
sensing interfaces, allowing for relatively facile attachment. The simplification in the
deposition step is attractive for a number of reasons, not least because it is expected to
significantly reduce sensor manufacturing costs. In addition, the spontaneous deposition
of diazoniums extends the applicability of the approach allowing for attachment to
electrically isolated substrates as encountered with the fabrication of micropatterned

surfaces and some CL based sensors.

In this chapter the deposition of an ECL active film of Ru(bpy).(apb)*" via the
spontaneous deposition of the diazonium salt from acidic media is demonstrated. The film
is subsequently characterised with electrochemical and surface analysis techniques,
including CV, XPS and ToF-SIMS. The creation of micropatterned layers of
Ru(bpy)z(apb)2+ is demonstrated and assessed via AFM. This chapter is deliberately
limited in its scope with the objective of demonstrating a proof-of-concept for the

development of sensing devices via spontaneously deposited diazonium films.
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7.2. Spontaneous Deposition of Ru(bpy).(apb)** onto
Glassy Carbon

Glassy carbon electrodes were modified by the immersion of the electrode in a room
temperature solution containing 1.2 mM Ru(bpy).(apb)*", 1.5 mM NaNO, and
0.5 M HCI. Electrodes were immersed in the solution in darkness for a period of up to
2 hrs. The open circuit potential (OCP) of the electrode was measured relative to an
Ag/AgCl reference electrode to monitor the deposition. The OCP is a function of the
change in surface charge and as such can be successfully used to probe changes at the
electrode solution interface resulting from deposition and other phenomena. Previous
studies have shown this technique to be potentially suitable for the monitoring of the
spontaneous deposition of diazonium cations in acetonitrile.' Figure 7-1 demonstrates the
change in OCP at the electrode surface while immersed in the aqueous deposition
solution. As the deposition progresses a small constant decrease of 15 mV is observed

over the measured period.
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Figure 7-1: Measurement of Open Circuit Potential during the spontaneous deposition of
Ru(bpy),(apb)** from a 0.5 M HCl solution containing 1.5 mM NaNO,.
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This constant decrease in potential is in contrast to the behaviour observed for
nitrobenzenediazonium cations in acetonitrile at a gold electrode.' Downard et al. having
previously observed the accumulation of positive charge and then subsequent discharging
of the gold surface while exposed to nitrobenzenediazonium. This behaviour was
tentatively attributed to the gold surface mediating electron transfer between adventitious
impurities in the reaction solution and the diazonium cation, resulting in film formation.'
In Figure 7-1 however, no accumulation of positive charge is observed with only a small
constant reduction in OCP measured. This constant change in surface potential suggests
that the insulating effect of the deposited diazonium limiting film formation' are not
applicable in this system, with the results presented below suggesting multilayered film
formation is possible. Furthermore, the differences in OCP measurements between
aqueous and aprotic media may be due to the changes in experimental conditions
(acetonitrile and Au substrate compared with aqueous solution. and GC substrate)

required to measure the OCP for a diazonium cation generated in-situ.

Figure 7-2 presents a CV of the resulting electrode in blank electrolyte after deposition
confirming the attachment of Ru(bpy),(apb)*" to the electrode. An oxidation peak at 1.1 V
is observed and is representative of the Ru*"/Ru’" redox couple. This oxidation peak is
consistent with observations from the electrodeposited layer formed from the same
compound (Chapter 6).” After background subtraction is performed on the voltammetric
peak, a Gaussian peak shape is observed. The absence of peak tailing and the linear
dependence of peak current on scan rate proves that the wave observed for the Ru*"/Ru’"
redox couple is due to a surface-confined species and is bound to the electrode. The redox
couple is stable and is maintained even after rinsing in 0.5 M HCI, suggesting the surface

confinement is not exclusively caused by any physisorbed material but is instead due to a
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covalent attachment. The integration of the charge under the background corrected
voltammetric peaks reveals that the surface coverage (I') of the complex on the electrode
surface is 2.7 x 107°+ 0.98 x 10™'° mol cm™ (average value from 8 electrodes). This value
is greater than the estimated theoretical coverage for a close packed monolayer for the
complex (1.4 x 10" mol ecm™) indicating the presence of a multilayered system
equivalent to 1.9 £ 0.7 monolayers. These results show that the spontaneously deposited
film results in a thinner film than the equivalent electrodeposited version (average

thickness of 3.4 monolayers).
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Figure 7-2: Electrochemical response of a GC electrode in 0.1 M LiClO, after immersion in a solution
containing Ru(bpy),(apb)** and NaNO, for a period of 2 hours. Scan rate was 100 mV s™.

7.2.1. Surface Analysis

The spontaneously deposited film was analysed with XPS to investigate bonding of
Ru(bpy),(apb)** to the electrode. Figure 7-3 presents high resolution C 1s and N 1s
photoelectron spectra of the spontaneously deposited Ru(bpy),(apb)*” film. The relative

atomic concentrations of each chemical environment within the film are described in
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Table 7-1. The presence of Ru(bpy),(apb)*" on the electrode surface is confirmed by the
observation of the Ru 3ds,; photoelectron peak at 281.3 eV and corresponds to Ru in the
2+ oxidation state.® The Ru 3ds; peak occurs at a binding energy 4.17 eV higher than the
Ru 3ds/; peak and lies underneath the aliphatic C 1s component. Other peaks assigned in
the C Is region of both films include aromatic and aliphatic carbon (Eg = 284.6 and
285.0 eV respectively), C-N (Eg =285.5¢V), C-O (Eg = 286.0 e¢V), C=0 (Eg = 286.6
eV). The peak intensities of these components were fitted to match the concentrations of
nitrogen and oxygen observed from the N 1s and O 1s photoelectron lines respectively.

These peak assignments are consistent with those previously reported.”"
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Figure 7-3: XPS spectra of C 1s (a) and N 1s (b) photoelectron regions for the spontaneously
deposited Ru(bpy),(apb)** film.
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Element Component Binding Energy (eV) Atomic % Normalised
to Ru 3d
O 1s Oxides 532.5 11.0 68.2
N 1s Nbpy 400.5 1.8 11.5
-N=N- 399.0 0.3 2.0
Cls -C=0 286.6 4.0 24.9
-C-O 286.0 4.2 26.0
-C-N 285.5 7.1 439
-C-C 285.0 10.0 62.0
Aromatic carbon 284.6 60.7 376.8
Cl 2p3n -0-Cl 200.3 0.3 1.8
Cr 198.2 0.2 1.2
S 2psn SO~ 167.7 0.4 2.3
Ru3ds, |Ru™” 281.3 0.2 1.0

Table 7-1: Binding energy and relative concentration of components for the Ru(bpy),(apb)** film as
determined by XPS. Binding energy for Ru 3d peak is given from the 3ds, component with the 3d;,
existing at a binding energy 4.17 eV higher. Both components are included as one peak for
quantification.

Two peaks at 399.0 and 400.5 eV are observed in the N 1s region spectrum (Figure 7-3b).
As discussed in previous chapters, the peak at higher binding energy (400.5 eV) can be
attributed to the pyridyl nitrogen present in the complex,'"'> while the peak at 399.0 eV is
associated with azo bonding."” Importantly, no peak corresponding to the positively
charged nitrogen in the diazonium functional group (Eg = 406 eV) is observed,

114 The ratio of Ru to

confirming that the film is not physisorbed to the electrode surface.
Naz atoms observed via XPS is 1 to 2 suggesting that the layer is exclusively bound
through the azo functionality. The ratio of Ru to N,y at the surface is 1 to 11.5 which is in
excess to that expected from the deposited complex. This excess nitrogen may be a
contribution from the underlying glassy carbon substrate. When contributions expected
from Ru(bpy)z(apb)2+ are subtracted, a Nppy concentration of 0.8 atom % is obtained. In

comparison the concentration of nitrogen observed at a pristine glassy carbon surface was

0.7 atom % (Section 5.2.2.2.).
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In comparison to the electrodeposited film (Chapter 6) the XPS results show a decrease in
both ruthenium and N,,, concentration (0.7 to 0.2 atom % for Ru and 2.5 to 0.3 atom %
for Na,). This reduction in overall ruthenium concentration is consistent with
electrochemical results that suggest a lower surface coverage (4.8 x 10™"° mol cm™ for the

electrodeposited film c.f. 2.7 x 10" mol cm™ for the spontaneously deposited film).

ToF-SIMS was undertaken to further assess the binding of the deposited layer. The
resulting positive mass spectrum is presented in Figure 7-4, with a list of the relevant
mass fragments presented in Table 7-2. A number of peaks associated with
Ru(bpy)z(apb)2+ are detected, with the compound fragmenting most typically through the
loss of a ligand from the complex, resulting in groups of peaks associated with
Ru(bpy)a(ph-bpy)” (m/z = 638), Ru(bpy),” (m/z = 412), Ru (bpy)(ph-bpy)” (m/z = 485),

Ru(ph-bpy)" (m/z = 332) and Ru(bpy)" (m/z = 257) fragments.

Figure 7-4 also confirms the bonding of the complex to the substrate with no residual
amine detected. As with the electrodeposited species, peaks corresponding to
Ru(bpy)2(apb)*" bound within the layer and to the substrate via both carbon-carbon bonds
and azo bonds are observed (Table 7-2). Due to the aromatic nature of the glassy carbon
substrate it is difficult to distinguish between bonding linking individual complexes and
bonding of complex to substrate, with peaks including; CsHs-C¢Hy™ (m/z = 153),
C¢Hs-N=N-C¢H," (m/z = 181), Ru(ph-bpy),” (m/z = 564) and Ru(ph-bpy),N,"
(m/z=592) being attributable to binding to substrate and between complexes. The
presence of several fragments containing two ruthenium centres provides evidence for the
formation of a multilayered film structure. Peaks including Ruy(bpy)(ph-bpy)"

(m/z = 590) and Ruy(ph-bpy)," (m/z = 666) provide direct evidence for carbon-carbon
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bonding between ruthenium centres. Equivalent binding arrangements for the azo

functionality are inferred through the observation of peaks relating to Rux(bpy)(ph-

bpy)N>" (m/z = 620) and Ruy(bpy)(ph-bpy)N" (m/z = 606) mass fragments.
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Figure 7-4: ToF-SIMS spectrum of a spontaneously deposited Ru(bpy),(apb)** film onto a glassy
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102.908 "Ry’ 412.026 | Ru(bpy),"
105.048 C¢Hs-N=N" 485.980 Ru(bpy)(ph-bpy)"
153.057 Ce¢Hs-CeHy" 641.106 [Ru(bpy)»(ph-bpy)-2H]"
157.077 [bpy+H]" 564.060 Ru(ph-bpy), "
181.072 C¢Hs-N=N-C¢H," 590.068 Ru,(bpy)(ph-bpy)"
231.101 [ph-bpy]” 591.987 Ru(ph-bpy),N,
256.967 [Ru(bpy)-1H]" 606.107 Ru,(bpy)(ph-bpy)N"
259.124 [(ph-bpy)-N=NT" 619.970 Ru,(bpy)(ph-bpy)N, "
333.004 Ru(ph-bpy)" 664.982 [Ruy(ph-bpy),-1H]
361.002 [Ru(ph-bpy)-N=NT" 144.971 PFy

Table 7-2: Relevant mass fragments from the ToF-SIMS spectrum presented in Figure 7-4. The most

common ruthenium isotope, '"’Ru is used where no mass number is listed.
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7.2.2. ECL Response

The ECL activity of the spontaneously attached Ru(bpy).(apb)*” was investigated using
the co-reactant 2-dibutylaminoethanol (DBAE). Figure 7-5 shows the electrochemical
response of the film and resultant light emission in a solution containing 100 uM DBAE.
The oxidation of Ru®" to Ru’" is observed at a potential of 1.0 V. The diminished peak
current observed for the Ru®" reduction in the scan suggests that the Ru’" is being
chemically reduced. The increase in light emission observed in Figure 7-5 corresponds to
the oxidation potential of the immobilised ruthenium complex observed in Figure 7-2
with light emission peaking at potential of ~1.10 V. The co-incident emission of light at
the Ru*"/Ru’" redox couple suggests that the ECL mechanisms previously suggested for

Ru(bpy);”" are also applicable in this case (Section 6.2.3).”"

The films response to
various concentrations of DBAE is presented in Figure 7-6. The layer is reasonably
sensitive to the model analyte achieving a limit of detection 10 M. The layer has a linear
response to DBAE between concentrations of 10 and 10> M. The reduced response of
the spontaneously deposited film when compared to the electrodeposited film (linear
range between 10™ and 10* M) may be due to the lower surface coverage of the

spontaneously deposited film, reducing the number of reaction centres available to emit

light.
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Figure 7-5: A CV (solid line) showing the ECL activity of the layer with a 100 pM solution of DBAE
in 0.1M phosphate buffer solution (pH = 7.5). The onset of light emission (dashed line) is co-incident
with the oxidation potential of the ruthenium complex. Scan rate was 100 mV s™.
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Figure 7-6: Dependence of ECL intensity on the concentration of DBAE for a spontaneously
deposited layer of Ru(bpy),(apb)** on a GC electrode. The error bars represent the maximum
difference in response for three measurements.
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7.2.3. Stability

The stability of the film was assessed using the constant cycling method described in
Chapters 4 and 6. This method provides a film with a high level of oxidative stress over a
short period of time, hastening any degradation processes. Figure 7-7 shows the change in
the peak Ru?/Ru’" oxidation current of the film with respect to time (2000 scans at
100 mV s™ between a potential of 0.5 V and 1.25 V in 0.1 M LiClOy). As with the
electrodeposited layer presented in Chapter 6, there is a gradual decrease in peak current
over the course of several hours. The layer starts to plateau at ~ 35 % of the initial peak
current after 150 minutes (2.5 hrs, 600 scans) before a slow degradation reduces the
response of the layer to 30 % of the initial value after 500 minutes (8.3 hrs, 2000 scans).
The initial degradation phase could possibly be attributed to removal of physisorbed
material, including unbound oligomers as previously discussed in the literature."”'® This
degradation also occurs over a similar time period to the electrodeposited films described
in Chapter 6. The large decrease in peak current over this timescale (65 % decrease c.f. 10
% for the electroreduced film) suggests that a greater proportion of the film is in the form
of physisorbed oligomers as observed in similar systems.' This difference in layer make-
up may be due to a difference in the deposition kinetics between the two types of film
with the spontaneous deposition pathway having a smaller driving force. The second
slower stage of film degradation may be a result of the breakdown of the Ru(bpy)z(apb)2+

remaining at the electrode surface.
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Figure 7-7: Oxidative response over time of a spontaneously deposited Ru(bpy),(apb)** layer. Films
were continuously scanned at between 0.5 V and 1.25 V at a scan rate of 100 mV s", in 0.1 M LiClO,.

7.3. Spontaneous Deposition of Ru(bpy).(apb)** onto
Diamond Like Carbon

The spontaneous deposition of diazoniums can be used to modify patterned surfaces by
the selective deposition onto conductive regions of the surface. This deposition approach
may prove useful for the development of micro-arrays and other related sensing
technologies. To assess the suitability of this deposition method for the patterning of
surfaces, the complex was deposited onto a surface of silicon nitride micropatterned with
Diamond Like Carbon (DLC) features as shown in Figures 7-8 and 7-9. Diazoniums have
been shown to deposit on a range of conductive materials including carbon allotropes
such as doped diamond and glassy carbons. DLC is a conductive carbonaceous material
that can be deposited via electron beam irradiation in the presence of a carbon source with
well characterised and controlled properties.'” In contrast silicon nitride is a highly

insulating material with a high surface resistivity of 10" Q cm™.'® The resulting
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micropatterned surface provides an excellent platform to assess the suitability of
spontaneous deposition of ruthenium complexes for the modification of patterned

surfaces.
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Figure 7-8: AFM micrograph of the Ru(bpy),(apb)** coated DLC patterned surface (a). The average
cross section for two of the DLC squares as defined by the green lines in (a) is shown in (b) with
traces representing the surface before (black line) and after deposition of Ru(bpy)z(apb)2+ (red line).
An average height increase of 10 nm in feature size is observed after deposition.
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Figure 7-9: AFM micrograph of the DLC patterned surface after immersion in a 0.5 M HCI solution
containing NaNO, (a). The average cross section for two of the DLC squares as defined by the green
lines in (a) is shown in (b) traces representing the surface before (black line) and after immersion (red
line) in the solution. After immersion a maximal height increase of 3 nm observed.

The spontaneous deposition of Ru(bpy).(apb)*" onto the DLC patterned surface was
undertaken by immersing the pattern in a room temperature solution containing 1.2 mM
Ru(bpy)z(apb)2+, 1.5 mM NaNO; and 0.5 M HCI for a period of an hour before rinsing in
water and ethanol. Figure 7-8 shows AFM height traces of a surface after immersion in a
solution containing Ru(bpy),(apb)*". Cross sections taken before and after deposition of

Ru(bpy)z(apb)*" show an average height increase of 13 nm. In comparison, control
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samples immersed in only HCI and NaNO, show an increase in height of no more than 3
nm at the highest point (Figure 7-9). This increase in height suggests that the
Ru(bpy)(apb)*" preferentially attaches to the surface of the DLC as opposed to the silicon
nitride. A small (~4.5 nm) inhomogeneous deposition of material onto the silicon nitride
substrate is observed in Figure 7-9a. This deposition is possibly due to residual
Ru(bpy),(apb)*" precipitating out of solution upon washing of the substrate in aqueous

media.

The measured thickness of the film on DLC is larger than expected from surface coverage
measurements on glassy carbon (Section 7.2) which indicate a surface coverage
equivalent to two monolayers (close packed). From this surface coverage a height
increase of 3 nm would be expected. This large difference in film thickness may indicate
a more open and porous film morphology with the rate of reaction between diazonium
and bound diazonium being faster than that between diazonium and DLC.""* The
roughened surface of the deposited film observed in Figure 7-8 when compared to the

control (Figure 7-9) may provide further evidence for this open morphology.

7.4. Conclusions

The spontaneous deposition of the diazonium salt of Ru(bpy),(apb)*" from an aqueous
solution has been shown to be successful in the formation of an ECL active film at an
electrode. The film is sensitive to DBAE, with a limit of detection of 10° M while
providing a linear response to DBAE between concentrations of 10° and 107 M.
Electrochemical cycling experiments indicate that the film is stable with the peak current
of the Ru*"/Ru’" redox couple degrading to 35 % of the initial signal before being stable

for over 5 hrs.
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Surface characterisation of the film by XPS and ToF-SIMS demonstrates that the film is
covalently bound to the electrode via both azo and carbon-carbon bonding as is observed
with electrodeposited films. However, both XPS and electrochemical evidence suggests
less material is deposited via the spontaneous pathway than compared to the
electrodeposited attachment, with electrochemical measurements suggesting a surface
coverage of 2.7 x 10"° + 9.8 x 10™"" mol cm™, which is the equivalent of a film that is

1.9 + 0.7 monolayers thick.

The use of the diazonium attachment for selective deposition onto patterned substrates
has also been demonstrated via the spontaneous pathway. AFM measurements reveal that
Ru(bpy)2(apb)*" can be selectively deposited onto DLC structures built onto an insulating
silicon nitride substrate, with the produced coating being 13 nm thick. This selective
deposition onto electrically isolated substrates may provide simplified control for the
creation of both ECL and CL based sensing systems for a variety of online systems

including Flow Injection Analysis and lab-on-a-chip applications.
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Chapter 8: Conclusions and Future work

8.1. Concluding Remarks

The work embodied in this thesis was concerned with the development and evaluation of
modified electrode systems. Although a great variety of such systems have been explored
in the past, the literature relating to modified electrodes for electrochemiluminescent
applications is relatively sparse. The systems which have been described have been
plagued by stability issues often related to the high positive potentials required to initiate
the luminescence. The development of immoblisation methods for ECL active
compounds has often focussed on the improvement of a film’s sensitivity, producing
useful advances in the field of ECL sensors. In contrast, this thesis provides what is hoped
will be valuable insights into the best approaches to achieve stability in solid state ECL

sensors. The main findings of the thesis are summarised below.

8.1.1. Nafion/Polypyrrole composites

The use of Nafion/Polypyrrole composites for the immobilisation of Ru(bpy)s*™ was
shown to produce stable films for use in an ECL-based sensor. Surface characterisation of
the film correlated strongly with electrochemical measurements and suggested that the
PPy is distributed homogeneously within the layer. ToF-SIMS studies demonstrate that

the PPy is exclusively doped with the Nafion ionomer.

PPy was found to impede charge transport through the film when compared to a pure
Nafion film. However, this impediment to charge transport also appeared to slow the rate
of transport of Ru(bpy)s>" into the electrochemically inaccessible, hydrophobic regions of

the film, improving the stability of the film when compared to pure Nafion films. In
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aqueous solution, the Nf/Ru/PPy film was shown to be stable to electrochemical cycling
for 7 hours, a significant improvement over the pure Nafion based film. In the presence
of acetonitrile, this stability is somewhat reduced; however, the addition of acetonitrile
provides an improvement in the ECL sensitivity by an order of magnitude, resulting in the
detection of oxalate to a concentration of 1 pM and tripropylamine to a concentration of

10 nM.

8.1.2. Phenyl-bipyridine attachment and
complexation

The deposition of thin phenyl-bipyridine films onto gold and glassy carbon substrates
from the associated diazonium salt, para-diazonium-4'-phenyl-2,2"-bipyridine
tetrafluoroborate, (dpb) was demonstrated. It was shown that the direct electrodeposition
of the diazonium salt can be achieved with a reduction potential of -0.65 V. In addition,
this deposition can be achieved via the mediated electrolysis of the diazonium by

previously bound bipyridine at a potential of -1.4 V.

The deposited film was characterised by both electrochemical and surface analysis
techniques. The film is a multilayered structure of approximately 6 nm in thickness
(~12 monolayers) and is bound with both carbon-carbon and azo bonds between the
individual phenyl-bipyridine moieties. ToF-SIMS shows that both bonding types also
bind the film to the underlying substrate. XPS results estimate that approximately 50 % of

the dpb within the film is bound through an azo bond.

The complexation of this film with the reagent Ru(bpy),Cl, to form an ECL active layer

was achieved, XPS and ToF-SIMS analysis confirming the binding of Ru(bpy), to the
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surface. However, electrochemical experiments and ToF-SIMS suggest that the
complexation reaction may be incomplete with the Ru bound to 5 pyridine groups instead
of the desired 6. Cyclic voltammetry demonstrated that the film was electroactive and
capable of co-reactant ECL with tripropylamine. However, ECL experiments further
show that the film is not highly responsive to the co-reactant, emitting low levels of light
compared to other films discussed in this thesis. This low level of light emission is related
to the relatively poor oxidising power of the Ru(N)s species (E;» = 0.9 V) and to its low
quantum yield. Therefore, although the study produced some interesting insights into the
behaviour of diazonium species, the results suggest that the film is not well suited to a
role as an ECL-based sensor. Despite this, the dpb film may be of potential use in other

sensing applications such as the detection of metal ions.

8.1.3. Electrodeposition of Ru(bpy).(apb)* films

The in-situ formation of the diazonium salt of Ru(bpy),(apb)*" prior to its attachment to
an electrode in aqueous media was shown to be effective in producing stable, highly
responsive films for ECL-based sensing. This strategy lead to highly stable, covalently-
bound layers which will not desorb or degrade at the potentials required to oxidise the

ruthenium complexes in the ECL cycle.

The electrochemistry of the system was shown to be consistent with a surface-confined
species with a surface coverage equivalent of up to 5 monolayers. Surface
characterisation of the film correlates well to electrochemical measurements and suggests
that the deposited multilayered film is attached to the surface almost exclusively via azo

bonding. The layer provided excellent ECL detection limits for the model analyte DBAE
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with a low limit of detection of 10 nM while providing a linear response over 4 orders of
magnitude (10® M to 10 M). This performance may be related to the multilayer nature
of the film with a large proportion of the ruthenium centres effectively isolated from
quenching by the electrode surface. The film is also shown to be highly stable with the
current response from the layer only decreasing by < 10 % after redox cycling in

supporting electrolyte for 5 hrs.

8.1.4. The spontaneous deposition of
Ru(bpy)s(apb)* films

In contrast to the electroreduced film, the spontaneously deposited film provided a
relatively poor sensing performance, although the deposition method was very attractive
due to its simplicity. The spontaneously deposited film was sensitive to DBAE, with a
limit of detection of 10° M while providing a linear response to DBAE between
concentrations of 10” and 10 M. Electrochemical cycling experiments indicated that the
film was relatively un-stable with the peak current of the Ru*/Ru’" redox couple
degrading to 35 % of the initial signal before being stable for over 5 hrs. This degradation
may be attributed to the binding of a large number of physisorbed species at the electrode

surface.

Surface characterisation of the spontaneously deposited film by XPS and ToF-SIMS
demonstrated that the film is covalently bound to the electrode via both azo and carbon-
carbon bonding, as is observed for the electrodeposited films. However both XPS and
electrochemical evidence suggests less material is deposited through the spontaneous

pathway when compared to the electrodeposited attachment. Electrochemical
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measurements suggested a surface coverage of 2.7 x 10"+ 9.8 x 10™"" mol cm™, which is

the equivalent of a film 1.9 + 0.7 monolayers thick.

The use of the spontaneous deposition of the diazonium for selective deposition onto
substrates has also been demonstrated via the spontaneous pathway. AFM measurements
reveal that Ru(bpy)a(apb)®” can be selectively deposited onto DLC structures built onto an
insulating silicon nitride substrate with the produced coating having a thickness of 13 nm.
This selective deposition onto electrically isolated substrates may provide simplified
control for the creation of both ECL and CL based sensing systems for a variety of online

systems including FIA and lab-on-a-chip applications.

8.2. Future Work

There are several areas of research that may from extend from this study. These future
interests are varied and are discussed separately below. Briefly, they involve the
investigation of new approaches to the immobilisation methods described within the
thesis. The proposed approaches may provide further benefits to the immobilised layer
including enhanced stability and sensitivity with improved control over the layer

deposition.

1) Carbon Nanotube/Conducting Polymer Nafion blends for ECL sensing.

The mechanism of stabilisation for the Nf/Ru/PPy films described in Chapter 4 is thought
to be different to those proposed for both sol-gel and carbon-based Nafion composites. In
Nafion/polypyrrole composites it is thought that the enhanced stability arises from the
occupation of the more hydrophobic regions of the Nafion by polypyrrole preventing the

migration of the Ru(bpy);”" into these electrochemically inaccessible regions. This is in
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contrast to the stability enhancement from sol-gel and carbon based composites where it
is thought that the stronger hydrophobic interaction between Ru(bpy)s’  and the
reinforcement (sol-gel, nanotubes, etc.) discourages the migration of Ru(bpy)s*" into the

more hydrophobic regions of the Nafion."”

A Nafion composite containing both Polypyrrole and sol-gel or nanotubes may provide
further enhancements to the stability of the system by inhibiting migration of Ru(bpy)s>"
by utilising both mechanisms described above. This enhancement in film stability may in

turn improve the reliability of the resulting sensor.

2) Investigation of mediated diazonium reductions

The possibility of using an electrochemically mediated reaction to deposit the diazonium
to a surface may provide finer control over the deposition. The use of mediated reactions
may allow for additional control over both surface chemistry and morphology of the
deposited layer. A preliminary investigation of the differences in surface composition and
structure between diazonium films formed via direct and mediated reduction is currently

being undertaken at La Trobe University.

3) Optimisation of electrochemically and spontaneously deposited films for use in
FIA, HPLC and Lab-on-a-Chip applications

The films described in this thesis provide excellent opportunities for further assessment
and development as ECL detection systems. For the incorporation of these films into
detection systems for devices such as lab-on-a-chip, FIA and HPLC the layers need to be

optimised and assessed for the specific application.
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4) Investigation of Alkyl Diazonium films

Further advancements in both sensitivity and stability of ECL-active thin films may be
achieved via the replacement of aryl diazonium-based films with alkyl diazonium derived
films. The use of alkyl diazonium attachment chemistry may provide opportunities to
provide finer control of electron transfer to the luminophore and minimise quenching of

the excited state by the electrode.

However, alkyl diazoniums are generally considered highly unstable and short lived,
readily losing N, upon its formation due to the lack of stability typically provided by the
aromatic group.® This short lifetime makes alkyl diazoniums unsuitable for many
applications, though this instability may not be an issue for the attachment of conjugated
metal complexes such as those used in ECL. Alkyl aminated metal complexes may
provide enough electron withdrawal to stabilise a diazonium formed in-situ for long
enough to undergo attachment to the surface by either electrochemical reduction or

spontaneous deposition of the diazonium.
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Figure I-1: Positive (a) and negative (b) ion ToF-SIMS spectra of a Nafion layer. Relevant high
intensity mass fragments are labelled.
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intensity mass fragments are labelled.



Appendix I: Supporting Information 203

N

15

-
o
1

]

f

Current / pA
&
o
Light Intensity / A.U.

-
o
1
N

0 0.5 1 1.5
Potential / V

Figure I-3: Typical voltammetric (red) and light emission (black) response of a Nf/Ru/PPy film in
aqueous solutions containing 100 uM tripropylamine and 0.2 M Na,SO, electrolyte. The scan rate
was 10 mV s,
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Figure I-4: Dependence of ECL intensity on the concentration of the model analyte tripropylamine
for a Nf/Ru/PPy modified electrode.
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The electrodeposition of the ulectrochemllumlncm.nl (ECL) ruthenium complex, bis(2,2'-bipyridyl)(4'-(4-amino-

phenyl)- -2,2"-bipyridylruthenium(I1), [Ru(bpy)(apb)]*,

via the in situ formation of a diazonium species from aqueous

media is reported. Surface characterization undertaken using X-ray photoelectron spectroscopy (XPS) and time-of-
flight secondary ion mass spectrometry (ToF-SIMS) determined that the layer is bound to the substrate via azo bonding.
The layer displays good ECL activity and is stable over a long period of time. The excellent potential of this system for
ECL sensing applications is demonstrated using the well-known ECL coreactant 2-(dibutylamino)ethanol (DBAE) asa
model analyte, which can be detected to a level of 10 nM with a linear range between 10™* and 107 M.

Introduction

Electrochemiluminescence (ECL), the light emission which
occurs when excited state molecules are generated as a conse-
quence of electrochemical reaction, has been shown to be a power-
[ul analytical tool with a wide range ofdpp]icdlious,'_" The ECL
of tris(2.2"-bipyridyl)ruthenium(IT). [Ru(bpy)s]>". has been used
extensively for the sensitive detection of a wide variety of analytes
which have the ability to act as coreactants in the ECL reaction.
These include oxalate,” peroxydisulfate.” and a range of species con-
taining secondary and tertiary amine moieties™® which includes
many pharmaceutical compounds.

Although the coreactant is consumed in the ECL reaction, the
ECL luminophore is not.” As a result, the luminescent reagent is
constantly regenerated in the measurement cycle and can be reused
numerous times. This regeneration offers opportunities to immo-
bilize the reagent at the electrode surface, thus providing a simpli-
fied experimental design while reducing reagent requirements. A
wide range of immobilization techniques have been used to make
ECL sensors; for example, the use of self-assembled monolayers™®
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and electrostatic entrapment into Nafion™'” and related poly-
mers'" have been used previously with varying success. Nafion-
based films have significant issues with the leaching of the lumi-
nescent reagent into electrochemically inaccessible regions of the
polymer."*"? Self-assembled monolayers such as alkanethiols
suffer from instability at the relatively high potentials required for
ECL.T.H

An alternative deposition method is through the use of the
reductive electrodeposition of an aryldiazonium salt which can
provide a strong covalent bond between the reagent and the elec-
trode that is stable at the high potentials required for ECL.
Previously, diazonium-based films have Pruvcn useful ina range
of electrochemical sensors including pH. ' gas,'® inorganic.'” and
biochemical'® ”bmhm;, systems. Diazonium-based salts have
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been reported to react with a variety ol conducting and semicon-
ducting substrates™' and can be deposited via the reductive depo-
sition from a solution of the salt dissolved in organic solvent.”**

Two significant barriers to the application of this approach to
the production of real-world sensing interfaces are (1) the require-
ment for organic solvent, which precludes the modification ol
most screen printed electrodes, due to the solubility of the binders
used and (2) the instability of diazonium salts, because unstable
modification reagents add intolerable variability to the fabrica-
tion procedure. Another issue is that most sensing systems based
on diazonium attachment rely on a two-step mechanism, where
the electrode is first aminated or carboxylated using the diazo-
nium chemistry, with the sensing moiety being attached in a sub-
sequent step using more conventional coupling such as amide
bond formation.'"** This two-step approach is undesirable be-
cause it complicates and slows the electrode modification process.

Single-step modification is possible if the sensing molecule to be
attached contains a diazonium moiety. The synthesis and electro-
deposition of metal complexes containing diazonium moieties
have been recently been described by Jousselme et al., who reported
the deposition of the diazonium salt of bis(2.2'-bipyridyl)( p-amino-
4'-phenyl-2,2'-bipyridyljruthenium(1I), [Ru(bpy):(ph-bpy-N> 7)]-
[PFg)s. as well as its terpyridine analogue. from acetonitrile
solution.”>* The stated object of this work was to endow the elec-
trode with properties suitable for optoelectronic applications.

In order to avoid problems associated with the use of organic
solvent, an alternative approach is electrodeposition from aque-
ous solution following the in situ formation of a diazonium species
from the reaction between a primary arylamine and nitrous acid
in the electrochemical cell>**"** The in sit approach provides for
a simple aqueous-based method which is compatible with screen
printed electrodes making it ideal for use in many sensing and
microfluidic applications. The generation of thin films from in siru
generated diazoniums has been used previously for the creation of
antibody sensors on screen printed electrodes through the cou-
pling of 4-carboxymethanaline to the surface.'? Metal complexes
have also been deposited with the aid of in siti diazonium chemistry:
Leech et al. reported the in sife generation of a diazonium salt to
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pre-functionalize electrodes prior to coupling an aminated os-
mium complex to the surface.””*

In this work, we report a rapid and facile strategy for depositing
stable sensing layers of ECL active metal complexes such as
[Ru(bpy)s(apb)]**, where bpy is 2,2"-bipyridyl and apb is 4'-(4-
aminophenyl)-2.2"-bipyridyl. The method relies on the in situ for-
mation of the diazonium form of the metal complex shortly before
electrochemical attachment to the electrode. Therefore, the sens-
ing interface is formed rapidly in a single step from stable pre-
cursors. The resulting covalently bound layer is demonstrated to
be electrochemically stable and suitable for ECL sensing provid-
ing a wide linear range and low detection limits for several known
ECL coreactants. Apart from the case where Ru(bpy);™* was
electrostatically attached to the electrode via a benzenesulfonic
acid monolayer deposited from the diazonium salt,”" the use of
the diazonium pathway has not previously been used to create
stable ECL-based sensing interfaces. The deposition is carried out
in aqueous media, and hence it is suitable for use with the types of
clectrode materials commonly used for sensor applications such
as screen printed electrodes. Furthermore, this deposition tech-
nique should also allow for the post production modification of
electrodes in lab-on-a-chip systems, reducing the possibility of phys-
ical damage to the electrode surface and improving reliability.

Experimental Section

Reagents and Synthesis of [Ru(bpy)a(apb)]* . The ligand
p-amino-4'-phenyl-2,2'-bipyridine was synthesized by following the
procedure described by Johansson.*” Following this, a solution of
ruthenium bis(2.2’-bipyridine)dichloride (100 mg, 0.38 mmol)
and 4'-aminophenyl-2.2"-bipyridine (94 mg, 0.4 mmol) in a mix-
ture of ethanol and water (20 mL. 1:1) was heated at reflux for 5h
under a nitrogen atmosphere. Once a deep red solution had formed,
the solvent was evaporated under reduced pressure. The solid was
redissolved in Milli-Q water (20 mL), and the resulting solution
filtered through a sintered funnel; the filter cake was rinsed with
Milli-Q water (5 mL). The filtrate was treated with a saturated
aqueous solution of KPFg, which gave an orange precipitate. The
resulting solid was collected by filtration and washed with Milli-Q
water (2 x 5mL) and diethyl ether (2 x 5 mL). The orange pre-
cipitate was recrystallized from an acetone—walter mixture to give
a dark red powder and then dried under vacuum at 50 °C (0.150 g,
42%). "H NMR (300 MHz, DMSO-d,): & 5.81 (s, 2H), 6.64—6.68
(m, 3H), 7.43-7.61 (m. 8H). 7.68—7.82 (m, 7TH). 8.13 (1, 4H,
J78Hz),8.81(d.3H,J8.4Hz). 891 (s, IH),9.1 (d, IH.J8.10Hz);
ESI-MS: m/z [Ru—PF, + H"]" 806.0 (calculated: 805.7), [Ru—
2PF, + 2H7]" 663.1 (calculated: 660.74). [Ru-2PF > 330.6
(calculated: 330.37).

All other chemicals were purchased from Sigma-Aldrich Pty.
Ltd., Australia, and were of reagent grade or better and used
without further purification. For aqueous solutions and aqueous
rinses, Milli-Q water (resistivity = 17.9 MQ cm) was used.

Electrode Modification. Prior to deposition, all electrodes
were polished with alumina abrasives (0.3 gm and then 0.05 gm
particle size). Layers were deposited from a cold (0°C) 0.5 M HCI
solution containing 1.2 mM [Ru(bpy)»(apb)]>* and 1.5 mM NaNO,
which was allowed to react for at least 2 min prior to electrochem-
ical deposition. The electrochemical cell was kept in ice prior to
and during the deposition. Solutions were used for up to 10
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depositions in succession. Films were deposited by performing six
sequential potential scans between 0.5 and —0.7 V vs Ag/AgCl at
100 mV/s.

Apparatus. Electrochemical experiments were carried out using
ap-Autolab Type I (Eco Chemie. The Netherlands) potentiostat/
galvanostat. The working electrode was a 3 mm diameter glassy
carbon disk electrode embedded in a 6 mm diameter PTFE body
(CH Instruments, USA). A platinum wire counter electrode and a
Ag/AgCl (3 M KCI) reference electrode were employed. For
surface characterization, films were prepared on 15 mm diameter
SIGRADUR G glassy carbon disks (HWT, Germany). Unless
otherwise stated, all electrochemical experiments on the depos-
ited films were conducted in 0.1 M LiCIO; solution.

ECL experiments were conducted in a quartz bottomed glass
celland holder, designed for reproducible positioning of the work-
ing electrode with respect to the photodetector, Light emission
was detected using a photomultiplier tube (PMT) (98288B, Electron
Tubes, UK) biased at +500 V positioned under the cell. The out-
put signal was amplified using a transimpedance amplifier (D7280,
Ames Photonics) and acquired using the auxiliary channel of the
potentiostat with the GPES software package (Eco Chemie). ECL
experiments were conducted in a custom-made light-tight Fara-
day cage.

X-ray photoelectron spectroscopy (XPS) experiments were con-
ducted using an Axis Ultra DLD spectrometer (Kratos Analyt-
ical, UK). A monochromatized Al Ko X-ray source (hv =
1486.6 ¢V) was operated at 150 W. The analysis area was 700 gm
by 300 gem. High-resolution region spectra were collected using a
20 eV pass energy. The spectrometer energy scale was calibrated
using the Au 4f;; photoelectron peak at Eg = 83.98 eV. Surface
charge neutralization was utilized to improve resolution. Spectra
were charge corrected using a reference value of 284.6 eV for the
aromatic peak in the C Is spectra.™ Spectra were quantified using
the CasaXPS software program (version 2.3.10, Casa Software
Ltd. (UK)). Relative atomic concentrations were determined by
applying the associated peak sensitivity factor, afier background
subtraction (Shirley background shape) and the fitting of Gauss-
ian (70%)/ Lorentzian (30%) component peaks.™*~*® Atomic con-
centration uncertainties for all fitted spectra were estimated to be
+10% of the measured value.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
was performed using a ToF-SIMS IV instrument (lon-ToF GmbH,
Germany). A Bi;" ion source was operated at 25 keV witha 150 us
cycle time, resulting in a current of 0.5 pA at the sample surface.
The analysis time was 100 s, The analysis area was 100 gm = 100 gm.
The primary ion dose density was at all times below the static
SIMS limit of 10'* ions em ™2,

Results

Layer Deposition. Glassy carbon electrodes where modified
via the electrochemical reduction of a 1.2 mM Ru(bpy).(apb)
solution containing 1.5 mM NaNO- and 0.5 M HCl. A typical
cyclic voltammogram obtained from the deposition is presented
in Figure 1. The deposition gives rise to a broad reduction wave,
unlike the case with aryldiazonium salts in organic media, where a
sharp deposition peak is observed.' ™7 Similar systems report that
the reduction peak for this diazonium occurs at —0.6 V vs Ag/AgCl
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Figure 1. Cyclic voltammetric deposition of [Ru(bpy)s(apb)]’*
ontoa 3 mm diameter glassy carbon (GC) electrode from a solution
containing 1.5 mM NaNO; and 0.5 M HCI. The first six scans are
shown. Scan rate was 100 mV/s.

in organic media.”® However, the observed response is consistent
with the reduction of the diazonium and subsequent formation of
a covalent bond with the substrate through either a carbon—carbon
or azo (—N=N-) bond as shown previously.”® This cathodic cur-
rent is only observed if HNO, is present. After the initial scan the
current drops to background levels in subsequent potential sweeps.
The loss of the large cathodic current observed in the first scan
indicates that the electrode is largely covered on the time scale of
one voltammetric cycle.

Electrochemical Characterization. The cyclic voltammetric
response of the electrodeposited layer of the ruthenium complex
in blank electrolyte is presented in Figure 2 compared with the
response from an electrode treated in exactly the same way with
the exception of the addition of NaNO,. A reversible redox couple
centered at 1.15 V is observed which can be attributed to the
Ru™*/Ru*" couple of the deposited complex. This is consistent with
the solution phase voltammetry of the complex and with electro-
chemistry obtained from immobilized forms of Ru(bpy);”*."*>*

Figure 3 shows the voltammetric responses for a similar layer at
a range of scan rates with the inset showing the dependence of
peak current on scan rate. After background subtraction is per-
formed on the voltammetric peaks a Gaussian peak shape is
observed. The absence of peak tailing and the linear dependence
of peak current on scan rate demonstrate that the wave observed
for the Ru®"/Ru** redox couple is due to surface confined species
bound to the electrode. Integration of the charge under the back-
ground corrected voltammetric peaks reveals that the surface
coverage (I') of the complex on the electrode surface is (4.8 £2.2)
% 107" mol em ™ (average value from 7 electrodes). This value is
greater than the estimated theoretical coverage for a close-packed
monolayer for the complex (1.4 x 107" M em™2), indicating the
presence of a multilayered system equivalent to between two and
five monolayers.
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Figure 2. The solid line shows the cyclic voltammetric response for
GC electrode in blank 0.1 M LiClOy electrolyte after modification
with [Ru(bpy)s(apb)]**. as described in Figure 1. The dashed line
represents the response for the control experiment where NaNO,
was omitted from the deposition solution.
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Figure 3. Scan rate dependence of 3 mm diameter GC electrode
modified with a layer of [Ru{hpv)»(dpb)] " in blank electrolyte
solution (0.1 M LiClOy).

Surface Characterization. The nature of the bonding in the
layer and the functional groups involved in bonding to the sub-
strate (carbon—carbon or azo—carbon bonding) were examined
using XPS and ToF-SIMS. The C Is and N 1s photoelectron

region spectra for the layer are shown in Figure 4. The presence of

Ru on the electrode surface is confirmed by the observation of the
Ru 3ds > photoelectron peak at 281.2 eV which corresponds to Ru
in the 2+ oxidation state.* The Ru 3d; > peak occurs at a binding
energy 4.17 ¢V higher than the Ru 3ds 5 peak and lies underneath
the aliphatic C 1s component. Other peaks observed in both films
include C—N (Ey = 286.0 eV), aromatic and aliphatic carbon

(39) Susae, D.; Kono, M.; Wong, K. C.; Mitchell, K. A. R. XPS study of
interfaces in a two-layer light-cmitting diode made from PPV and Nafion with
ionically exchanged Ru(bpy)s™". Appl. Surf. Sci. 2001, 174, 43-50.
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(Eg = 284.6 eV and 285.0 respectively). C=0 (Ep = 287.6 V).
and a 7 — * shake-up (Eg = 289.6 V). These peak assignments
are consistent with those previously reported.***

Two peaks at 399.0 ¢V and 400.3 eV are observed in the N Is
region spectrum (Figure 4b). The peak at higher binding energy
(400.3 eV) is attributed to the pyridyl nitrogens present in the
complex.”®*!" In previous XPS studies of diazonium-based films
the peak at 399.0 eV has often been discounted or ignored as 2
byproduct of the reaction or possible surl'.u.e contamination.*
However, as first suggested by Bcldn;__cn this peak is due to the
formation of azo (R—N=N—R) bonds in the layer. Recently, it
has been shown by Doppelt et al. through the use of ToF-SIMS
and IR spectroscopy that this is indeed the case for a range of
aryldiazonium systems.** Doppelt suggested that the formation
of the azo bonds on a multilayered system is related to the steric
crowding of the layer. As such, a large complex like Ru(bpy)s-
(apb) would promote their formation in the system under study
here. The ratio of Ru to N,,, atoms observed via XPS is 1:2,
suggesting that through the analysis depth probed by XPS (5—
10 nm) the layer is exclusively bound via the azo functionality.

Figure 5 shows a typical positive ion ToF-SIMS mass spectrum
for a layer electrodeposited from a Ru(bpy)s(apb)*" solution,
with a selection of relevant mass fragments listed in Table . A num-
ber of peaks associated with the deposited complex Ru(bpy),
(ph-bpy). where ph-bpy is 4-phenyl-2.2"-bipyridyl, are present,
with the compound fragmenting most typically through the loss
of a ligand from the complex, resulting in groups of peaks
associated with Ru(bpy)=(ph-bpy). Ru(bpy)>, Ru(bpy)(ph-bpy).
Ru(ph-bpy), and Ru(bpy) fragments. These broad peak group-
ings are due to the multiple stable isotopes of Ru present in the
sample. Significantly, no peaks exclusively associated with the start-
ing material Ru(bpy)-(apb) are observed in the spectra. In contrast to
the positive ion spectrum, the negative ion mass spectrum for the
layer provides little discernible information regarding structure of
the layer with the most notable peak present associated with the
counterion used (PF; ).

ToF-SIMS provides further evidence for the nature of the bond-
ing of Ru(bpy)-(apb) within the layer and to the substrate. Peaks
associated with the azo functionality are present, including frag-
ment ions such as CgHs—N, " and bpy-ph-N>" (where ph is the
phenyl group), confirming the azo bonding suggested by XPS
analysis in this study and the previous work of Doppelt.** Other
fragments such as CgHs—N=N—-C;H,;" can be associated with
the azo binding to both the substrate and other ruthenium com-
plexes within the film. Further investigation of the spectra reveals
the presence of peaks that can be attributed to carbon—carbon
bonding between complexes and the substrate. These fragments
include CgHs—CgHy ", (CgHy)a-bpy ", and (ph-bpy),". conlirm-
ing the presence ol both modes of bonding in the layer. Because of
the aromatic nature of the glassy carbon substrate, it is difficult to
discriminate between bonding within the film and to the substrate

(40) Beamson. G.; Briggs. D. High Resolution XPS of Organic Polviners: The
Seienta ESCA300 Database; John Wiley & Sons: Chichester, 1992,

(41) Lui. G.: Klien, A.: Thissen. A.: Jaegermann, W, Electronic properties and
interface characterization of phthalocyanine and Ru-polypyridine dyes on TiO,
Sci. 2003, 539, 37-48.

(42) Saby. C.: Ortiz, B.: Champagne. G. Y.; Belanger, D. Electrochemical
Modification of Glassy Carbon Electrode Using Aromatic Diazonium Salts, 1.
Blocking Effect of 4-Nitrophenyl and 4-Carboxyphenyl Groups. Langnuir 1997,
13, 68056813,

(43) Laforgue, A.; Addou, T.; Belanger, D. Characterization of the Deposition
of Organic Molecules at the Surface of Gold by the Electrochemical Reduction of
Aryldiazonium Cations. Langmuir 2005, 21, 6855-6865.

(44) Doppelt, P.; Hallais, G.; Pinson, 1.; Podvorica, F.; Verneyre, 8. Surface
Medification of Conducting Substrates. Existence of Azo Bonds in the Structure of
Organic Layers Obtained from Diazonium Salts. Chenr. Mater. 2007, 19, 4570~
4575,
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Figure 4. High-resolution C Is(a)and N 1s(b) XPS photoelectron spectra of [Ru( hp}"]:(ilph)]: " film deposited on a glassy carbon substrate.
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Figure 5. Positive iun ToF-SIMS spectrum of the deposited layer
of [Ru(bpy):(apb)]~" on a glassy carbon substrate.

with many of the fragments related to the intermonomer binding
also consistent with fragments from either the substrate or the
complex.

A long ToF-SIMS cycle time (150 us) was employed to
generate mass spectra with a mass range ol about 3000 m/z in an
attempt to detect oligomers of the complex at the surface. The pre-
sence of oligomers can be interpreted as consistent with a multi-
layered system. While no oligomers were observed, it is possible
that these larger fragments are not produced in sufficient quan-
tities to allow [or detection via ToF-SIMS.

Electrochemiluminescence. The ECL activity of the attached
Ru( bp_\-‘);[upb):' was investigated using the co-reactant DBAE
(2-(dibutylaminojethanol) as a model analyte. As shown in
Figure 6, the electrochemical response shows a broad peak at
about 0.8 V due to the direct oxidation of DBAE. The voltam-
metric response for the Ru®"'** redox couple is somewhat ill-
defined compared with Figure 2 because of the presence of the
coreactant. However, the ECL signal shows a large increase at pre-
cisely the potential corresponding to the oxidation of the Ru*".

478  DOIL: 10.1021/1a104117h

Table 1. Relevant Positive lon Peaks from Figure 6

mjz ion fragment mfz ion fragment
102 2Ry 260 [(ph-bpy)—N=N]*
105 CeHs—N=N" 308 [(CeHy)-bpy]”

153 CeHs—CgHy™ 333 Ru(ph-bpy)™

157 [bpy + H] 413 Ru(bpy),™

181 “sHs=N=N-CsH4" 483 Ru(bpy)(ph-bpy)”
230 [ph-bpy-H]™ 641 Ru(bpy)a(ph-bpy)*
258 Ru(bpy)™

This indicates that the ECL mechanisms previously suggested for
Ru(bpy):>" in the presence of tertiary amines, as given below, are
also applicable in this case. ¥

Ru(bpy);*" —e™ — Ru(bpy);™* (1)
DBAE—e¢~ — DBAE" — DBAE'+H" (2)
Ru[bpy}_{:_ + DBAE® — [Rtl{bp_\');:"'f"c +products  (3)
[Ru(bpy);*"|* — Ru(bpy);** +hv (4)

The very slight increase in ECL signal at ~0.7 V prior to the
main peak may be due to minute traces of the Ru(N)s complex in
the layer produced by photolysis or as a side product during syn-
thesis. The absence of a corresponding peak in the voltammogram
(Figure 2) highlights the sensitivity of the ECL signal compared
with the electrochemical. The ECL response of the modified elec-
trode to varying concentrations of DBAE is presented in Figure 7.
The layer is highly sensitive to the coreactant, achieving a low
limit of detection 10 nM, and has a linear response to coreactant
between concentrations of 107 and 107* M (R* = 0.99). These

(45) Liu, X.; Shi, L.; Niu, W.; Li, H.; Xu, G. Environmentally Friendly and
Highly Sensitive Ruthenium(I1) Tris(2,2'-bipyridyl) Electrochemiluminescent Sys-
tem Using 2-(Dibutylamino)ethanol as Co-Reactant, Angew. Chem., Int. Ed. 2007,
46, 421-424.
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Figure 6. Cyclic voltammetric response with simultaneously de-
tected ECL emission for [Ru(bpy)a(apb)]>" layer on glassy carbon
in contact with a solution of 10 uM DBAE in 0.1 M LiCLO,. The
scan rate was 100 mV s~
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Figure 7. Dependence of ECL intensity on concentration of model
analyte DBAE for a [Ru(bpy)s(apb)]”" layer deposited on glassy
carbon. The error bars represent the maximum difference in re-
sponse for three measurements.

results show that this system is among the best to be reported to
date in terms of sensitivity compared with previous work on ECL
from modified electrodes.*® The ECL response of the film depos-
ited onto a screen printed carbon electrode was also investigated
and was found to be similar to the glassy carbon response pre-
sented in Figure 6 with a limit of detection of 10 nM.

Stability is a recurring issue with modified electrodes used for
ECL-based sensing. partly because of the strongly oxidizing con-
ditions required to produce light emission. In order to investigate
the long-term stability of this layer, a multicycle CV experiment
was run over a number of hours ( 1000 scans at 100 mV s~ between
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Figure 8. Stability of [Ru(bpy)-(apb)]** film to continuous vol-
tammetric cycling in 0.1 M LiClO,4 between 0.5 and 1.3 V at a scan
rate of 100 mV/s. The graph shows the change in the peak oxidation
current (i, ) over time.

0.5and 1.25 V) to expose the film to the maximum oxidative stress
possible in a period of use, with the resulting Ru®"/Ru*" peak
current (i,) shown in Figure 8. As the light emission from the film
is dependent on the number of electrochemically active ruthenium
centers present, this cycling can be used as a simple measure of the
films performance over time. The data in Figure 8 show an initial
sharp degradation of the ilm was followed by only a very gradual
decrease in the peak current. Over the analysis period of 1000
scans (5 h) the film degraded to 90% of the initial value. This
degradation in performance is most likely due to the removal of
any complex that 1s physisorbed or trapped in the covalently
bound film.*” The ECL signal from the layer after this period was
also within 15% ol the initial value, demonstrating that any phys-
isorbed material does not contribute significantly to the light emis-
sion. It should be noted that the stringent conditions under which
the stability of the layer was tested (5 h of continuous cycling to
potentials > 1 V) were chosen in order to emphasize the high level
of stability of the system. The stress imposed on the layer under
these conditions significantly exceeds that which would be ex-
pected in any normal period of use in a sensing context.

Conclusion

The in situ formation of the diazonium salt of [Ru(bpy)--
(apb)]** prior to its subsequent attachment to an electrode in
aqueous media has been shown to be effective in producing stable
highly responsive films for use in an ECL-based sensor. This
strategy leads to highly stable, covalently bound layers which will
not desorb or degrade at the moderately high positive potentials
required to oxidize the ruthenium complexes in the ECL cycle.
Instability of, for example. thiol-based monolayers on gold has
been an obstacle to the creation of ECL active layers suitable for
real-world sensing applications, The electrochemistry of the sys-
tem is consistent with a surface confined species with a surface cover-
age equivalent to up to 5 monolayers. Surface characterization
of the film correlates well to electrochemical measurements and

(46) Li. Y.; Yang, F.; Yang. X. Electrochemiluminescence detection based on
Ruthenium(IT) tris(bipyridine) immobilised in sulfonic-functionalised titania nano-
particles by ion exchange strategy. Analysr 2009, /34, 2100-2105,

Langmuir 2001, 27( 1 ), 474-480

(47) Shewchuk, D. M.; McDermott, M. T. Comparison of Diazonium Salt
Derived and Thiol Derived Nitrobenzene Layers on Gold, Langnuir 2009, 25,
4556-4563,
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suggests that the deposited multilayered [ilm is attached to the
surface almost exclusively via azo bonding. The layer provides
excellent ECL detection limits for the model analyte DBAE with a
low limit of detection of 10 nM while providing a linear response
over 4 orders of magnitude (107=10"* M). This performance
may be related to the multilayer nature of the film with a large
proportion of the ruthenium centers effectively isolated (rom

480 DOI: 10.1021/1a104117h

Piper et al.

quenching by the electrode surface. The film is also shown to be
highly stable: for example, the current response from the layer
only decreases by < 10% after redox cycling to positive potentials
in supporting electrolyte for 5 h. This aqueous-based deposition
method of an ECL active complex and the resulting film provides
an excellent opportunity for the synthesis of sensitive and stable
ECL-based sensors.

Langmuir 2001, 27(1), 474-480





